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Abstract We evaluate fields of Arctic Ocean precipitation from six atmospheric reanalyses: NASA
MERRA, NASA MERRAZ, NOAA CFSR/CFSvZ, ECMWF ERA-Interim, ECMWF ERAS, and IMAO
JRASS. The study is motivated by recognition that precipitation fields from reanalyses can serve as the key
input into snow on sea ice accumulation models, supporting retrievals of sea ice thickness from satellite
altimeter systems. Time series of annual precipitation over the central Arctic Ocean correlate well between
all reanalyses, and they all capture the basic spatial and seasonal patterns of Arctic precipitation. However,
they differ strongly with respect to precipitation amount: CFSR and MERRAZ2 are wetter than the other
reanalyses. All reanalyses depict that the majority of total annual precipitation over the central Arctic Ocean
comes from small events, less than 1 mm/day. Validation is challenged by sparse observations, uncertain
adjustments for gange undercatch, and other issues. However, given that correlations with data from
Russian North Pole drifting station records are all roughly equal and that they depict similar interannual
variability at the regional scale, all of the reanalyses appear suitable for supporting retrievals of ice thickness
(provided that appropriate bias corrections can be applied). However, only CFSR, MERRA2, ERAS, and
JEASS will continue to generate output beyond 2019,

Plain Language Summary While the thickness of the sea ice that floats atop the Arctic Ocean
can be measured using satellite altimeters—instruments that measure the height that something projects
above the surface—this assumes that one knows the mass of any snow cover that lies atop the ice. Estimating
the overlying snow cowver is a formidable task. One way forward is to use estimates of precipitation from a
type of weather model known as an atmospheric reanalysis. We look at precipitation from six different
reanalyses and find that all of them hold much potential for providing fields of precipitation.

1. Introduction

Retrievals of sea ice thickness over the Arctic Ocean from satellite altimeter systems such as CryoSat-2 (a
radar system) and ICESat-2 (a laser system) critically depend on knowledpe of the overlying snow cover.
Satellite altimeters do not provide direct estimates of ice thickness but instead return the height of the snow
or ice surface above a reference ellipsoid. This height is converted to the height of the snow or ice surface
above the local sea surface—the freeboard. Where ice is snow covered, information on snow depth and den-
sity (allowing for estimation of the mass of snow) is needed to convert this freeboard into ice thickness (Giles
etal., 2007; Kwok, 2010). However, direct measurements of snow cover and precipitation (which can be used
along with other variables to estimate snow cover) are sparse and cannot provide the needed gridded time
series. Alternative approaches are required.

There is potential to retrieve snow depth using satellite passive microwave brightness temperatures.
Retrievals are generally limited to first-year ice (Markus et al., 2011), although efforts to extend approaches
over multiyear ice regions have been offered (Rostosky et al., 2018). Combinations of freeboard estimates
from Eu (~12 GHz) and Ka (~37 GHz) band radar altimeters, which reflect from snow-ice and
atmosphere-ice interfaces, respectively, also provide potential for snow thickness retrievals, with root-
mean-sguare errors up to 7.6 cm (Lawrence et al., 2018). However, radar penetration is dependent on snow
salinity, adding uncertainty to snow depth estimates (Nandan et al., 2017). Combinations of radar and
LIDAR likely suffer from similar problems. A further shortcoming of these satellite-based approaches is that
density still has to be estimated to obtain snow mass. Drifting snow and ice mass balance buoys can provide
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information on precipitation, as well as direct estimates of snow depth. Boisvert et al. (2018) compared the
frequency of snowfall events and accumulated snowfall with snow depth measured by ice mass balance
buoys. However, accumulated snow depth from these systems cannot be directly compared with precipita-
tion because snow depths are influenced by deposition and erosion by wind. Precipitation histories must
be “retrieved” from snow accumulation histories.

A particularly attractive option is to use estimates of precipitation, snowfall, near-surface air tempera-
ture, and other meteorological variables from atmospheric reanalyses to drive snow accumulation mod-
els. For example, Kwok and Cunningham (2008) simulated fields of snow thickness using temperature
and precipitation output from the ERA-Interim reanalysis. Ice-covered grid cells were tracked as they
moved across the Arctic Ocean, accumulating solid precipitation along their path. Petty et al. (2018) fol-
lowed a similar approach, but with more sophistication by including two snow layers and parameteriza-
tions for wind packing and snow blowing into leads. Several reanalyses were tested to estimate snow
depth and density between August and April, representing the period approximately spanning the start
of the snow accumulation season to maximum sea ice extent Simulating snow cover during the sum-
mer requires estimation of snow melt; Stroeve et al. (submitted to Journal of Geophysical Research)
offer a path forward.

Estimation of snow accumulation over the Arctic Ocean from atmospheric reanalyses fundamentally
depends on the guality of the input precipitation fields. Therefore, it is imperative to assess how well various
reanalyses capture observed precipitation over the Arctic Ocean and its variability. Serreze et al. (2005) pre-
viously compared precipitation from the earlier generation ERA-40, ERA-15, and NCEP-R1 reanalyses and
satellite-derived precipitation from the Global Precipitation Climatology Project (GPCP) merged version 2
(Huffman et al., 1997) to a gridded data set of gauge observations that included land stations and observa-
tions from the Russian North Pole (NP) drifting stations (described below). All of the reanalyses performed
better than the satellite-derived GPCP product when compared to observations, with ERA-40 and ERA-15
performing better than NCEP-R1. Lindsay et al. (2014) evaluated precipitation and surface energy fluxes
from NCEP-R1, NCEP-R2, the Twentieth Century Reanalysis, MERRA, ERA-Interim, and JRA2S in the
Arctic region but did not use observations over the Arctic Ocean. They found more consistency between
MERERA, ERA-Interim, and JRA25 than between the other products.

Several other studies examined precipitation specifically over the Arctic Ocean. Cullather and Bosilovich
(2011) compared 7-day (synoptic) moving averages of MERRA precipitation with uncorrected gauge mea-
sured precipitation from the NP stations and found that MERBEA produced 11% more precipitation. They
also found that in 56% of observations, precipitation occurred in MERRA when the drifting stations reported
no precipitation. Stroeve et al. {submitted to Journal of Geophysical Research) used MERRA2 and ERA-
Interim within a snow model (Liston et al.,, 2018) to accumulate snow over sea ice and found that ERA-
Interim snow depths were generally underestimated as compared with snow depths from Operation Iee
Bridge, whereas those from MERRA2 tended to overestimate snow depth. The obvious caveat is that the
Operation Ice Bridge estimates are themselves uncertain.

The present paper expands on previous studies by including and intercomparing newer reanalyses with a
focus on the Arctic Ocean, and comparing the precipitation output against gauge-corrected precipitation
estimates from the NP drifting stations. Specifically, we examine CFSR/CF5RvZ, MERRA, MERRAZ,
ERA-Interim, ERAS, and JRAS5. While it is known that there can be large differences between different rea-
nalyses in precipitation, as well as strong biases with respect to observations ( Bosilovich et al, 2011), these
issues have not been adeguately explored over the Arctic Ocean with a modern suite of reanalyses.
Intercomparisons focus on the period 1980-2017 common to each reanalysis. This also spans the period of
coverage of satellite and airborne altimeter missions that enable retrieval of sea ice and snow freeboards.
Comparisons with the NF records cover the period 1979-1991 for which adjustments for gauge undercatch
and other issues have been applied. Precipitation from the reanalyses is decomposed into wet day frequency
(the number of days with recorded precipitation greater than 1 mm within a 24-h period), mean wet day fre-
quency, and event size to understand whether differences arise from event frequency or amount. We exam-
ine results aggregated over an Arctic Ocean domain that encompasses the trajectories of the NP stations,
spatial fields, and also make comparisons between individual monthly NP precipitation values and those
from the reanalyses at the corresponding grid cells (Figure 1).
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Figure 1. The Arctic Ocean domain and regions and mean monthly locations of the North Pole drifting stations.

2. Data and Methods
2.1. Atmospheric Reanalyses

An atmospheric reanalysis is a retrospective form of numerical weather prediction that uses a fixed version
of a forecast model and data assimilation system. In an operational setting, the forecast model and data
assimilation system are constantly refined to improve forecast accuracy, causing spurious nonclimatic
“jumps” in archived fields. Reanalyses avoid this problem, yet they still suffer from nonclimatic jumps that
result from changes in the amount, type, and quality of assimilation data.

Analyzed fields (analyses) such as geopotential height, air temperature, and humidity at standard atmo-
spheric levels represent a blending of short-term forecasts with observations from radiosondes, satellites, air-
craft reports, and other sources. This blending of forecasts with observations is performed during analysis
cycles. These consist of the collection, selection and quality control of available observations, blending obser-
vations with a “first guess” or background forecast using an interpolation scheme to produce a new analysis,
balancing the analysis to control fast-moving gravity waves, and integrating the forecast model forward in
time to the beginning of the next analysis cycle, using the new analysis as initial conditions. The new forecast
is the “first guess” for the next analysis. Forecasts of near-surface air temperature and humidity, surface
fluxes, precipitation, and snowfall are also produced. Unlike analyses, these forecast fields are not directly
influenced by observations and depend on parameterizations of subgrid-scale processes.

Numerical weather prediction in the Arctic is difficult, which bears on the quality of reanalyses in this area.
Polar-orbiting environmental satellites provide a wealth of data, but assimilations are challenged by strong
temperature inversions, persistent low cloud cover, and other issues. For example, based on comparisons
with radiosonde profiles from Arctic coastal sites, Serreze et al. (2012) found that MERRA, CFSR, and
ERA-Interim all have positive cold season humidity and temperature biases below the 850-hPa level and
consequently do not capture observed low-level humidity and temperature inversions, This argues that
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Figure 2. Production timelines of atmospheric reanalyses and operational lifetimes of satellite and airborne altimetry mis-
sions providing data for sea ice thickness retrievals. Crosshatching on the CFSR/CFSv2 timeline indicates the production
period of CFSR.

low-level data from the radiosondes are often not being assimilated or are being given a low weight. In turn,
the surface-based radiosonde network, while providing good coverage along the Arctic Ocean coast, offers
little if any coverage over the central Arctic Ocean.

Figure 2 shows the production timelines for past and current reanalyses along with timespans of past and
current altimeter missions: CryoSat-2 is expected to continue collecting data until December 2021, and
ICESat-2 is expected to remain in operation for 5 to 7 years. Of the reanalyses, JRAS5, MERRAZ, CFSv2,
and ERAS are currently in production and will continue to be produced for the foreseeable future.
ERA-Interim (the predecessor to ERAS) started production in 2006 and will be discontinued in 2019.
ERA-Interim and MERRA provide a useful comparison with the reanalyses currently in production and
furthermore span earlier altimeter missions (e.g, ICESat and ERS1/2). CFSR ended production in
December 2010, but rather than producing a new reanalysis starting 1979, NCEP started CFS5v2 in
January 2011. CFSv2 is essentially the same forecast system as CFSE with a few minor changes and a higher
spatial resolution. The original NCEP/NCAR reanalysis (NCEP-R1; the first reanalysis ever produced) and
NCEP/DOE reanalysis (NCEP-R2), while still in production, are much older systems and hence are not used.
ERA-40 ended August 2002 and JEA2S5 ended January 2014,

Table 1 summarizes key features of the reanalyses used in our study, There have been considerable improve-
ments in spatial and vertical resolution, and in representation of the atmosphere since the release of NCEP-
E1 in 1995, With the exception of MERRA and MERRAZ, atmospheric fluid dynamic components of the
forecast models (the dynamical cores) are represented in spectral space as a set of polynomial functions.
For spectral models, model resolution is given as the wave number at which these functions are truncated;
for example, T319 represents a truncation at wave number 319, with higher wave numbers indicating
shorter wavelengths and therefore higher resolution. MERRA and MERR A2 use finite volume atmospheric
fields discretized on a regular grid. All of the models have spatial resolutions better than 100 km, and in some
cases (e.g., CFSvZ and ERAS) resolutions are similar to that of regional reanalyses. More vertical levels
enable improved representation of atmospheric processes. The top levels for all of the included reanalyses
extend into the mesosphere, allowing representation of upper atmosphere processes that influence the stra-
tosphere and troposphere. By contrast, NCEP-R1 has a top level of 3 hPa.

Most reanalyses have used variational analysis as the framework for their statistical interpolation scheme. In
variational analysis, the distance between the first-guess field and observations (the cost function) is mini-
mized. MERRA, MERRAZ2, CFSR, and CF5v2 use 3D-Var. ERA-Interim, ERAS, and JRASS use 4D-Var. In
3D-Var, the analysis is obtained by minimizing the distance between observations in the analysis time win-
dow and the first guess at the time of analysis. Observations further away in ime from the analysis ime may
be excluded or weighted less than those closer to analysis time, The 4D-Var includes a time dimension and
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aims to obtain an analysis that enables the best fit between observations and the evolution of the forecast
through the analysis window. This approach allows better use of observations and improves forecasts
{Talagrand, 2010). Fujiwara et al. (2017) provides a useful description of data assimilation approaches used
in reanalyses. MERRA and MERRAZ2 include an additional step: the Incremental Analysis Update. In 3D-
Var systems, analysis increments (the difference between first-guess and analysis fields) are added to the
first-guess field before forecasts are made. This can cause unstable behavior in the model, in particular, a
“gpindown”™ of precipitation in the tropics (Andersson et al.,, 2005). The Incremental Analysis Update adds
analysis increments gradually through the analysis cycle. This approach reduces the spindown problem
(Rienecker et al., 2011).

In addition to improvements to forecast models and data assimilation systems, investment has been made in
the rescue, reprocessing and homogenization of conventional and satellite observations assimilated into
forecast models. Expanded and improved observational databases better constrain analyses and improve
forecasts (Bréinnimann et al,, 2018). A critical step in this direction is the reduction of nonclimatic changes
that result from changes in the assimilation database, in particular as satellite sensors are decommissioned
and new sensors come online. Biases of sensors also change over the lifetimes of satellites, which may intro-
duce spurious trends if uncorrected. Changes in radiosonde instrument packages over time also introduce
inhomogeneities into the observation stream. All modern reanalyses use Variational Bias Correction
(VBC), an automated scheme that detects new satellite data streams, and develop continually adjusted esti-
mates of bias corrections for radiances within the variational analysis system based on all available informa-
tion. Corrections are estimated such that the inconsistencies between satellite and conventional
observations are minimized (Dee et al., 2011). However, bias corrections may not be implemented in regions
with few conventional observations, such as the Arctic, or for some satellite sensors and channels that nega-
tively impact analyses. Details of how VBC is used differ between reanalyses. A key update for ERAS over
ERA-Interim is extending the VBC scheme to include ozone, aircrafi, and surface pressure data. MERRAZ2
also uses a VBC scheme for aircraft temperatures (Gelaro et al,, 2017). JRASS, on the other hand, does not
use temperatures from aircraft (Kobayashi et al., 2015).

Sea ice and sea surface temperature, along with greenhouse gas concentrations and solar irradiance are gen-
erally prescribed boundary conditions. CFSE/CFSv2 is unigue in that sea ice extent and thickness are prog-
nostic variables. Predicted extent is updated using satellite-derived estimates of ice concentration. While
several different passive microwave sea ice retrieval algorithms are in use (Andersen et al., 2007; Comiso
et al,, 2017), they all use similar data. However, reanalyses differ in how sea ice data are used. ERA-
Interim and ERAS set grid cells with concentrations less than 20% to open ocean and use a fractional con-
centration for grid cells greater than 20%. JRA-55 uses a binary classification of grid cells (100% ice-covered
or open ocean) with a 55% concentration threshold {Kobayashi et al., 2015, MERRA and MERRA2 use a
50% concentration threshold, whereas CFSR/CFSv2 use a 15% threshold, These differences can be important
because a sea ice cover significantly reduces ocean-atmosphere exchange of sensible heat and water vapor
and canses a marked change in surface albedo. Most reanalyses, with the exception of MERRA, which uses
a fixed albedo, include seasonally varying albedo.

The reanalysis data were downloaded at 3-h or 6-h time resolutions depending on the reanalysis. Daily pre-
cipitation totals were calculated and then regridded to a 50 km Equal Area Scalable Earth grid version 1.0
(Brodzik & Knowles, 2005) using ESMPy tools (https://www.earthsystemcog.org/projects/esmpy/).
Monthly statistics were then penerated from regridded precipitation fields. Sources for reanalyses and
respective time resolutions are given in Table 1. A 50-km resolution was chosen because it best matched
the spatial resolutions for archived reanalysis data.

2.2, Arctic Drifting Stations

As already introduced, direct measurements of precipitation over the Arctic Ocean are sparse. Even today,
much of our information comes from the Russian NP drifting stations maintained by the Arctic and
Antarctic Research Institute. The first ice station was established in 1937 (NP-1). Observations were inter-
rupted by World War I, and then the program resumed in 1950 (NP-2) and lasted until 1991 (NP-30 and
NP-31). It resumed again in 2003-2004 with the establishment of NP-32 and NP-33. Here we use data from
eight stations (NP22 and NP-24 to NP-31) that have observations for the 1979-1991 period and for which
gauge corrections have been applied (see below). These data were obtained from the *Arctic Ocean Snow
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Figure 3. Climatologies of measured and bias-adjusted monthly precipitation, and mean number of wet days from North
Fole drifting stations. Bias-adjusted data are from Yang (1999) and Bogdanova et al. (2002). Wet days are the number of
days with precipitation of at least 1 mm.
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and Meteorological Observations from Drifting Stations 1937, 1950-1991" data set published by the National
Snow and Ice Data Center. Up until NP-24, drifting station locations were recorded every 3 h by terrestrial
astronomical observations when weather conditions permitted. Starting with NP-25, locations were
determined by satellite-based navigation. The NP sites provide measurements of both precipitation
(including amount, occurrence, and phase) and snow cover (the latter from manual surveys) that are
maostly representative of the central Arctic Ocean and provide little coastal information (Webster et al.,
2014) (Figure 1). Precipitation and snow observations from this data set have been summarized by
Warren et al. (1999), Yang (1999), Bogdanova et al. (2002), and Colony et al. (1998). Daily present weather
reports from the NP sites included in the Advanced Comprehensive Ocean-Atmosphere Data Set
(Woodruff et al., 1987) were used by Clark et al. (1996) and Serreze et al. (1997) in a study of spatial and
seasonal variations in precipitation frequency, phase, and intensity across the Arctic Ocean.

Gauge measurements are prone to error in the northern environment. Wind-induced undercatch of snowfall
has long been recognized as a problem. Errors may also be introduced by evaporation from gauges, conden-
sation on the inside of gauges, adherence of water on the gauge material after the gauge is emptied { known
as “wetting losses™), and neglect of trace precipitation and false precipitation resulting from blowing snow
from the surface falling into gauges (Golubev et al, 1999; Sevruk & Hamon, 1984). Nevertheless, the NP
records represent the best data source available to validate the reanalysis precipitation output.

Two correction methods have been applied to the NF precipitation records, Yang (1999) applied the World
Meteorological Organization Organizing Committee correction method to daily NP observations collected
between 1957 and 1991. The correction factors (multipliers to the raw data) have a mean of 1.71 and a max-
imum of 1.93. Bogdanova et al. (2002) applied the method derived by Golubev et al. (1999) to the same daily
data set, yielding correction factors with a mean of 1.28 and maximum of 1.51. The key difference is that the
World Meteorological Organization wind corrections are only applied for wind speeds less than 6.5 m/s. The
adjusted annual mean precipitation from Yang (1999) is 256 mm, compared to 165 mm from Bogdanova
etal. (2002). Bogdanova et al. (2002) argue that the Yang (1999) estimates are too high, given persistent stable
anticyclonic conditions, low air temperatures, and low water vapor content over the Arctic Ocean for much
of the year. They suggest that the overestimation of precipitation resulis from neglecting false precipitation
blowm into the gauge from surrounding snow surfaces during blizzards and strong wind events.

Figure 3 shows the “raw” mean monthly precipitation from the NP records for the period 1979-1991 along
with adjusted values from both Yang (199%) and Bogdanova et al. (2002) and the number of wet days from
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Yang (1999). For the Tretyakov gauges used at the drifting station, precipitation amounts greater than
0.1 mm are considered measurable. Nonzero precipitation less than 0.1 mm is recorded as trace. From both
adjusted data sets, the precipitation minimum (along with the number of wet days and days with measurable
precipitation) occurs in April and there is a warm season maximum. The warm season precipitation maxi-
mum reflects both the higher levels of atmospheric water vapor and the summer maximum in the influx
of extratropical cyclones into the central Arctic Ocean (Serreze & Barry, 2014). However, the timing of max-
imum precipitation depends on the correction method applied to the NP data. There is a September maxi-
mum using the Yang (1999) approach and a July maximum using the Bogdanova et al. (2002) approach.
Based on Bogdanova et al. (2002), precipitation is already declining by September. Wet days and the number
of days with measurable precipitation peak in September. Measurable precipitation occurs 162 days a year
(Yang, 1999), yet when records of trace precipitation are included, nonzero precipitation occurs on average
351 days a year. Bogdanova et al. (2002) by comparison identify an average of 243.5 nonzero precipitation
days. An obvious conclusion is that while validation of precipitation from the reanalyses is challenged by
sparse observations over the Arctic Ocean, there is considerable uncertainty in the observations themselves.
One area of universal agreement is that the majority of precipitation events occur as solid precipitation.
However, liquid precipitation has been reported in all months. Based on the present weather codes in the
Advanced Comprehensive Ocean-Atmosphere Data Set records through 1991 (Serreze et al., 1997), as much
as 50% of precipitation events at the NP sites in July can occur as liquid precipitation, with about 30% ocour-
ring as liquid precipitation in June and August. Given the warming Arctic environment, these figures have
probably changed.

We use both gauge-corrected data sets to evaluate the reanalysis precipitation estimates. We do so in two
ways. First, we compare annual and monthly means aggregated over all of the NP locations with the reana-
lysis values aggregated over the Arctic Ocean domain shown in Figure 1. As can be seen, NP drifting stations
visited much of the central Arctic Ocean but did not visit the Barents or Kara Seas. Our Arctic Ocean
domain, therefore, differs from that used in other papers (e.g., Serreze et al., 2006) by eliminating these
regions. Second, we compare tofal precipitation from a given year and month from individual NP stations
with the reanalysis precipitation following station trajectories. These annual and monthly time series of rea-
nalysis precipitation are calculated by aggregating daily precipitation from grid cells corresponding to daily
locations of drifting stations.

3. Results
3.1. Differences Between Reanalyses

We start by looking at monthly mean precipitation rates (millimeter per day) averaged over the Arctic Ocean
domain and contrast these with global mean rates (Figure 4). Both the global and Arctic Ocean time series
have been smoothed with a 12-month moving average to remove seasonal variations. As reported elsewhere
(e.g., Bosilovich et al., 2015, 2017; Gelaro et al.,, 2017), global mean precipitation rates from reanalyses show
some nonphysical variations introduced by changes in the observational database. Of note is the jumpin glo-
bal MERRA precipitation starting in 1998 related to the introduction of Advanced TIROS Operational
Vertical Sounder and increased precipitation in ERA-Interim attributed to the loss of Special Sensor
Microwave/Tmager platforms F13, F14, and F15 in the late 2000s (Bosilovich et al., 2017). For the Arctic
Ocean domain, these nonphysical variations are not visible and may simply be hidden by the pronounced
interannual variations resulting from averaging over a smaller region.

There are obvious differences in precipitation amounts for both domains. Focusing on the Arctic Ocean,
CFSE and MERRAZ are clearly the wettest, especially in the early part of the record, while MERRA is the
driest. MERRAZ is wetter by 0.23 mm per day than its predecessor MERRA based on the mean of monthly
precipitation rates for the 1980-2015 period common to both products. While tracking down causes of dif-
ferences between reanalyses is challenging given the complexity of model and assimilation systems, a funda-
mental change that may bear on the difference is that MERRAZ places constraints on total atmospheric
mass, forcing global precipitation, and evaporation rates to be essentially the same (Takacs et al., 2016).
Despite differences in precipitation amount, the reanalyses show similar patterns of interannual variability,
and the time series are well correlated: correlation coefficients for time series of annual total precipitation
range from a low of 0.67 (between MERRAZ2 and ERA-Interim) to 0.95 (ERA-Interim and JRAS55). None
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Figure 4. Mean precipitation rates (millimeter per day) for the reanalyses used in this study for the globe (top) and the
Arctic Ocean domain (hottom ),

of the reanalyses shows obvious evidence of long-term trends in precipitation, and all of the reanalyses show
high precipitation amounts in 1989, 1990, 1995, and 2017 over the Arctic Ocean.

Figure 5 provides a breakdown of precipitation for different regions of the Arctic Ocean (see Figure 1), accu-
mulated from 1 August through 30 April, spanning the sea ice growth season and the snow accumulation
period. Regions are defined following Meier et al. (2007). The 1 August start is chosen to include early sea
ice growth, while the 30 April end is chosen to include the March sea ice extent maximum. The conclusions
from Figure 4 of similar patterns of interannual variability hold at the regional scale, which is very encoura-
ging. Again, MERRAZ and CFSR emerge as the two “wet” reanalyses.

In Figure 6, we plot mean seasonal cycles of precipitation from the NF records along with mean seasonal
cycles from the reanalyses, calculated using precipitation from the grid cells corresponding to the daily loca-
tions of the NP stations. Qualitatively consistent with the NP records, all of the reanalyses depict a cold sea-
son minimum and a late summer to early autumn maximum in precipitation. There are again differences in
precipitation amount, with the two “wet” reanalyses (CFSE and MERRA2) seen in the annual means
(Figures 4 and 5) also wet during the cold season. MERRAZ2 is similar to ERAS, ERA-Interim, and JRASS
during the warm months. We will examine biases with respect to the NF records later, but it is obvious from
Figure 6 that apart from MERRA, the reanalyses are high during summer compared to observations, even
with respect to the Yang (1999) record with its larger gauge adjustments. During winter, reanalysis values
are reasonably close to those from Yang (1999). As assessed over the Arctic Ocean domain (not shown), sea-
sonal cycles of precipitation from the reanalyses are smoother than seen in Figure 6, as expected from aver-
aging over a larger area with many more data values.

Statistical distributions of daily precipitation totals as cumulative distribution functions (CDFs) over the
snow accumulation period for each reanalysis follow in Figure 7. Each CDF is estimated by binning (into
0.1-mm bins) daily precipitation greater than zero for each day from 1980 through 1990 for every 50-km grid
cell corresponding to the daily location of a drifting station. In analyses of daily total precipitation for the
globe as a whole, daily totals less than 1 mm are typically considered drizzle (e.g. Sun et al,, 2006). Daily
totals greater than 1 mm and less than 10 mm are considered light precipitation, whereas daily totals greater
than 10 mm are considered heavy precipitation. Recall that, in this study, we define days with more than 1
mm as wet days. Figure 7 only shows bins for daily total precipitation less than & mm, the intent being to
focus on differences between the reanalyses in drizzle and lighter precipitation. Between 76% (CFSR/
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Figure 6. Mean seasonal cycles of bias-adjusted monthly precipitation from Yang (19949) and Bogdanova et al. (2002) and
from the different reanalyses. Reanalysis precipitation climatologies are caloulated using daily total precipitation from grid
cells corresponding to daily locations of NP drifting stations.

BARRETT ET AL. 1Wof17



AU
100

==

Journal of Geophysical Research: Oceans 10.1029/20191C015415

1.0

B

0.8

0611
LH
041 _[ —— CFSR
—— ERAS
I —— ERAI
. —— JRASS
i —— MERRA2
MERRA
— NP
005 1 3 3 i 5 P

mim

Figure 7. Cumulative distribution functions {CDFs) of daily total precipitation for grid cells corresponding to locations of
Morth Pole drifting stations from 1 August through 30 April. North Pole (NF) drfting station data are from Yang (19949).
Bins greater than 6 mm are not shown to focus on driszle and light precipitation.

CFsv2) and 92% (MERRA) of daily precipitation events in the reanalyses represent drizele. In terms of
precipitation amount, drizzle {in general, very light snowfall) accounts for between 34% (CFSR/CFSv2)
and 55% (MERRA) of total precipitation. Heavy precipitation (daily precipitation >10 mm) is between
0.5% (MERRA) and 2.7% (JRAS5). The largest differences between CDFs are for drizzle. Although
differences persist into the light precipitation range, they diminish for larger daily precipitation events,
becoming negligible for heavy precipitation fractions. The CDF of nonzero precipitation for the NP
stations indicates that as much as 92% of days with precipitation have daily precipitation amounts less
than 1 mm, contributing 42% of the total observed precipitation amount. This indicates that the size
distribution of daily precipitation events represented in the reanalyses is similar to that seen in
observations. MNote that CFSR/CFSvZ and MERRAZ have the lowest cumulative frequencies for
precipitation amounts less than 6 mm. This is not inconsistent with these reanalyses having the highest
monthly, seasonal, and annual total precipitation because low frequencies of drizzle and light events
mean that these reanalyses have a greater number of heavier events. CDFs computed for individual
months (not shown) are overall guite similar to those based on aggregating data from 1 August to 30
April. Notably, while daily precipitation amounts are highest in late summer and early autumn in both
the reanalyses and in the observations, the contributions to fotal precipitation from small (less than
1 mm) events are on average only 10% lower in this same period than during winter months. Results are
similar when the analysis is performed for the full Arctic Domain and for regions within this
domain (not shown).

We next examine time series of total precipitation for the Arctic Ocean domain along with the totals from
drizzle events (< 1 mm) and wet days (anything =1 mm) for the 1 August to 30 April period (Figure 8).
Results for total precipitation reflect those shown in Figure 4. Reanalyses fall into two clear groups:
CFSR/CFSv2 and MERRAZ, clearly the “wet” reanalyses produce on average 50 mm more precipitation over
the course of the season than ERA-Interim, ERAS, MERRA, and JRASS. However, MERRAZ appears to
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Spatial patterns of total precipitation from 1 August through 30 April
(Figure 9) are broadly similar for all reanalyses and capiure the
known basic pattern of Arctic precipitation. Key features are a dry
central Arctic Ocean and Canadian Arctic Archipelago (Polar
Desert) and a much wetter North Atlantic sector that extends into
the Barents and Kara Seas, reflecting the influence of the Icelandic
Low and the poleward terminus of the North Atlantic cyclone track.
CFSR/CFsv2 and MERRAZ stand out as between 45 and 65 mm wet-
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ter over the Eurasian side of the Arctic Ocean and over parts of the
Beaufort Sea. CFSRE/CF5v2 also has noisy speckled patterns of preci-
pitation over northern North America and Eurasian land masses sug-
pestive of topographic influences. Spatial patterns of drizzle
precipitation are very similar between the products in a qualitative
sense, but MERRAZ stands out with distinctly higher drizzle totals
over the Arctic Ocean, and a likely spurious region of especially high
drizzle amounts over the Canadian Arctic Archipelago (supporting
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information Figure 51). Patterns of the frequencies of wet days show
some differences (Figure 10) with the CFSR/CFSv2 and MERRA2

2000 2005 2010 2015

Figure 8. Total precipitation, wet day precipitation (P = 1 mm), and drizele pre-  products having a high frequency of wet days over the eastern Arctic.
cipitation (F < 1 mm) for the Arctic Ocean domain.

3.2, Comparisons With the NP Records

Figure 11 shows the annual time series of total precipitation from the reanalyses and annual total precipita-
tion estimated using bias-adjusted precipitation from both Yang (1999) and Bogdanowva et al. (2002) for the
1980-1990 period. Annual precipitation from the reanalyses was calculated by extracting precipitation from
the reanalysis grid cell closest to the location of drifting stations for each day the drifting stations were in
operation. Vertical bars to the right of the plot show the range and mean of the reanalysis and gauge preci-
pitation for the 1980-1990 period. When compared to the adjusted precipitation from Yang (1999), reana-
Iyses fall within the observed range. When compared with precipitation from Bogdanova et al. (2002) that
has smaller corrections factors, reanalyses have too much precipitation in most years, with the exception
of MERRA. The results are very similar when the mean annual total precipitation for the Arctic Domain
is compared to the drifting station averages.

Monthly total precipitation expressed as percent biases with respect to the NP values from Yang (1999) fol-
lows in Figure 12, As already discussed, all reanalyses capture the basic seasonal cycle of precipitation from
the gauge-based observations, with low precipitation in the cold season and maximum precipitation during
summer and early autumn. Overall, percent differences between reanalysis estimates and the Yang (1999)
observations are smallest in winter months when precipitation is also lowest and are largest during summer
when precipitation is highest. This is important given that sea ice thickness retrievals from radar altimetry
can only be achieved during the cold season. Recall from Figure 6, ERA-Interim, CFSR, and MERRA are
close to the Bogdanova et al. (2002) estimates between November and March (not shown), and smaller than
the Yang (19949) estimates in April, May, September, and October. Values from CFSR and MERRAZ2 (the wet
reanalyses) by contrast exceed values depicted by Bogdanova et al. (2002) but are smaller than those depicted
by Yang (1999) between November and March. Between July and August, only MERRA is close to observa-
tions, whereas all other reanalyses exceed observations, with CFSR having the largest bias,
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Figure 9, Total precipitation (millimeter) from August to April for the six reanalyses,

Correlations, mean biases, and root-mean-square errors for monthly total precipitation from the reanalyses
and NP observations from Yang (1999) follow in Table 2. The reanalysis values are for the grid cells corre-
sponding to the daily NP locations. Results are given for the August to April period and for the full year.
Mean bias is the ratio of the mean of reanalysis precipitation to the mean observed corrected precipitation
from Yang (1999). All correlations are broadly similar, though ERAS has the highest correlation with obser-
vations for both the August to April period (0.64) and for the full vear (0.62). The ERAS bias for the August to
April period is small (0.8 mm) and 1.0 mm for the annual period. For the August to April period, correlations
for the other reanalyses are between (.58 and 0.64. The RMSEs are between 12 and 15 mm. Metrics for the
full year are very similar. Metrics for individual seasons are given in Table 51. Because more than one drift-
ing station could be in operation at a given time, there can be more than 10 data points for any 1 month.
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Figure 10. Wet day (P > 1 mm) precipitation frequency (as a fraction of all days) for the six reanalyses from August
through April.
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Figure 11. Annual total precipitation for the Arctic Ocean domain from the reanalysis and bias-adjusted precipitation
from the North Pole Drifting Stations from Yang (1999) and Bopdanowva et al, (2002). Vertical hars on the right show
the mean (dot) and range (length of bar) of reanalysis and gauge precipitation for the 1980 to 1990 perind,

Mevertheless, metrics for seasons are based on a small number of observations and should be viewed with
appropriate caveats. Winter months have the lowest correlations but the smallest biases, while summer
manths have the highest correlation and also the largest biases. Autumn has both high correlations and
small biases. The higher correlations in summer and autumn may be in part a statistical artifact resulting
from summer having a larger spread of precipitation totals. For example, a 10-mm bias for a summer month
in which observed precipitation is 50 mm still registers as a large event in the reanalysis record, whereasa 10
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Figure 12. Monthly total precipitation expressed as biases with respect to the North Pole precipitation values from Yang
(19949). Box and whiskers show the distribution of hiases: boxes show the interquartile range, whiskers show the 10th and
90th percentiles, and horizontal black bars show the mean bias.
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Tahle 2

Correlation Coefficients, Bins, and Root-Mean-Syuare Error (RMSE) Between Monthly Total Precipitaion From the
Reanalyses and North Pole Drifting Stations From Yang (1999) for the 1 August o 30 April Snow Accumulaiion Period
and Annual Time Periods

Reanalysis 1 August to 30 April period Annual
Correlation Bias BMSE (mm) Correlation Bias EMSE

CFSR/CFSv2 0.62 1.0 14.2 0.59 12 16.1
ERAS .64 0.8 12.6 0.62 1.0 128
ERA-Interim 0.63 0.8 134 0.62 0.9 128
TRASS 0.62 0.8 13.6 0.59 0.9 13.9
MERRA 0.58 0.6 14.8 0.54 0.7 138
MEREAZ .62 1.0 123 062 11 13.0

Note. Reanalysis precipitation is derived from daily total precipitation for the grid cells containing the daily locations of
the NP stations.

mm bias for a winter month in which observed precipitation is 20 mm reduces or increases the observed pre-
cipitation event more. We also stress that our assessments are comparing precipitation at a point against pre-
cipitation at the grid cell level that represents a larger area.

4. Discussion and Conclusions

In terms of total annual precipitation over the Arctic Ocean domain and for different Arctic Ocean subre-
gions, the ime series from the reanalysis correlate fairly well, that is, interannual variability is fairly consis-
tent among them. While certainly encouraging, this agreement is to be expected given that reanalyses use
similar observational databases. Howewver, the precipitation totals themselves show a large spread, largest
in early autumn. MEREA2 and CFSR are the two wettest reanalyses, whereas JRASS is the driest. While
all of the reanalyses capture the basic spatial patterns of Arctic precipitation as they are known, there are
also large differences in amount between them on the regional scale.

Since most precipitation over the Arctic Ocean falls as snow, the large differences in precipitation imply
large differences in the mass of snow on sea ice that the reanalysis would depict. This has direct relevance
to satellite retrievals of sea ice thickness from radar or laser altimetry. Differences are smallest in winter,
the time of the year for which current radar altimetry sea ice thickness products are available. However, a
seemingly small 10- to 20-cm difference in snow depth (corresponding to differences in precipitation in
the range of 3.5-7.0 cm assuming a snow density of 350 km/m®) can have a large impact on the total ice
thickness retrieved. Stroeve and Motz (2018) report that a 10- to 20-cm difference in snow depth results in
a 50- to 100-cm difference in ice thickness. Further, differences in snow depth will have a large impact on
thermodynamic ice growth. The conductive heat flux through sea ice from the ocean to the atmosphere is
a function of the conductivity of the snow and ice cover, as well as the thickness of the snow and ice.
Snow conductivity is about 7 times smaller than that for sea ice; thus, a 20-cm snow layer can reduce the con-
ductive heat flux by more than 50%, reducing thermodynamic ice growth. However, this may be countered
by delayed autumn ice formation, linked in part to the higher internal energy of the upper ocean at summer's
end. With delayed ice formation, there is less time for snow to accumulate on the ice, which by itself will
foster more rapid ice growth. Smaller snow depths will also reduce the occurrence of submerged ice in areas
of high accumulation, preventing flooding of the ice surface and formation of snow-ice.

Observations and the reanalyses indicate that between 76% and 92% of days with precipitation over the
Arctic Ocean represent events less than 1 mm. These events, in turn, account for between 34% and 55% of
the total annual precipitation. Some studies using reanalysis data (e.g., Boisvert et al., 2018) have ignored this
light precipitation. Such an approach may be justified on a global scale in light of the tendency for climate
models to produce overly frequent drizzle events (e.g.. Dai, 2006; Pendergrass & Hartmann, 2014).
However, given the significance of small events on Arctic Ocean totals in both observations and reanalyses,
discarding drizzle may be the wrong approach. The prevalence of drizzle also complicates precipitation
observations as do measurement errors, in particular those resulting from wind-induced turbulence
(Sevruk et al., 19589).
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Given the large spread in precipitation estimates between the reanalyses, the obvious question arises as to
which one performs best The conundrum is that while the use of reanalyses is in large part motivated by
the paucity of observations, it is only with the sparse observations that the question can be answered. And
it is not simply that the precipitation observations are sparse—they are strongly influenced by gauge under-
catch and other problems. The two methods that have been applied to the NP data yield very
different results.

From an assessment of correlations with the NP records, bias with respect to these records, and the consis-
tency between the reanalyses in terms of spatial patterns of precipitation and interannual variability, all of
the reanalyses examined here appear to be of roughly equal value for supporting retrievals of ice thickness.
However, this assumes that one can have confidence in bias corrections that would have to be applied to the
reanalysis data, which goes right back to the issue that bias adjustments to the observations are themselves
uncertain. However, only CFSR, MERRAZ, JRASS, and ERA-5 will continue to be produced beyond 2019,
Given that the native resolution of ERAS is high, and that it is likely to be continued into the foreseeable
future, we argue that ERAS will best serve as the basis of schemes to obtain snow mass atop sea ice to enable
improved retrievals of sea ice thickness from satellite data.
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