15 OCTOBER 2018 BOISVERT ET AL. 8441

Intercomparison of Precipitation Estimates over the Arctic Ocean and
Its Peripheral Seas from Reanalyses?

LINETTE N. BOISVERT AND MELINDA A. WEBSTER
Cryospheric Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, Maryland

ALEK A. PETTY

Cryospheric Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, and Earth System Science
Interdisciplinary Center, University of Maryland, College Park, College Park, Maryland

THORSTEN MARKUS
Cryospheric Sciences Laboratory, NASA Goddard Space Flight Center, Greenbelt, Maryland

DAvID H. BROMWICH
Byrd Polar and Climate Research Center, The Ohio State University, Columbus, Ohio

RICHARD I. CULLATHER

Earth System Science Interdisciplinary Center, University of Maryland, College Park, College Park, and
Global Modeling and Assimilation Office, NASA Goddard Space Flight Center, Greenbelt, Maryland

(Manuscript received 5 March 2018, in final form 19 July 2018)

ABSTRACT

Precipitation over the Arctic Ocean has a significant impact on the basin-scale freshwater and energy
budgets but is one of the most poorly constrained variables in atmospheric reanalyses. Precipitation controls
the snow cover on sea ice, which impedes the exchange of energy between the ocean and atmosphere,
inhibiting sea ice growth. Thus, accurate precipitation amounts are needed to inform sea ice modeling, es-
pecially for the production of thickness estimates from satellite altimetry freeboard data. However,
obtaining a quantitative estimate of the precipitation distribution in the Arctic is notoriously difficult because
of anumber of factors, including a lack of reliable, long-term in situ observations; difficulties in remote sensing
over sea ice; and model biases in temperature and moisture fields and associated uncertainty of modeled cloud
microphysical processes in the polar regions. Here, we compare precipitation estimates over the Arctic Ocean
from eight widely used atmospheric reanalyses over the period 2000-16 (nominally the ‘“new Arctic”’). We
find that the magnitude, frequency, and phase of precipitation vary drastically, although interannual vari-
ability is similar. Reanalysis-derived precipitation does not increase with time as expected; however, an in-
creasing trend of higher fractions of liquid precipitation (rainfall) is found. When compared with drifting ice
mass balance buoys, three reanalyses (ERA-Interim, MERRA, and NCEP R2) produce realistic magnitudes
and temporal agreement with observed precipitation events, while two products [MERRA, version 2
(MERRA-2), and CFSR] show large, implausible magnitudes in precipitation events. All the reanalyses tend
to produce overly frequent Arctic precipitation. Future work needs to be undertaken to determine the specific
factors in reanalyses that contribute to these discrepancies in the new Arctic.

1. Introduction
& Supplemental information related to this paper is available at the

Journals Online website: https:/doi.org/10.1175/JCLI-D-18-0125.s1. Precipitation onto the Arctic Ocean has a significant
influence on the Arctic freshwater budget (e.g., Serreze
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energy budget, and the evolution of the sea ice cover
throughout the year (e.g., Serreze and Hurst 2000). The
magnitude of precipitation accumulating over the sea
ice pack largely determines the depth of the snow layer,
which modulates the rate of sea ice growth because of
its highly insulating properties (Sturm et al. 2002). The
phase of the precipitation falling on the sea ice pack is
also important. As rain, it can instead melt, compact, and
densify the snowpack, thus reducing the surface albedo
and promoting sea ice melt (Perovich et al. 2002). Because
of the importance of precipitation to the sea ice and Arctic
system, it is therefore a critical climate variable to un-
derstand and utilize so that the current and future climate
states can be reliably predicted. However, it remains one
of the most uncertain variables in Arctic reanalyses.

Snow depth on sea ice is a primary source of un-
certainty in deriving sea ice thickness from altimetry
freeboard measurements (e.g., Giles et al. 2008), spe-
cifically those from ESA’s current CryoSat-2 radar al-
timeter (Wingham et al. 2006) and NASA’s Ice, Cloud,
and Elevation Satellite-2 (ICESat-2) laser altimeter
(Markus et al. 2017). The altimetry technique uses mea-
surements of freeboard, the extension of sea ice and snow
cover above the local sea level, and estimates of snow
depth to derive sea ice thickness. Concurrent informa-
tion on snow depth distributions throughout the year is
therefore vital for producing accurate satellite estimates
of sea ice thickness.

Since there are currently no seasonal basin-scale ob-
servations of snow on sea ice, snow depths are obtained
by two commonly used approaches: 1) a historical snow
climatology based on field observations (e.g., Warren
climatology; Warren et al. 1999) and 2) modeling snow
depths based on sea ice concentration, drift, and at-
mospheric forcing from reanalysis data (Kwok and
Cunningham 2008; Maksym and Markus 2008). How-
ever, the historical climatology has been shown to be
unrepresentative of the current snow depths in the
western Arctic (Kurtz and Farrell 2011; Webster et al.
2014), and modeled snow depths are highly sensitive to
the choice of reanalysis (Blanchard-Wrigglesworth et al.
2018), all of which warrants a more detailed assessment
of the accuracies of the reanalyses currently available.

Reanalyses do not assimilate observations of precipitation—
instead, this variable is predicted. Differences in pre-
cipitation are likely due to the complexity and difficulty
of modeling precipitation processes in the atmosphere,
including the representation of cloud microphysics, bound-
ary layer processes, large-scale atmospheric circulations,
and many other issues (Dai 2006). Unfortunately, these
processes remain poorly understood, and the accuracy
of these is not easily validated over the Arctic Ocean.
Snow, representing the majority of the precipitation, is
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difficult to measure accurately because of undercatch-
ment biases introduced by blowing and drifting snow
and snowfall during windy conditions (Sevruk 1982;
Yang et al. 1995; Goodison et al. 1998; Adam and
Lettenmaier 2003; Serreze et al. 2005). Observations
over sea ice are too sparse for quantifying the differ-
ences in gauge undercatchment between the seaice and
land environments; however, the two datasets that exist
indicate that the snow water equivalent measured from
snow on sea ice is generally higher than that measured
by precipitation gauges, with one case study yielding
a25% difference (Colony et al. 1998; Sturm et al. 2002).
Other difficulties in measuring precipitation arise from
rime ice formation, different types of gauges and their
associated biases, how trace amounts of snow are
measured and defined, and the logistical challenge in
collecting long-duration data on a variable, mobile
oceanic ice cover in the remote, harsh Arctic environ-
ment (Goodison et al. 1994, 15-20; Walsh et al. 1998).
Because of these shortcomings, Arctic-wide precipita-
tion is difficult to capture and reproduce accurately.
Thus, precipitation in the Arctic is one of the variables
with the largest uncertainty in seasonal forecasting and
global climate model projections and should be used
with great caution (Bosilovich et al. 2011; Trenberth
et al. 2011).

To better understand the potential biases and un-
certainties in precipitation derived from reanalyses over
the Arctic Ocean, we compare precipitation data from
eight reanalyses. We focus this analysis within the time
period broadly defined as the “‘new Arctic’’: the Arctic
climate regime since the early 2000s, when the sea ice
cover has experienced an increased rate of decline in
extent and thickness compared to the 1980-90s (e.g.,
Comiso et al. 2008; Kwok et al. 2009; Parkinson 2014;
Lindsay and Schweiger 2015). In recent years, this new
Arctic has become warmer and wetter (Boisvert and
Stroeve 2015), and evaporation from the ice-free ocean
has been increasing (Boisvert et al. 2015), all which
likely affect the phase and frequency of precipitation.
We seek to explore differences in precipitation from
these reanalyses in terms of the amount, frequency, and
phase, along with annual, seasonal, and regional differ-
ences. We use snow depth data collected from ice mass
balance (IMB) buoys (Perovich et al. 2017) to assess
discrepancies during observed precipitation events. The
magnitudes and frequencies of these precipitation events
will also be evaluated.

2. Reanalyses

The reanalyses considered here are regular gridded,
retrospective descriptions of the atmosphere. Reanalyses
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TABLE 1. Descriptions of the eight reanalyses used in this study, where 3D-Var (4D-Var) is three-dimensional (four dimensional)
variational data assimiliation and IAU is analysis update procedure.

Grid Assimilation
Reanalysis Fields used spacing method Sea ice cover Microphysics scheme
ASRv1 2000-12 30 km 3D-Var SSM/I and AMSR-E Prognostic cloud condensate
Daily precipitation, Fractional (Tao and Simpson 1993; Tao
snowfall et al. 2003)
JRA-55 2000-16 63 km 4D-Var Daily (Ishii et al. 2005) Prognostic cloud condensate
Daily precipitation, (Sundqvist 1998)
snowfall Threshold cover Condensate PDF (Smith 1990)
ERA-Interim 2000-16 78 km 4D-Var Weekly and daily, Prognostic cloud condensate
Daily precipitation, multiple sources (Tiedtke 1993)
snowfall Fractional Condensate PDF (Tompkins 2002)
MERRA 2000-15 74 km 3D-Var/IAU Weekly (Reynolds Prognostic cloud condensate
Daily precipitation, et al. 2002) (Bacmeister et al. 2006)
snowfall Fractional
MERRA-2 2000-16 69 km 3D-Var/IAU Daily (Reynolds Prognostic cloud condensate
Daily precipitation, et al. 2007), OSTIA (Bacmeister et al. 2006)
snowfall Fractional Condensate PDF (Molod 2012)
NCEP R1 2000-16 208 km 3D-Var Daily (Grumbine 1996) Layer saturation
Daily precipitation Threshold cover
NCEP R2 2000-16 208 km 3D-Var Daily (Grumbine 1996) Layer saturation
Daily precipitation Threshold cover
CFSR 2000-10 38 km 3D-Var Daily NASA, Prognostic cloud condensate
Daily precipitation (Grumbine 1996) (Moorthi et al. 2001)
Fractional

are produced through an adjustment of the forecast
produced by a numerical weather prediction model to
available observations (e.g., Cullather et al. 2016). The
data include in situ state and dynamical variables from
land stations, marine observations, aircraft, radiosonde,
and profilers as well as satellite radiances. Notably, ob-
served in situ measurements of precipitation from gauges
or other means are typically not incorporated. The aim
of reanalyses is to provide a more homogeneous record
than is available from real-time numerical weather
prediction analyses through 1) the use of an unchanging
model and data assimilation system and 2) a retrospec-
tive mode that allows for incorporation of delayed ob-
servations and improved quality control (Trenberth et al.
2008; Kalnay et al. 1996; Rienecker et al. 2011). Since
precipitation is not assimilated directly by reanalyses, it
is particularly sensitive to the representation of physical
processes within the numerical weather prediction model
(Kalnay et al. 1996).

Total precipitation and snowfall (when available)
from eight reanalyses are examined, including com-
monly used global reanalyses and one Arctic-specific
reanalysis. The reanalyses include differing treatments
of the Arctic sea ice pack and cloud microphysical
schemes and are output at different grid resolutions
and time steps. The specific reanalyses used in this
study are Arctic System Reanalysis, version 1 (ASRv1;
Bromwich et al. 2016); National Centers for Environmental

Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) reanalysis (NCEP R1; Kalnay et al.
1996); NCEP-Department of Energy (DOE) reanalysis
(NCEP R2; Kanamitsu et al. 2002); NCEP Climate
Forecast System Reanalysis (CFSR; Saha et al. 2010);
European Centre for Medium-Range Weather Fore-
casts (ECMWF) interim reanalysis (ERA-Interim; Dee
et al. 2011); Japanese S55-year Reanalysis (JRA-55;
Kobayashi et al. 2015); NASA’s Modern-Era Retrospec-
tive Analysis for Research and Application (MERRA;
Rienecker et al. 2011); and MERRA, version 2 (MERRA-
2; Gelaro et al. 2017). The reanalyses are described
in more detail in supplemental Text S1 in the online
supplemental material and are summarized in Table 1.
ASRv1, ERA-Interim, JRA-55, MERRA, and MERRA-2
all have total precipitation and snowfall products that
are analyzed in this study; however, NCEP R1, NCEP
R2, and CFSR only provide total precipitation. The re-
analyses are not all available through 2016; thus, for
comparisons between products, only data from 2000 to
2010 are used. For consistency, daily precipitation rates
are computed in water equivalent millimeters per day
and regridded onto the standard 25km? SSM/I polar
stereographic grid (Maslanik and Stroeve 1990). A lin-
ear least squares regression is used to determine the
trends in the data, and a simple Student’s ¢ test is used
to determine statistical significance. We exclusively fo-
cus on ocean regions (Fig. 2¢) at latitudes poleward of
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FIG. 1. Averaged 200010 yearly total precipitation accumulations (mm yr~ ') from each of the eight reanalyses. The image on the right
shows the standard deviations (mm) between the eight reanalyses. Contour lines are on the color bars.

60°N—hereafter referred to as the entire Arctic Ocean
domain (Fig. 2a).

3. Results: Comparison of precipitation estimates
across reanalyses

a. Magnitude of precipitation

The mean 2000-10 cumulative annual precipitation in
the Arctic varies drastically across the eight reanalyses.
This is shown in Fig. 1, which highlights the regional
spread in the mean estimates, along with the standard
deviation of the annual mean variability between the
reanalyses. NCEP R1 is known to produce a spatial
“ringing’’ effect for variables associated with high-
latitude moisture, owing to an oversimplification of
the implemented diffusion equation (Kanamitsu et al.
2002); for this reason, it is not included in the inter-
analysis standard deviations. CFSR and MERRA-2
produce much higher amounts of precipitation com-
pared to the other reanalyses (~43%-55% larger), also
apparent from Fig. 1.

All reanalyses, except NCEP R1, show the Beaufort
Sea and north of the Canadian Archipelago receiving
the least amount of precipitation (~150-200 mmyr ).
The differences between the reanalyses in the central
Arctic are also small, varying ~10-30 mmyr !, as shown

by the standard deviation. These estimates are similar to
the findings of Radionov et al. (1997) and Yang (1999),
which used gauge values from the Soviet North Pole
(NP) drifting ice camp stations—the only known com-
prehensive in situ precipitation measurements over
Arctic sea ice. These stations recorded an average of
~150 mmyr ' in the central Arctic during their 1937
and 1954-91 observing period. In other regions, again,
the reanalyses show agreement in spatial distribution,
but differ in magnitude; for example, the North Atlantic
and Pacific regions receive the most annual precipitation
(>500 mmyr~ ") because of the close proximity to storm
tracks; however, the magnitudes differ widely between
reanalyses, varying ~120-150 mmyr ™' in the east Green-
land and Barents Seas.

The mean annual cumulative precipitation time series
from 2000 to 2016 for the entire Arctic Ocean domain
also reveals large differences of ~200 mmyr " across
the reanalyses, with NCEP R2 producing the least pre-
cipitation and CFSR the most (Figs. 2a, 3; Table 2).
ASRv1 shows the lowest annual totals for some years
(e.g., in 2007 and 2008). The variability in total pre-
cipitation between the different reanalyses is greater
than the interannual variability for the individual prod-
ucts (variability of less than 100 mmyr~'). Table 2 lists
the standard deviations of detrended annual cumula-
tive precipitation for each of the products. The standard
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F1G. 2. (a) All oceanic regions that correspond to the regions in (¢) and are north of 60°N latitude represent the “‘entire Arctic’’ domain.
Regions in blue are classified as the “‘central Arctic”” and regions in red are classified as the “North Atlantic” in subsequent figures.
(b) IMB buoy tracks for the 2013B and 20111 buoys in Figs. 11 and 12 and S2-S6 and (c) regions of the Arctic Ocean used in Table 2.

deviations for each reanalysis product and region are
similar in magnitude, however, owing to the fact that all
products show similar interannual variances. This is
probably because similar data are assimilated into each
reanalysis each year, but the magnitude of precipitation
produced is different because of the unique precipita-
tion schemes employed by each reanalysis system. Al-
though the same overall interannual variability is captured
by all reanalyses (Fig. 3), they do not capture similar
trends in the annual precipitation across 2000-16. Our
results show that only ERA-Interim exhibited an in-
creasing trend in total precipitation (2.04 mmyr ') that
was statistically significant at the 95% confidence level,
while the other reanalyses show insignificant increas-
ing or decreasing trends. This is consistent with the find-
ings of Lindsay et al. (2014), who found no trend across
a longer 1980-2009 period in NCEP R1, NCEP R2,
MERRA, and ERA-Interim precipitation data, although
they did observe a slight increase in CFSR total pre-
cipitation. Because of the differing signs and low sig-
nificance of the trends, it is clear that basin-scale annual
precipitation has not significantly changed during this
new Arctic period.

Figure 3 also shows the cumulative yearly pre-
cipitation for the North Atlantic (Greenland, Barents,
and Kara Seas; red region in Fig. 2a), and the central
Arctic (Chukchi, Beaufort, Laptev, and East Siberian
Seas and Arctic Ocean; blue region in Fig. 2a) regions.
In the North Atlantic region, the cumulative annual
precipitation ranges from ~600 mmyr ™' for NCEP R2
and ASRv1 reanalyses to ~900 mmyr~ ' for CFSR. In
the central Arctic, the spread between the reanalyses is
~150 mmyr~'—ranging from 200 to 350 mmyr '—and
is much smaller than for the entire Arctic Ocean do-
main. NCEP R2 is again the lowest in magnitude, but

CFSR and MERRA-2 are closer in magnitude com-
pared to the entire Arctic (Table 2). Unlike the central
Arctic, the magnitudes of CFSR and MERRA-2 in the
North Atlantic differ by 100 mmyr . Thus, the large
magnitude of precipitation from CFSR for the entire
Arctic is driven by the large amount of precipitation
falling in the North Atlantic regions. In both the North
Atlantic and central Arctic, the reanalyses show a wide
range in trends. ERA-Interim, JRA-55, and MERRA
show positive trends in total precipitation over the
central Arctic that are statistically significant, with pre-
cipitation increasing between 1.4 and 8.2 mmyr~ . Only
ERA-Interim produced a statistically significant trend
in total precipitation over the North Atlantic region
(3.8 mmyr ).

This large variability between reanalyses witnessed
in the North Atlantic regions (Fig. 3) may be influenced
by the storm track and how each reanalysis treats these
cyclone events and the amount of precipitation pro-
duced therein. But the similar interannual variabil-
ity of all reanalyses can be attributed to extratropical
teleconnection patterns, such as the Arctic Oscillation
(AO). Rogers et al. (2001) and Simmonds et al. (2008)
found that during the positive phase of the AO, more
numerous, larger, and stronger cyclones occurred.
These findings suggest that during a strong negative AO
phase, there are fewer and weaker cyclonic events and
thus less precipitation, which was evident in 2010 in all
reanalyses.

The reanalyses show similar average cumulative
monthly Arctic precipitation cycles but again show large
differences in magnitude. The annual cycle of precipi-
tation also differs by region. Figure 4 shows the 2000-10
cumulative monthly precipitation for the entire Arc-
tic, North Atlantic, and central Arctic regions for each
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FIG. 3. Cumulative annual precipitation for the (top) entire Arctic, (middle) central Arctic,
and (bottom) North Atlantic regions (see Fig. 2a) from 2000 to 2016.

reanalysis. For the entire Arctic, all reanalyses exhibit
the same seasonal cycle coincident with the findings of
Radionov et al. (1997) and Yang (1999), but they show
larger magnitudes than those of Radionov et al. (1997)
and Yang (1999), reaching a maximum in the cumulative
monthly precipitation in September and October

(~60 mm month ™), decreasing to a minimum in May
(~30 mm month™'). The range in seasonal cycle be-
tween magnitudes is ~25 mm, with NCEP R2 being the
smallest and CFSR the largest, similar to the an-
nual average results. The variability across reanalyses
is smallest in the months of February—April and largest
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TABLE 2. Interannual standard deviations of cumulative annual precipitation (detrended) for each reanalysis and precipitation type for
each region. Values in parentheses are the mean (detrended) values.

Entire Arctic Ocean

North Atlantic

Central Arctic

Total Snow Rain Total Snow Rain Total Snow Rain

ASRv1 15.2 (434.1) 6.5(136.2) 11.8(297.9) 24.2 (625.3) 7.8 (165.7) 21.3 (469.6) 20.8 (226.2) 11.6 (122.1) 11.1 (104.1)
JRA-55 16.8 (519.4) 7.4 (208.2) 14.7 (311.2) 34.6 (759.1) 15.99 (256.2) 29.4 (502.7) 14.6 (254.2) 11.3 (185.5) 9.3 (68.7)
ERA-Interim 14.5 (464.3) 6.6 (165.6) 12.9 (298.6) 26.4 (668.0)  14.6 (222.1) 23.5(455.9) 13.5(229.0) 7.8 (126.5) 9.2 (102.5)
MERRA 17.5 (494.0) 8.1 (234.7) 14.8(259.2) 38.1(731.1) 17.5(297.0) 28.8 (434.2) 9.1 (240.8) 10.5 (204.8) 6.0 (36.1)
MERRA-2 16.0 (561.9) 7.8 (279.9) 12.9 (281.8) 30.0 (783.0)  19.1 (335.4) 22.6 (447.6) 13.6 (315.7) 12.5(262.8) 6.4 (52.9)
NCEP R1 15.4 (455.9) — — 33.5 (624.3) — — 16.9 (271.1) — —
NCEP R2 17.0 (405.4) — — 35.0 (595.6) — — 15.0 (206.3) — —
CFSR 19.4 (633.2) — — 34.3 (923.9) — — 17.2 (322.6) — —

in July—October, which likely has consequences for mod-
eled snow depth estimates over Arctic sea ice (discussed
more later).

In the North Atlantic, the precipitation minimum
occurs between May and July, with ~40 mm month ™ in
June. The maximum amount of precipitation occurs
between October and January, when average magni-
tudes are ~80 mm month ', This is in stark contrast to
the central Arctic, where the least amount of pre-
cipitation occurs in February and March (~10 mm
month™!), and the largest magnitude of ~35 mm
month ™! occurs in August (coincident with the largest
spread between reanalyses). During the winter months,
the magnitude of differences between the reanalyses
in the central Arctic (excluding CFSR) is ~5 mm. The
difference in the annual cycle between the central Arctic
and North Atlantic is due to the active storm track
during the winter months, which provides intense pre-
cipitation in the North Atlantic, but is limited to this
region, since few storms enter the central Arctic during
winter (Serreze et al. 1993; Zhang et al. 2004). This
North Atlantic storm track is least active during the
summer months, whereas more storms tend to enter
the central Arctic from Siberia (Simmonds et al. 2008;
Serreze and Barrett 2008), thus explaining the differ-
ences in the annual cycles between the two regions.
Roughly double the amount of precipitation falls in the
North Atlantic compared to the central Arctic because
of the active winter storm track, and again, CFSR has
the highest magnitude in all regions and months com-
pared to the other reanalyses.

Not all of the precipitation in the Arctic Ocean do-
main falls as snow. In fact, several future projections of
the Arctic climate show substantial increases in pre-
cipitation due to an increase in evaporation (Bintanja
and Selten 2014; Kattsov et al. 2007; Rawlins et al.
2010), where more of this precipitation is falling as rain,
coincident with warmer temperatures (Vihma 2014;
Bintanja and Andry 2017). Significant changes in the

partition of rainfall and snowfall in the new Arctic will
have effects on the snowpack properties and hence the
sea ice. Snowfall and rainfall are examined using five of
the reanalyses (those that produce a snowfall product) in
more detail in the following section.

b. Magnitude of snowfall and rainfall

On average, about 40% of the precipitation that
falls in the entire Arctic Ocean domain falls as
snow (~200 mmyr~'; Fig. 5, top row), compared to
~500 mmyr ! of total precipitation (e.g., rain and snow;
Fig. 1). There is much more variability between products
for snowfall compared to total precipitation, where the
standard deviations across the products and the entire
Arctic are ~60-70 mm (Fig. 5, top row standard de-
viation), which is about half of the total snowfall amounts
for some products. There are similarities in the spatial
patterns of ASRv1 and ERA-Interim, but the magnitude
of ERA-Interim’s snowfall is larger by ~30 mmyr '
This difference is driven by a ~57 mmyr ™' difference in
the snowfall in the North Atlantic, whereas the magnitudes
are similar in the central Arctic. MERRA-2 produced
significantly more snowfall than the other reanalyses,
mostly driven by ~100 mmyr ™' larger cumulative snow-
fall in the central Arctic. Overall, the spatial patterns
suggest that the largest magnitudes of snowfall occur in
the North Atlantic regions, with some significant regions
of snowfall extending into the central Arctic along the
storm track.

The amount of rainfall occurring in the central Arc-
tic is ~45% of the annual precipitation for ASRvl
and ERA-Interim, ~25% for JRA-55, and ~15% for
MERRA and MERRA-2. While these amounts of
rainfall are high, the majority of the precipitation occurs
during the warm months, and warming temperatures
could be causing reanalyses to produce more rainfall;
however, spatially, the amount and locations of rainfall
vary across all reanalyses (Fig. 5, bottom). Standard
deviations between reanalyses are on average 30—40 mm

Unauthenticated | Downloaded 08/27/22 02:02 PM UTC



8448 JOURNAL OF CLIMATE VOLUME 31

I ASR
Cumulative Monthly Precipitation Entire Arctic [0 NCEP R1
T ‘ T T 1 | T T | T T 1 } T T T | T C—_INCEP R2
I ERA-I
[ JRA-55
I MERRA
[ MERRA2
I CFSR
=
T .
(=]
| M‘
E
E
4 6 8 10 12
Cumulative Monthly Precipitation Central Arctic EI :«S:EP A1
60 =1 T T T T T T T T ] T T T [ |C—INCEPR2
= B ERA
= [CTIJRASS H
50 E- m MERRA
E ] I MERRA2 |
S EEmCFSR  F
WE- =
s E [I E
s . E 3
E 0 —
E E ‘ 3
E E 1 =
wE =
0 =
oE ALK E
6 8
Cumulative Monthly Precipitation North Atlantic — a?:ip A1
T T T T T T T T T T T T T [ T T T [ T ]C_INCEPR2
C || o ERA-
= _||E==0 JRASS
100 — __|| I MERRA
- || == MERRA2
- —|| . CFSR
s 80— -
c — -
o
£ - _
[ L -
E 60— ]
40 — —
% 0 2 4 6 8 10 12

FIG. 4. The mean 200010 cumulative monthly precipitation for the (top) entire Arctic, (middle)
central Arctic, and (bottom) North Atlantic. Regions correspond to those in Fig. 2a.
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and are highest along the east coast of Greenland, ex-
tending into the central Arctic. The average 2000-10
cumulative yearly rainfall in the new Arctic shows that
the central Arctic receives around 73 mmyr ' of rain,
with much larger amounts in the North Atlantic regions
(~462 mmyr ). JRA-55 has the highest rainfall amounts
in the North Atlantic and entire Arctic Ocean, but has
lower amounts for the central Arctic, where ERA-Interim
and ASRv1 have the highest rainfall amounts. MERRA
and MERRA-2 have the lowest rainfall amounts com-
pared to the other reanalyses, but with the cumulative
snowfall, they had shown the largest amounts.

In general, the reanalyses show a decrease in the
amount of snowfall between 2000 and 2016 and are as-
sociated with an increase in rainfall in the new Arctic.
All reanalyses show a decreasing trend in snowfall over
the entire Arctic, but only MERRA and MERRA-2
(—2mmyr ') are statistically significant at 95% (Fig. 6).
While there is interannual variability, trends in snowfall
over the central Arctic differ, thus there does not appear
to be any definitive changes in snowfall in that region. In
the North Atlantic region, however, it is clear that there
is a decrease in snowfall, with ASRv1 (—1.53 mmyr '),
JRA-55 (—=7.52 mmyr '), MERRA (—2.21 mmyr '),
and MERRA-2 (—2.79 mmyr ') producing statisti-
cally significant trends. The amount of rainfall in the
entire Arctic Ocean is increasing, with ERA-Interim

and JRA-55 having statistically significant trends of
2.09 and 9.27 mmyr ', respectively. Similar statisti-
cally significant trends for ERA-Interim (1.09 mmyr ')
and JRA-55 (6.36 mmyr ') are present in the central
Arctic. However, the increase in the entire Arctic was
driven by the North Atlantic regions, where large
amounts of rainfall (~450 mmyr ') occur. Statistically
significant, positive trends are present in MERRA-2
(4.04mmyr '), ERA-Interim (4.0l mmyr '), and JRA-
55 (17.5 mmyr ). In fact, JRA-55 has shown a 276-mm
increase in rainfall between 2000 and 2016 in the North
Atlantic.

c¢. Frequency of precipitation

The analysis thus far has found that precipitation from
the reanalyses differs considerably in monthly and
annual means, and in the magnitude and strength of
trends, but shows reasonable similarity in the interan-
nual variability; but what about the frequency of Arctic
precipitation? Figure 7 shows the average number of
days each year in 2000-10 that precipitation occurred
(greater than 0 mm day '), which suggests that, on av-
erage, the entire Arctic has some precipitation occurring
virtually every day of the year. JRA-55 precipitates
~320 days on average in the central Arctic, with ERA-
Interim and CFSR precipitating ~280 days. ERA-
Interim and CFSR have similar spatial patterns for the
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frequency across the Arctic, with the lowest frequency
(~230 days) occurring in the Beaufort Sea and just north
of Greenland, and the largest frequency in the North
Atlantic. This is notable because CFSR has ~200 mm yr !
more precipitation in the Arctic than ERA-Interim
(Fig. 1) but a similar number of precipitation days. Thus,
the magnitude of individual precipitation events in CFSR
is much larger than ERA-Interim. Even though ERA-
Interim has the smallest precipitation frequency for
the central Arctic, it is still inconsistent with the twen-
tieth century ice drift camp record of Radionov et al.
(1997), which found precipitation occurring on only

~150 daysyr .

d. Frequency of snowfall and rainfall

Snowfall is the most frequent type of precipitation
occurring in the Arctic. As shown in Fig. 8, ASRvl,
MERRA, and MERRA-2 suggest similar spatial patterns
of snowfall frequency, with an average of ~270 daysyr ™'

for the entire Arctic Ocean. JRA-55 produces snow-
fall around ~220 daysyr ', while ERA-Interim has the
least frequent snowfall (~170 days yr '), with much less
frequent snowfall in the Beaufort and Chukchi Seas
(Fig. 8, top). Among the reanalyses in the central Arc-
tic, the frequency in snowfall varies by 60-80 days.
Differences are especially large in the western Arctic,
while there is generally better agreement on the fre-
quency of snowfall in the North Atlantic. For the North
Atlantic (not shown), the snowfall frequencies for the
ERA-Interim and JRA-55 are comparable; both are
roughly 50 days fewer than for ASRvl, MERRA, and
MERRA-2.

In the reanalyses examined here, rainfall occurs
~50% less frequently than snowfall over the entire
Arctic Ocean domain (depending on the reanalysis;
Fig. 8, bottom row). ERA-Interim and JRA-55 have
the highest daily rainfall frequency, with MERRA and
MERRA-2 slightly less and ASRvl with the least.
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ERA-Interim thus differs from other reanalyses in
having the most frequent rainfall and the least frequent
snowfall in the central Arctic. Spatially, the reanalyses’
rainfall frequency agrees most closely near the North
Pole (~20 daysyr '), with largest differences in all of
the peripheral seas (~30 days). This suggests a greater
uncertainty in lower latitudes where phase transitions
are more likely.

While there are discrepancies in the frequency of
rainfall among different reanalyses, it is apparent that
rainfall is becoming more frequent in the new Arctic
(Fig. 9), which could be a result of warming tempera-
tures and increasing humidity and water vapor during
this time period (e.g., Boisvert and Stroeve 2015). This is
particularly notable as the overall frequency of total
precipitation does not change in the reanalyses (not
shown). The fraction of the total number of precipita-
tion events falling as rain each year for all reanalyses and
regions is increasing, with nearly all having statistically
significant trends (except for ERA-Interim for the entire
and central Arctic). This provides a clear indication that
the frequency of rainfall increased in the new Arctic
from 2.7% to 5.4% over the period 2000-16. Rain-
fall events became more frequent (all reanalyses statis-
tically significant; Fig. 9) in the North Atlantic region,

and although changes in the magnitude and frequency of
cyclones in the North Atlantic remain uncertain (Zhang
et al. 2004; Simmonds et al. 2008), a warming climate
could suggest warm-air advection associated with more
of these rain-producing storms.

It is also well known that reanalyses have a problem
with producing too-frequent precipitation events (e.g.,
Dai 2006) because of the oversensitivity of their atmo-
spheric and microphysical schemes on a global scale; the
results shown here suggest similar issues are locally ap-
plicable to the Arctic. In the Arctic, the presence or
absence of small but immeasurable daily precipitation
events, or trace precipitation (TP), is largely unknown.
We thus explore this in more detail in the following
section.

e. TP

Uncertainty surrounding the concept of TP over the
Arctic warrants a more detailed analysis. Radionov
etal. (1997) classified TP as a daily precipitation rate of
less than 1 mmday ', which we adopt in this study.
Figure 10a shows the average number of days in 2000-16
where TP occurs for the eight reanalyses, thus demon-
strating large differences in the presence of TP. ASRvl
and MERRA see ~300 daysyr ! of TP in the central
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Arctic, with the regions of greater than 330 daysyr !
occurring either in the Beaufort and/or Lincoln Seas.
MERRA-2 has slightly less TP, especially in the eastern
central Arctic. JRA-55 and ERA-Interim have smaller
TP frequency compared to the others, with JRA-55 hav-
ing slightly more TP compared to ERA-Interim (250 vs
200 daysyr~'). TP days from ERA-Interim are com-
parable to bias-corrected gauge measurements from
Yang (1999). CFSR and NCEP R2 have the least fre-
quent trace precipitation ~150 daysyr ', which for
CFSR could be due in part to its large precipitation
magnitudes.

The annual cumulative TP between 2000 and 2010 in
Fig. 10b also shows large differences among the re-
analyses. EP R2, ASRv1, and JRA-55 produce the least
amount of cumulative TP (~40 mmyr '). MERRA and
MERRA-2 have a high frequency but a much larger
cumulative TP (~90-100 mmyr~'). CFSR, on the other
hand, produces the least frequent TP but has the third
highest cumulative TP overall. The standard deviations
across the products are largest in the central Arctic, es-
pecially in the Fram Strait. The reasons for the differ-
ences between the frequency and magnitudes of the TP
are likely due in part to how the individual reanalyses
produce precipitation, and this appears to be exacer-
bated over the sea ice pack, where the standard de-
viations are largest.

To highlight the impact of TP on the reanalyses’ biases,
we repeated our comparison after removing the daily
TP from each average cumulative yearly precipitation
from 2000 to 2010 (e.g., Fig. 1). This remaining cumu-
lative precipitation is shown in Fig. S1. After the TP is
removed, all (except NCEP R1) have similar regional
variability, characteristics, and magnitudes. The least
amount of precipitation occurs over the Beaufort Sea
and north of Greenland, and increases slightly toward
the Russian side of the Arctic. Higher amounts of
precipitation occur in the regions of the storm track in
the North Atlantic. The range in magnitudes of this
precipitation has also decreased, especially in the
central Arctic. In all regions of the central Arctic, the
standard deviation has decreased by about 10 mm, thus
reducing the uncertainty between products (Table 3).
Further work needs to be undertaken to better assess
this potentially erroneous TP; however, this is beyond
the scope of this study.

f. Comparisons with buoy data

A total of 57 IMB buoys (Perovich et al. 2017) were
used to assess the quality of the reanalyses’ precipitation
products. These buoys measure the surface position with
an accuracy of ~1cm every 4 h using a sonic rangefinder
(Perovich et al. 2017). This information, together with
the initial snow depth conditions, is used to calculate the

Unauthenticated | Downloaded 08/27/22 02:02 PM UTC



15 OCTOBER 2018

BOISVERT ET AL.

Number of Days of Rainfall

8453

Entire Arctic

140 . ASR
I ERA
I JRA

120

100

60 L

PRI B R |

2000 2002 2004 2006 2008

Yeor

Number of Days of Rainfall

2010 2012 2014

L]
o
[=2]

Central Arctic

100 -

ol )

2002 2004 2006 2008

Yeor

Number of Days of Rainfall North Atlantic

2010 2012 2014 2016

220( T

200f

100L s L L .

140 — k g — - - e
120 Fr-—5\\\________‘“__________‘\u”;f*-.,.;—/4/’

o b bya 1

I L i

2000 2002 2004 2006 2008
Yeor

2010 2012 2014 2016

FIG. 9. Annual number of days of rainfall from 2000 to 2016 for the (top) entire Arctic, (middle)
central Arctic, and (bottom) North Atlantic.

changes in snow depth as the buoys drift with the sea ice
pack. The detected changes in snow depth are due to
snowfall, drifting/blowing snow, rainfall, or melt events.
For this study, we have chosen any occasion when the
snow depth increased by 1cm or more in a day as a
snowfall event based on the instrumental accuracy.

The reanalyses are first compared with the IMB buoys
to determine if they have any skill in simulating snowfall

events. For each day that the buoy records a 1cm or
greater increase in depth, each reanalysis is checked
for a 1 mmday ' or greater precipitation event. If both
produce an event, then this is considered true positive.
If a reanalysis shows an event but the buoy does not
show an increase in depth, then this is classified as a false
positive. Last, if no precipitation is produced and the
buoy records a snow event, then this case is considered a
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FIG. 10. (a) Average annual 2000-10 number of days of TP, classified as precipitation rates less than 1 mm day L. (b) Average annual
2000-10 cumulative TP, where TP is classified as any daily precipitation rate less than 1 mm day'. The larger image shows the standard
deviations [days in (a) and mm in (b)] between the eight reanalyses. This figure shows the TP taken from the total precipitation products.
Contours are on the color bars.
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TABLE 3. Average standard deviations (mm) in total precipitation
for 2000-10 with TP (<1 mm day ') and without TP.

Regions With TP Without TP
Entire Arctic 93.59 87.45
Baffin Bay 93.90 87.35
East Greenland Sea 152.46 151.00
Barents Sea 126.88 125.57
Kara Sea 72.06 66.30
Laptev Sea 57.62 46.02
East Siberian Sea 50.80 40.47
Chukchi Sea 59.24 49.31
Beaufort Sea 47.25 34.51
Canadian Archipelago 60.44 46.76
Central Arctic 47.95 39.79

false negative. The results for each reanalysis are shown
in Table 4. These results show that overall the reanalyses
match up with the buoy events over 70% of the time
(excluding CFSR), with MERRA having the highest
percentage (83%), followed by NCEP R2 (82%) and
ERA-Interim (80%). These results show that the rean-
alyses, even when TP is removed, produce many more
events compared to what the buoys are recording ~11%-—
27% of the time. These differences could arise because
of the wrong precipitation phase, buoy instrument error, or
blowing snow events, which would prevent snow accu-
mulation under the buoy sonic rangefinder. The small
percentages for the false negatives demonstrate that the
reanalyses rarely ever miss a precipitation event that the
buoy detects (5%-7% of the time) and instead tend to
simulate too many precipitation events.

While it is promising that these reanalyses pick up
the majority of these snowfall events simultaneously
with the buoys, the magnitudes of these events remain
uncertain. This is similar to the findings of Cullather
and Bosilovich (2011), who compared MERRA pre-
cipitation data and North Pole drifting ice station data
and found discrepancies in the magnitude of events
but reasonable correlations. Our results show that the
range of precipitation rates can be anywhere between 1

BOISVERT ET AL.
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and 20 mmday ' across the products, showcasing how
differing cloud microphysical schemes may produce
drastically different intensity of precipitation during
these events.

Figure 11 shows the total precipitation rates and the
buoy snow depth for the 2013B (Fig. 11a) and 20111
buoys (Fig. 11b), respectively. Figures S3 and S4 and
Texts S3 and S4 show/discuss the snowfall (Figs. S3a,
S4a) and rainfall rates (Figs. S3b, S4b) for these buoys.
These buoys were chosen because they highlight the
different precipitation regimes of the North Atlan-
tic in the Fram Strait (2013B) and the central Arctic
in the Beaufort Sea (2011I; buoy tracks shown in
Fig. 2b). As in our earlier analyses, we remove the TP
from these figures to highlight precipitation “‘events”
more clearly (see Fig. S2 for an example with TP
included).

The 2013B buoy (Fig. 11a), deployed on 10 April
(day 100), witnessed a period of snow accumulation
during the first 3 months. In early July (day 185) the
snow depth dropped rapidly, either because of rainfall,
melt, or both. Beginning in early September (~day
244), snow accumulated over a series of five large
snowfall events, likely associated with cyclone activity
in the Fram Strait as the buoy air pressure readings
dropped below 1000hPa during those time periods.
The majority of the reanalyses’ precipitation events
were coincident with the buoy snow accumulation
events (Fig. 11a), while some events appear to be clus-
tered around periods of decreasing buoy snow depth
and are thus assumed to be rainfall events (Fig. S3b),
especially during the summer months. Others still are
due to buoy instrument error, which is described in
more detail in the Text S2. Precipitation rates from
the reanalyses range from >1 to 23 mmday ', high-
lighting the difficulty in producing a common or re-
alistic precipitation rate.

The IMB buoy 20111, deployed on 5 August (day 217),
had substantially fewer snow accumulation events as

TABLE 4. IMB buoys and reanalyses contingency table using a >1 mm day ' precipitation threshold and a >1 cm day ™' change in snow
depth from the IMB buoys. True indicates reanalysis and buoy concurrently predict a daily snow event. False positives denote times when
the buoy predicts an event and the reanalysis does not, while false negatives indicate occurrences of the reverse.

True (%) False positives (%) False negatives (%) No. values compared
ASRv1 76 17 7 8554
CFSR 67 27 6 6106
ERA-Interim 80 15 5 16779
JRA-55 77 18 5 16777
MERRA 83 11 6 16160
MERRA-2 78 17 5 16779
NCEP R1 78 15 7 16779
NCEP R2 82 12 6 16779
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FIG. 11. The (a) 2013B and (b) 20111 buoy (tracks shown in Fig. 2b) snow depth (m; black line) beginning on 10
Apr 2013 (for 2013B) and 17 Aug 2011 (for 2011I). Each color square represents the daily precipitation rate
(mm day ~'; right axis) at the location of the buoy from each reanalysis. The snowfall events captured by the buoys
are marked with the black + marks and gray shaded boxes, and the air temperatures that are greater than 0°C are
marked with the red + marks and red shaded boxes. The total precipitation rates are shown for all reanalyses except

for CFSR and ASRv1 in 2013B and CFSR in 20111.

compared to 2013B, most likely because of its location in
the Beaufort Sea (Fig. 2b). Precipitation magnitudes
from the reanalyses (excluding CFSR) are much lower
than for the other buoys, hovering around 5 mm day !
(Fig. 11b). None of the reanalyses produce snowfall
events coincident with buoy snowfall events after
11 December (day 345) at this location, thus the in-
creases in snow depth could have been due to drifting/
blowing snow, since blowing snow is most common and
relatively little snowfall occurs in the Beaufort Sea in the
winter months (Radionov et al. 1997). Another possi-
bility is that snowfall events did occur at this buoy, but
the reanalyses did not accurately simulate the precipi-
tation events.

g. Snow depth equivalent

To gain a better understanding of how well the magnitude
of the reanalyses’ precipitation events compare with the
buoys, we convert precipitation greater than 1 mm day !
to snow depth following Kwok and Cunningham (2008).
At each daily location of the 57 IMB buoys, snow depths
were computed using the reanalyses’ precipitation rates
and the climatological snow density from Warren et al.
(1999). Daily density values were linearly interpolated
from the monthly means. Each reanalysis’s snow depth
was initialized to the initial snow depth of the buoy. If
two consecutive days of above-freezing air temperatures

occurred, the snow depth was set to 0 m to approxi-
mate melt.

The median differences between the daily reanalysis-
derived snow depths at the 57 buoy tracks and the buoy
snow depths are shown as box-and-whisker plots in
Fig. 12a. The central red mark on the box is the median
difference, and the bottom and top edges of the box
represent the 25th and 75th percentiles, respectively.
The whiskers extend to the most extreme data points not
considered outliers. From this comparison, it was found
that MERRA (—0.3 = 0.2cm), NCEP R2 (3.0 = 0.2 cm),
and ERA-Interim (3.9 = 0.2 cm) exhibited the smallest
median difference (and standard deviation from the
difference) in snow depth compared to the observations.
NCEP R1 produced the smallest difference; however,
this may be due to the influence of random noise in the
data, because of its well-known ringing issue (Lindsay
et al. 2014). ASRv1 and JRA-55 produced median dif-
ferences of 6.1 = 0.2cm and 7.7 = 0.2 cm, respectively.
CFSR (18.7 = 0.4 cm) and MERRA-2 (8.7 = 0.2 cm), the
reanalyses with a generally high precipitation bias,
showed the largest difference and spread from the
buoys. It is important to note, however, that the location
of the majority of the buoys do not represent the
whole Arctic.

Figures 12b and 12c show the time series comparisons
of the daily computed reanalyses’ snow depths without
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F1G. 12. (a) A box-and-whisker plot showing the differences of daily snow depths from 57 IMB buoys and
reanalysis-constructed snow depths for 2000-15. Note that not all reanalyses cover the 2000-15 period (e.g.,
ASRV1). As described in the text, the central red mark on the box is the median, and the bottom and top edges of
the box represent the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points
not considered outliers. The dashed green line marks zero difference. (b) The 2013B buoy (all reanalyses except
ASRv1 and CFSR). (c) The 20111 buoy (all reanalyses except CFSR). IMB buoy (track shown in Fig. 2b) snow
depth (m) shown by the black line. Each colored line represents the daily snow depth calculated with the specific
reanalysis precipitation rate (not including TP < 1 mm day ') at the location of the buoy. The black + marks and
gray shaded boxes represent snowfall events. The red + marks and red shaded boxes represent times where the
buoy recorded air temperatures above 0°C. In (c), note that the line for ASRv1 is dashed.

TP (colored lines) with the 2013B and 20111 buoy snow
depths (black lines). Although this is a simplified
method excluding snow processes, there is good agree-
ment between the reanalyses’ snow depths and buoy
snow depths. ASRv1 and ERA-Interim produce similar
magnitudes of snow depth compared with what the
20111 IMB buoy recorded toward the end of the buoy’s
deployment (Fig. 12c). The 2013B snow depth is more

difficult to reconstruct from the reanalyses’ precipita-
tion because of the inclusion of the entire summer
months when melting and freezing conditions occur in-
termittently, highlighting the difficulty in modeling snow
depths during this season. However, on 20 July (day
201), the reanalyses’ snow depths begin to exhibit a re-
alistic, seasonal buildup of the snowpack relative to
the observations (Fig. 12b). NCEP R1, NCEP R2, and
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MERRA all produce similar snow depths to the buoy
at the end of the deployment. However, Fig. 12b also
demonstrates that modeling snowfall during these cy-
clonic events is highly variable.

4. Discussion

Precipitation is a predicted variable dependent upon
not only how observations are assimilated into the re-
analysis system but how the reanalysis reproduces many
other derived variables and complex physical processes,
such as surface and boundary layer processes, clouds and
cloud microphysics and processes therein. They also
must mimic these complex processes in a simplified way
(for processing power/time) with many assumptions,
and on a global scale. Many of these unique processes in
the Arctic are not well understood or captured correctly
by the reanalyses. For example, how each reanalysis
treats sea ice cover influences the representation of
boundary layer processes, surface energy, and moisture
fluxes and the resulting temperature and moisture dis-
tribution in the overlying atmosphere. These differences
can ultimately affect the precipitation field and may be a
factor in how precipitation varies across the reanalyses.

Across all reanalyses, cloud processes are driven/
initiated by the humidity and temperature of the air. The
presence of clouds, synoptic-scale vertical motions, and
finally precipitation are dependent on the accuracy of
these variables and how realistically they are produced.
Biases in temperature and humidity profiles—unique to
each reanalysis—are present in the Arctic (Jakobson
et al. 2012; Tjernstrom et al. 2012; Lindsay et al. 2014)
and may also contribute to differences found in precipi-
tation fields. Reanalyses tend to reproduce the daily var-
iability well when compared with observations (Lindsay
et al. 2014), but their magnitudes tend to be biased. These
biases could explain why reanalyses show similar inter-
annual variability and widely different magnitudes of
precipitation.

In a natural setting, clouds (whether they be liquid,
ice, or mixed phase) are produced when air parcels are
moved via synoptic-scale vertical motions above the
saturation level (dependent on the temperature and
humidity of the parcel). Rainfall, for example, is pro-
duced if there are sufficient cloud condensation nuclei
available to produce a range of droplet sizes and if there
is sufficient vertical motion within the cloud, which al-
lows for the droplets to collide and coalesce, forming
larger droplets. Precipitation efficiency is influenced by
heterogeneity in the distribution and phase of the cloud
condensate (e.g., Wallace and Hobbs 2006). The phase
of the precipitation may also change as it falls through the
air toward the ground. All of these complex interactions
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contribute to the magnitude, frequency, and phase of the
precipitation produced by reanalyses.

Over the time period covered by reanalyses, there are
no direct measurements of these complex processes, and
therefore must be modeled in a simplified manner with
many assumptions. Cloud microphysics schemes that
produce modeled precipitation thus differ in the as-
sumptions of particle size distribution and shape, mass
diameter, particle fall speed, and other processes such as
collision and coalescence (Han et al. 2013). More spe-
cifically, bulk parameterizations simulate the coalescence
of the particles by assuming a particle size distribution
(e.g., one-moment scheme) and the mass-mixing ratio
(for two-moment schemes; improving the representa-
tion of the particle size distribution) in order to predict
other bulk quantities of this distribution (Morrison
et al. 2009). The microphysics are also controlled by the
phase of the clouds and the difficulty in predicting these
clouds phases, especially in the Arctic, thus adding to
the complexity in simulating precipitation (Morrison
and Pinto 2006). Since each reanalysis utilizes a differ-
ent cloud microphysics scheme (Table 1), we believe this
largely explains the myriad of differences seen across
the precipitation products.

Previous studies focused on the midlatitudes and
tropics have shown that most reanalyses tend to un-
derestimate the magnitude of heavy precipitation events
but produce precipitation at low rates (e.g., TP) nearly
every day, and because of this, they tend to have rea-
sonable annual precipitation amounts (Chen et al. 1996;
Osborn and Hulme 1998; Dai et al. 1999; Trenberth et al.
2003; Dai and Trenberth 2004). Although the Arctic
environment is very different compared to these regions,
the problems with modeling precipitation using sim-
plified assumptions to model complex processes is uni-
versal. Precipitation in the Arctic is not often produced
by convection; however, it is apparent that the cloud
and microphysical schemes are producing excess TP
almost daily.

The precipitation phase is also an important factor,
because it will alter the physical and reflective charac-
teristics of the snowpack. Our comparisons with the
buoys have shown that during seasonal transitions
(spring to summer and summer to fall), when air tem-
peratures are near the freezing point and humidity is
more highly variable, the phase of the precipitation is
also highly variable. The variability in precipitation
phase could be attributed to the known temperature and
humidity near the surface and profile biases unique to
each reanalysis (Jakobson et al. 2012), which are exac-
erbated when the buoy temperature is hovering around
0°C. For example, if snow falls through a layer of warm
air near the surface and melts, it will become rain when it
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reaches the surface. In winter, when temperatures are
much colder and humidity is lower, the phase of these
precipitation events might be easier to predict. Some
reanalyses do not differentiate between the precipita-
tion phase, and it is likely that they treat these processes
in a more simplified manner. Improving the accuracy of
these atmospheric variables would improve the accuracy
of the phase of the precipitation as well.

The complexities of the sea ice surface, boundary
layer processes, cloud and microphysics schemes, their
assumptions, and the resulting precipitation produced
pose a difficult challenge to those trying to diagnose
which processes are responsible for the differences
in precipitation in the Arctic. Future work will need
to be done to pinpoint and improve upon these and
other processes; however, this is beyond the scope of
this study.

5. Conclusions

Precipitation over the Arctic Ocean and peripheral
seas has been notoriously uncertain in reanalyses be-
cause of a lack of understanding of the basic cloud
properties and precipitation processes and a lack of
validation datasets due to difficulties associated with
collecting in situ observations in the harsh environment
present in polar environments. The eight reanalyses
compared here have shown a large spread in the mag-
nitude and frequency of precipitation, whether it be
snowfall, rainfall, or trace precipitation. One promising
result is that the reanalyses show similar patterns of in-
terannual variability in the magnitude and frequency of
precipitation. The reanalyses do not show any increases
in the amount of total precipitation in the new Arctic,
but show decreases in snowfall, compensated by an in-
crease in rainfall amount and frequency. This could be
due to a warming Arctic climate and is especially true in
the North Atlantic regions, warranting a more detailed
look into the phase of precipitation associated with
cyclones.

ASRv1 may be seen as a unique product in this
comparison as it is a regional reanalysis that utilizes
lateral boundary conditions supplied by a global re-
analysis. As with other reanalyses, ASRv1 assimilates
observations, but it is specifically targeted for the Arctic
conditions with a higher spatial resolution and physical
parameterizations that are thought to be more relevant
to the Arctic. When comparing ASRvl to the other
global reanalyses, ASRv] precipitation (without TP)
totals agree with those measured by the IMB buoys as do
the global reanalyses, except for CFSR and MERRA-2,
which are excessive. When total precipitation is consid-
ered, ASRv1 appears to be biased low but the magnitude
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is uncertain because of the shortage of observations.
ASRV1 total precipitation is likely to be more accurate
in and adjacent to regions of complex terrain where high
spatial resolution is an advantage, however. Snow-rain
partitioning is quite different between the reanalyses
and requires further research to resolve. Thus the use
of ASRv1 over the global reanalyses depends on the
application.

The reasons for the large spread in precipitation be-
tween reanalyses is likely because the magnitude and
frequency of the precipitation is driven by differing
boundary layer processes, cloud and microphysical
schemes employed, and their assumptions therein.
Comparisons with the IMB buoys have provided valu-
able insights in that the majority of the reanalyses pick
up on the precipitation events that the buoys record
(>70% of the time); however, the spread in the mag-
nitude of precipitation during these events can vary by
up to 20 mm day ! across products, which demonstrates
that they can predict the precipitation events reason-
ably, but not the magnitude. When converting daily
precipitation rates into equivalent snow depths for 57
buoys, MERRA, NCEP R2, and ERA-Interim pro-
duced the closest results to those from the buoys. We do
not recommend the use of NCEP R1 (because of the
ringing), as well as CFSR or MERRA-2, because of the
large differences with the buoys and the other reanalyses
products.

We have shown that reanalyses have many difficulties
producing accurate precipitation in the Arctic. This
creates multiple issues when modeling sea ice thickness.
For instance, if a reanalysis produces too much or too
little snowfall or rainfall, then the depth of the snow-
pack, albedo, and insulating properties will all be altered
and affect the snowpack and underlying sea ice through-
out the year. Hence, the amount of snow on top of the
Arctic sea ice is a determining factor in the growth and
decay of Arctic sea ice (Maykut and Untersteiner 1971).
Inaccurate snow depths will bias sea ice thickness from
freeboard altimetry measurements from those like
ICESat-2 and CryoSat-2 (Giles et al. 2008). For exam-
ple, a 20-cm error in snow depth leads to ~1-m error in
sea ice thickness, which, again, stresses the importance
of the quality and quantity of the reanalyses’ precipita-
tion forcing used in snowpack modeling for altimetry
freeboard and ice thickness estimates.

This analysis highlights the discrepancies between
widely used reanalyses’ precipitation products in the
Arctic, specifically the magnitude, frequency, and phase
(or lack thereof, depending on the reanalysis used) of
this precipitation. Precipitation is a crucial variable for
local and global water and energy budgets as well as for
those modeling the snowpack on sea ice. Future efforts
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are therefore crucial to improve representations of
complex processes in the Arctic atmosphere, including
boundary layer processes, vertical motions, cloud type,
and cloud microphysics, that all drive precipitation in
the Arctic.
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