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ABSTRACT

Precipitation plays an important role in the Arctic hydrological cycle, affecting different areas like the

surface energy budget and the mass balance of glaciers. Thus, accurate measurements of precipitation

are crucial for physical process studies, but gauge measurements in the Arctic are sparse and subject to

relocations and several gauge issues. From Svalbard, we analyze precipitation trends at six weather

stations for the last 50–100 years by combining different observation series and adjusting for inhomo-

geneities. For the past 50 years, the measured annual precipitation has increased by 30%–45%.

However, precipitation measurements in the cold and windy climate are strongly influenced by gauge

undercatch. Correcting for undercatch reduces the trend values by 10% points, since the fraction of solid

precipitation has decreased and undercatch is larger for solid precipitation. Thus, precipitation cor-

rected for undercatch should be used to study ‘‘true’’ precipitation trends in the Arctic. Precipitation

over Svalbard has been modeled by downscaling reanalysis data to a spatial resolution of 1 km. In

general, the modeled annual precipitation is higher (13%–175%) than the measured values and mainly

higher than the precipitation corrected for undercatch. Although the model resolves orographic effects

on a regional scale, the downscaling is not able to reproduce local orographic enhancement for onshore

winds, nor local effects of rain shadow. The downscaled dataset explains approximately 60% of the

interannual precipitation variability. The model-based trends during 1979–2018 are positive, but weaker

(;4% decade21) than the observed (;8% decade21) trends.

1. Introduction

Precipitation in the Arctic affects the ocean and ter-

restrial freshwater budgets, the surface albedo and en-

ergy budget, as well as the mass balance of ice sheets,

glaciers, and sea ice (AMAP 2017). During recent de-

cades, tropospheric water vapor (Serreze et al. 2012) and

precipitation (Hartmann et al. 2013; Willett et al. 2013;

Hanssen-Bauer et al. 2019) have generally increased in

the Arctic. The increased precipitation is linked to the

general warming, partly driven by anthropogenic forcing,

and amplified in the Arctic due to several feedback

effects (Vihma et al. 2016). However, the Arctic pre-

cipitation trends show large spatial variations and are

sensitive to the time period and data source (Vihma

et al. 2016). Climate models have captured this upward

trend but they have limited success in reproducing

regional details (Vihma et al. 2016). For instance, for

the Canadian Arctic, Rapaić et al. (2015) found that

the available reanalysis datasets provided a reasonable

consistent picture of the increased precipitation since

1950, but that they exhibited different spatial, seasonal,

and temporal variability, particularly for precipitation.

Atmospheric reanalyses contain errors in physical

processes in the Arctic atmosphere and their interaction

with the Earth surface (Vihma et al. 2014), especially wet

biases linked to inadequate representation of sea ice as
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well as inhomogeneities from changes in data streams

(e.g., improved satellite data) and methods over time

(AMAP 2017). In addition, reanalyses are affected by the

lack of good observations and limited consideration on

homogeneity of the data throughout the entire analysis

period (Zhang et al. 2013).

Our study is motivated by the evidence that the

Arctic hydrological cycle is accelerating and the

poleward moisture transport is enhanced (Zhang

et al. 2013; AMAP 2017), highlighting the need for

more extensive and accurate observations, better

process understanding, better models, and more ex-

tensive and systematic use of existing models (AMAP

2017). The Svalbard region (748–818N) lies within the

primary pathway for the transport of atmospheric

energy into the Arctic (Serreze et al. 2007) and is

situated in one of the fastest-warming areas on Earth

(Isaksen et al. 2016; Overland et al. 2018; Hanssen-

Bauer et al. 2019). Unfortunately, in situ precipita-

tion observations from the Arctic are sparse and are

subject to many site and gauge issues, such as wind-

induced undercatch, underestimation of trace pre-

cipitation amounts, wetting and evaporation loss,

station/instrumental shifts, changes in measurement

protocols and automation (Goodison et al. 1998;

Yang et al. 2005). For the Svalbard region, a number

of 50–100-yr-long precipitation series are available

(Førland et al. 1997a; Hanssen-Bauer 2002; Førland
et al. 2011; Hanssen-Bauer et al. 2019), comprising

unique long-term precipitation records for the

High Arctic.

The present analysis combines and extends these

earlier studies by comparing trends based on historic

observed precipitation with observations that were

corrected for undercatch (‘‘true’’ precipitation).

Moreover, site-specific trends based on downscaled

reanalysis are compared to the observed precipita-

tion trends. Specifically, we address the following two

main research questions (RQs) concerning Arctic

precipitation.

a. RQ1: Are there differences between historic trends
from actual observations versus observations that
were corrected for undercatch (true precipitation)?

For the cold and windy Svalbard climate, with a large

proportion of solid precipitation, Førland and Hanssen-

Bauer (2000) found that because of undercatch in

the gauges, the true annual precipitation at western

Spitsbergen was more than 50% higher than the

actual measured amounts. Thus, to study historic

trends as well as to validate model output, measured

precipitation corrected for undercatch should be

used (section 2b). To adjust the measured precipitation

for undercatch, annual fractions of solid, mixed,

and liquid precipitation are deduced and analyzed

(section 4c).

Trend studies should be based on long, homogeneous

observation series. By combining series, two long-term

homogenized composite series are established for the

period 1911–2018. Further, all observation series are

tested for homogeneity and any homogeneity break is

adjusted (section 2c).

b. RQ2: Does downscaled reanalysis reproduce a
realistic picture of observed local precipitation
totals and historic trends?

For Spitsbergen, gauge measurements of precipita-

tion are constrained to the western coastal areas, but to

describe hydrological processes (runoff, flooding, snow

accumulation/melting, glacier mass balance, etc.) for the

entire archipelago, precipitation estimates are needed

for ungauged areas as well. Østby et al. (2017) used a

coupled energy balance model forced by ERA40 and

ERA-Interim to downscale reanalysis data (including

precipitation) over Svalbard to a spatial resolution of

1 km. The resulting dataset (Sval-Imp) covers the period

1957–2018. By comparing this dataset to the observa-

tions, we explore whether it is suitable to represent the

precipitation over Svalbard.

The precipitation in the mountainous Spitsbergen is

strongly influenced by topography (Førland et al. 1997b).

To study the orographic influence on spatial precipita-

tion distribution and on modeling biases, a large-scale

classification of atmospheric circulation is used (see

section 3b and appendix).

In this paper, data and methods are presented in

section 2, and a comparison of measured and modeled

(Sval-Imp) precipitation is discussed in section 3. In

section 4 we outline historic precipitation trends

and long-term variability. The research questions

are discussed in section 5, where we also present our

conclusions.

2. Data and methods

The observations used in this study are from the

Norwegian Meteorological Institute (MET Norway)

climate archive (available at seklima.met.no), and Russian

data for Barentsburg are provided by Saint Petersburg

State University. The downscaled series from reanalysis

are described in section 2d.

The statistical significance of trends is analyzed

by the Mann–Kendall test (see, e.g., Gjelten et al.

2016), and smoothed long-term variability is illus-

trated by low-pass-filtered series using Gaussian

weighting (see, e.g., Gjelten et al. 2016). We use the
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climatological standard normal period 1971–2000 as

the reference period in this study as this period is

the basic period for studies of past and future cli-

mate changes in Norway (Hanssen-Bauer et al. 2017,

2019). For internal comparison of series we con-

sider two other periods as well: 1969–2018 (includ-

ing measurements for Ny-Ålesund) and 1979–2018

(downscaled reanalysis based on ERA-Interim, see

section 2f).

a. Measuring sites for precipitation

The network of weather stations observing pre-

cipitation in the Svalbard region is sparse (see Fig. 1

and Table 1). Most of the stations are located on the

west coast of Spitsbergen, and at low altitudes. MET

Norway has in recent years established several auto-

matic weather stations in the Svalbard region (see,

e.g., Vikhamar-Schuler et al. 2019), but most of these

do not include precipitation measurements.

b. Problems measuring precipitation in the Arctic

Precipitation series from the Arctic are influenced by

substantial measuring errors caused by blowing/drifting

snow (overcatch) on one hand and undercatch on the

other hand. The wind induced undercatch of precipita-

tion gauges has been recognized for many decades

(e.g., Heberden 1769; Brown and Peck 1962; Sevruk

1982). In events with solid precipitation and strong

winds, the hydrometeors are accelerated and deflected

over the gauge and a substantial part of the precipitation

is thus not collected by the gauges. Consequently, the

measured precipitation may just be a small fraction of

the true precipitation. In wind exposed areas on the

Norwegian mainland, the precipitation gauges used

by the Norwegian Meteorological Institute may catch

less than 50% of the actual total winter precipitation

(Førland and Aune 1985).

The estimates of undercatch in this paper are based on

results from theWMOSolid PrecipitationMeasurement

Intercomparison (Goodison et al. 1998) and field studies

in Ny-Ålesund in the 1990s (Førland and Hanssen-

Bauer 2000). These field studies comprised 12-h man-

ual measurements in the MET Norway and Russian

Tretyakov precipitation gauges, as well as automatic

measurements of wind speed, temperature, and pre-

cipitation intensity. For the MET Norway and

Tretyakov gauges, coefficients for correcting mea-

sured values to provide estimates of true precipita-

tion are available from Goodison et al. (1998). By use

of these coefficients, and by combining the estimates

of true precipitation based on measurements in the

METNorway and Tretyakov gauges in theNy-Ålesund

field studies, revised correction coefficients for the

MET Norway gauge in the Svalbard region were

FIG. 1. Measuring sites for precipitation in the Svalbard region.
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established (Hanssen-Bauer et al. 1996; Førland and

Hanssen-Bauer 2000). For solid precipitation, these

correction coefficients are a function of wind speed

and air temperature, and for liquid precipitation of

wind speed and rain intensity. Recent field studies in

the Norwegian high mountains have confirmed that,

except for high wind speeds, the use of the correc-

tion coefficients for solid precipitation deduced for

Svalbard give feasible estimates of true precipitation

(Wolff et al. 2015).

By using the deduced correction coefficients for

Ny-Ålesund, Førland and Hanssen-Bauer (2000) found

that for snow events the total precipitation corrected

for undercatch was almost twice the actual measured

amount. For the different seasons they found the

following average ratios between the corrected and

measured precipitation: winter 5 1.70, spring 5 1.55,

summer 5 1.25, and autumn 5 1.45.

Due to lack of rainfall intensity data, and periods with

low-quality wind speed records at the Norwegian Arctic

stations, it is problematic to use the correction meth-

odology (Førland and Hanssen-Bauer 2000; Wolff et al.

2013, 2015) on a daily basis for the historic precipitation

series. To provide a rough estimate of true precipitation

for long-term series, the average correction factors

derived by Førland and Hanssen-Bauer (2000) for

different precipitation types were applied. The MET

Norway gauge is used at all Norwegian Arctic sta-

tions, and for this gauge the correction factor for

snow is 1.85, for rain 1.15, and for mixed rain/snow or

sleet 1.40. The observers note the precipitation type

according to the present and past weather codes de-

fined by the World Meteorological Organization

(WMO 2017). In this study, the main 12- or 24-h

precipitation type was calculated based on WW (WMO

Code Table 4677) and W1 (WMO Code Table 4561),

respectively. For days with changing precipitation types

the precipitation type at the time of the 0600 and

1800 UTC observation was chosen (0600 UTC for days

where only 24-h observations were available). Only days

with measured precipitation amounts of more than

0.0mm are used.

c. Inhomogeneities and combination of measured
precipitation series in the Svalbard region

Most decade- to century-scale time series of atmospheric

data have been adversely impacted by inhomogeneities

caused by, for example, changes in instruments,

station moves, changes in local environment or in

observing practices (Peterson et al. 1998). In the

Svalbard region, there have been several relocations

of stations as well as changes in instruments and

environment (buildings) since the first permanent

weather station was established in 1911. Because of

the harsh and windy climate and large local climate

gradients, even small relocations or instrumental

changes at Arctic measuring sites may cause sub-

stantial changes (inhomogeneities) in the measuring

conditions, for example, changes in overcatch or un-

dercatch (section 2b). Furthermore, identification of in-

homogeneities in Svalbard climate series is hampered

by the sparse station network (Fig. 1). If not accounted

for properly, the results of climate analyses using inho-

mogeneous data can be erroneous (Nordli et al. 1996;

Peterson et al. 1998).

By combining series, homogenized and partly

composite long-term precipitation series have been

established for the key weather stations in the

Svalbard region. Below is a brief metadata overview

for precipitation observations at these stations. All

stations were nonoperative for shorter or longer periods

during the Second World War—missing seasonal and

annual values for these years are interpolated as the

mean of the five years before and after the data gap.

More detailed metadata for the Norwegian Arctic

stations may be found in Steffensen et al. (1996),

TABLE 1. Stations measuring precipitation in the Svalbard region.

Station No. Station name Abbreviation Start End Alt (m MSL) Lat (8N) Lon (8E)

99710 Bjørnøya BJ 1920 16 74.5 19.0

99720 Hopen HO 1946 6 76.5 25.0

99754 Hornsund HS 1978 10 77.0 15.5

99790 Isfjord Radio IS 1934a 7 78.1 13.6

99820 Barentsburg/Green Harbour BA 1911b 40 78.1 14.2

99840 Svalbard Airport SA 1975 28 78.2 15.5

99860 Longyearbyen LO 1916c 1977 37 78.2 15.6

99900 Ny-Ålesund I NY 1969 1974 42 78.9 11.9

99910 Ny-Ålesund NY 1974 8 78.9 11.9

a Gap in precipitation series 1976–2014.
b Data from Green Harbour 1911–1930.
c Extrapolated back to 1912.
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Nordli et al. (1996), Førland et al. (1997a), and Nordli

et al. (2014). The homogenized precipitation series

were procured from two separate homogeneity ana-

lyses. For series prior to 1995, Nordli et al. (1996)

used the standard normal homogeneity test (SNHT;

see Alexandersson 1986) and for the later part of the

series Vikhamar-Schuler et al. (2019) used the homog-

enization software HOMER (Mestre et al. 2013). The

HOMER and SNHT methodologies produce break

years as well as adjustment factors by comparing the

time series to other series in the region.

1) BJØRNØYA

The station was established in 1920. The precipi-

tation series is adjusted for two homogeneity breaks

(Nordli et al. 1996): one in 1926 connected to in-

stallation of a windshield around the gauge that in-

creased the gauge catch during winter, and one

because of a relocation in 1947 that decreased the gauge

catch during winter. The gauge catch in summer was not

affected.

2) HOPEN

Regular precipitation measurements started in

October 1945. The precipitation series is adjusted

for two inhomogeneities. Nordli et al. (1996) detected a

break in 1974 caused by several environmental

changes. Vikhamar-Schuler et al. (2019) revealed a

severe homogeneity break after a relocation of the

gauge in 1997: The adjustment factor for annual

precipitation was 0.60, with adjustment factors of

0.4 and 0.8 for winter and summer months, respec-

tively; that is, the average winter precipitation mea-

sured at the new site is less than half of the values at

the old site. The large homogeneity break is probably

connected to a combination of strong winds and large

proportions of solid precipitation on Hopen. The new

site may be more exposed to wind (undercatch) and

less influenced by drifting snow (overcatch) than

the old site. During summer most of the precipitation

is falling as rain, and consequently the influence of

overcatch and undercatch is smaller. This is reflected

in lower factors for inhomogeneity adjustment for the

summer season.

3) ISFJORD RADIO

The station was established in 1934 but was destroyed

by war actions in September 1941. The station was

reestablished at the same site in August 1946 but closed

down in June 1976. A new automatic weather station

was installed in 2014, and (automatic) precipitation re-

cordings were resumed in 2015. No precipitation data

exist for the period 1976–2014. The precipitation series

is adjusted for homogeneity breaks in 1939, 1958, and

1966 (Nordli et al. 1996).

4) BARENTSBURG/GREEN HARBOUR

The weather station in Green Harbour was estab-

lished on 1 December 1911, but the equipment for pre-

cipitation measurements was not of a conventional type

(Førland et al. 1997a). The precipitation gauge was re-

located and equipped with a windshield in 1924. This led

to increased gauge catch during all seasons except sum-

mer, and the series is adjusted for this inhomogeneity

(Nordli et al. 1996). However, the data from the years

before 1924 are not reliable because of the uncon-

ventional ‘‘gauge’’ for precipitation measurements.

The Green Harbour station was closed down in 1930. A

Russian weather station was established in Grumantbyen

in 1931 and moved to Barentsburg in 1933. The precip-

itation data for Barentsburg for the years 1931–33 are

probably from Grumantbyen (;20 km east-notheast

of Barentsburg). The gauge site in Barentsburg is

located only 2.5 km north of the Green Harbour site,

but a homogeneity break was detected and adjusted

when the Green Harbour and Barentsburg series

were joined (Nordli et al. 1996). The composite Green

Harbour/Barentsburg precipitation series is adjusted

for homogeneity breaks in 1931, 1956, 1978, and 1984

(Nordli et al. 1996).

5) SVALBARD AIRPORT/LONGYEARBYEN

Weather measurements in Longyearbyen started

in November 1916, but up to 1957 there were several

relocations and data gaps, as well as sparse metadata.

From January 1957 to July 1977 a regular weather

station was in operation. In August 1975, a weather

station was established at Svalbard Airport, around

5 km northwest of Longyearbyen (Fig. 1). Despite

several relocations, only one inhomogeneity in 1923 was

found by Nordli et al. (1996). Data fromGreen Harbour

were used to extrapolate the series further back to 1912

(Førland et al. 1997a). However, the recent homogene-

ity tests revealed that a small relocation of the precipi-

tation gauge at the airport in October 2004 caused a

homogeneity break (Vikhamar-Schuler et al. 2019). The

series used in this study is adjusted for these two ho-

mogeneity breaks.

6) NY-ÅLESUND

During the years 1950–53 and 1961–68 irregular mea-

surements were performed, but the first regular weather

station was established in 1969. In July 1974, the station

was relocated and this led to an increased gauge catch,

especially in winter and spring, and the precipitation se-

ries had to be adjusted (Nordli et al. 1996).
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d. Modeled precipitation from reanalysis:
Description of the Sval-Imp dataset

The Svalbard Impact assessment forcing dataset,

Sval-Imp (Schuler and Østby 2020; Østby et al. 2017),

comprises atmospheric variables required to force

surface-energy balance based process models (temper-

ature, radiation components, wind speed, humidity, and

precipitation). Sval-Imp is gridded at a 1-km resolu-

tion and at time steps of 6 h covering the period 1957–

2018. The dataset has been created by downscaling

reanalyses of the European Centre for Medium-Range

Weather Forecast (ECMWF), namely, ERA40 (1957–

2002; Uppala et al. 2005) and ERA-Interim (1979 on-

ward; Dee et al. 2011), using a method of intermediate

complexity involving a blend of interpolation techniques

and simplified dynamics.

Typically, global reanalyses come at a resolution of

50–80 km, too coarse to adequately represent the rough

topography of Svalbard. Consequently, the fields of at-

mospheric variables at surface level lack spatial detail

and are often heavily biased due to underestimating

topographic effects. The methodology for downscaling

temperature and radiation in Sval-Imp closely follows

the TopoSub model (Fiddes and Gruber 2014), ac-

counting for the effects of the high resolution topogra-

phy as well as preserving the vertical structure of the

atmosphere in the large-scale reanalysis. To resolve the

orographic enhancement of precipitation at the 1-km

scale, a simple dynamical model of orographic precipi-

tation (Smith and Barstad 2004) has been adopted. In

various earlier applications (Barstad and Smith 2005;

Crochet et al. 2007; Schuler et al. 2008; Jarosch et al.

2012), this model has been found valuable in providing

spatial detail and reducing the bias in precipitation

amount.

The dataset was originally produced for running a

surface energy balance model to simulate spatial and

temporal variations of glacier mass balance, but is

useful for similar applications of land surface models,

such as for snow and permafrost (Aalstad et al. 2018),

terrestrial ecology (Botnen 2020), or hydrology (Hanssen-

Bauer et al. 2019). The dataset is publicly available at

https://archive.sigma2.no/pages/public/datasetDetail.jsf?

id510.11582/2018.00006 (Schuler 2018).

e. Downscaling and interpolation to specific locations

For comparison with observational records, time se-

ries have been extracted from the grid point closest

to the location of each individual weather station.

The exception is Bjørnøya, which is not covered by the

spatial extent of Sval-Imp (Vikhamar-Schuler et al.

2019). Continuous time series have been constructed by

concatenating the downscaled ERA40 for the period

September 1957–December 1978 and ERA-Interim

from January 1979 onward. To match the temporal

resolution of observations, the extracted time series

have been temporally aggregated into daily values (0600–

0600 UTC) for precipitation (sum) and tempera-

ture (mean).

f. Uncertainties and inhomogeneities in the
Sval-Imp dataset

In an evaluation of reanalysis datasets for the

Canadian Arctic, Rapaić et al. (2015) underscores the

need to take particular care when using such datasets,

especially for precipitation. Uncertainties in the Sval-

Imp dataset are related to shortcomings of the down-

scalingmethodology, for instance arising from situations

that violate simplifying assumptions, and uncertainties

inherent in the large-scale reanalysis. The latter

contain uncertainties related to the model used for

the reanalysis and the observations assimilated in the

analysis step. As such, the amount, quality, and spa-

tial coverage of observations assimilated vary, thus

introducing heterogeneity in the reanalysis. The in-

clusion of satellite data for the period after 1979 has

noticeable effect on the reanalysis, especially in

otherwise data-sparse areas like the Arctic. The

composite Sval-Imp dataset contains a discontinuity

around 1979 due to concatenating two different re-

analyses. Østby et al. (2017) investigated the influ-

ence of this heterogeneity for the period 1979–2002

when both reanalyses overlap. In the present paper,

the validation of Sval-Imp data versus observations

supports the assumption of a discontinuity due to the

FIG. 2. Modeled annual precipitation (mm) from the Sval-Imp

dataset averaged over the period 1971–2000.
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concatenation of ERA40 and ERA-Interim in 1979

(section 4d). Accordingly, most comparisons of Sval-

Imp data and observations are focusing on the period

1979–2018.

3. Comparison of modeled and measured
precipitation values

a. Precipitation totals from measurements and
Sval-Imp

Figure 2 demonstrates large spatial variations in

modeled annual precipitation over Svalbard. While

values exceed 1200mmyr21 in the western mountain

areas, they hardly reach 400mmyr21 in interior fjord

and valley areas, for example, Longyearbyen. Large

local differences are reflected in the measured values as

well: Table 2 shows that the measured annual precipi-

tation in Ny-Ålesund is more than twice the value at

Svalbard Airport. At Barentsburg, the measured annual

precipitation is about 3 times as high as the value mea-

sured at Svalbard Airport, even though it is only 34 km

away. Apparently, the Svalbard Airport/Longyearbyen

area is situated in a ‘‘rain shadow,’’ sheltered by the

surrounding mountains.

For all stations, the highest seasonal precipitation

is found for autumn, while spring or summer have

the lowest values. In general, the months May and June

are the driest, and September and October the wettest

(Hanssen-Bauer et al. 2019). Except for Bjørnøya, all
stations have a secondary precipitation maximum

in March.

The modeled precipitation is higher than the

measured precipitation for all stations and all sea-

sons (Table 2). The largest discrepancy is found for

Svalbard Airport where the modeled annual precip-

itation is almost 3 times as high as measured.

Similarly to the measured values, also the modeled

precipitation is lower for Svalbard Airport than for

the other Spitsbergen stations. But while the mea-

sured precipitation at Svalbard Airport is less than

50% of the values in Barentsburg and Ny-Ålesund,

the modeled values are just 25% lower. Although the

Sval-Imp dataset gives higher precipitation values

for Barentsburg and Ny-Ålesund than for Svalbard

Airport, the topography resolved in the underlying

model is probably not sufficient to fully reproduce the

local rain shadow effect in the sheltered Svalbard

Airport/Longyearbyen area.

b. Bias between measured and modeled precipitation
for different circulation types

To illustrate whether the bias between modeled and

measured precipitation is influenced by the large-scale

wind pattern, the observed precipitation corrected for

undercatch is assigned to different atmospheric cir-

culation types (Fig. A1), based on a classification by

Nied�zwied�z (2013). The modeled values largely follow

the pattern of the observed precipitation for all circu-

lation types but are generally higher than the observed

values (Figs. A1a–c). For Hopen and Ny-Ålesund, there

is a fairly good accordance between modeled and cor-

rected precipitation for all circulation types, except for

southeasterly winds at Hopen (Fig. A1d). For Svalbard

TABLE 2. Annual and seasonal precipitation (mm) averaged over 1979–2018. ‘‘Measured’’ is based on homogenized observational series,

and ‘‘modeled’’ is based on the Sval-Imp dataset. The dash indicates not available. ANN 5 annual.

Measured Modeled (Sval-Imp)

Locations ANN MAM JJA SON DJF ANN MAM JJA SON DJF

Bjørnøya 425 93 75 129 129 — — — — —

Hopen 295 63 74 88 69 546 111 114 181 137

Hornsund 453 73 117 166 97 748 157 158 232 201

Barentsburg 568 127 88 180 171 642 132 157 192 162

Svalbard Airport 182 31 50 52 48 501 102 133 143 123

Ny-Ålesund 447 89 84 142 130 658 134 159 194 170

FIG. 3. Relative bias (%) in annual and seasonal precipitation

between the modeled (Sval-Imp) data and the observations for the

years 1979–2018.
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FIG. 4. Examples of scatterplots for monthly precipitation from observations and mod-

eled (Sval-Imp) dataset for (a) Svalbard Airport, (b) Hopen, and (c) Ny-Ålesund for the

years 1979–2018. The blue lines indicate the regression line between modeled data and

observations, while the dashed lines show the 1:1 line. (left) Winter months (DJF) and

(right) summer months (JJA).
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Airport, the modeled values are more than twice the

observed precipitation for large-scale winds from the

sector west to north. Interestingly, the bias between

modeled and measured precipitation is low for circula-

tion types where cyclones or cyclonic troughs are situ-

ated over or near Spitsbergen. For these circulation

types, the wind speeds over Spitsbergen are generally

low. The characteristics of the biases between modeled

and observed precipitation may thus be interpreted in

the following way: the downscaled reanalysis does give a

good general representation of the precipitation pro-

cesses (small biases for circulation types Cc and Bc), but

does not reproduce the local orographic effects caused

by the large-scale wind direction (larger biases for

onshore winds).

c. Correlation between measured and modeled
precipitation

To compare the Sval-Imp precipitation data with the

measurements further, we have computed relative bia-

ses between the Sval-Imp dataset and the observations,

that is,

relative bias5
Prec

Sval-Imp
2Prec

Obs

Prec
Obs

.

Figure 3 shows the biases averaged over the whole

year and over the four seasons to summarize the re-

sults. Note that only the stations with long and ho-

mogenized observed time series are accounted for. As

already discussed in section 3a, the highest biases,

with values over 150%, can be found for Svalbard

Airport. Barentsburg exhibits the lowest biases,

closely followed by Ny-Ålesund. Interestingly, both

stations show a relatively high bias in the summer

months (JJA), so that Hopen andHornsund have even

lower values in this season.

Figure 4 shows examples of scatterplots for mea-

sured and modeled monthly precipitation from three

weather stations and their corresponding grid points.

The best correlation for the winter months (DJF) can

be found for Ny-Ålesund, whereas Hopen features

the best correlation for the summer months (JJA).

However, at all three stations the precipitation from

the Sval-Imp dataset is generally higher than the

observed precipitation, and this is especially true for

Svalbard Airport.

Figure 5 summarizes the correlations between the

observed and modeled seasonal and annual sums of

precipitation for the same stations as Fig. 3. To sim-

plify the illustration, only the coefficient of determina-

tion (r2) is shown. Coefficient r2 is considerably lower

for precipitation than for temperature (see Fig. 3.7 in

Vikhamar-Schuler et al. 2019) and the variability of r2

for precipitation is very high, the values reach from 0.18

to 0.84. This indicates that the modeled precipitation

does not necessarily reproduce the observed for a spe-

cific season and station. Reasons for this may be the

exact station location, land–sea or sea ice contrasts and

other local effects which are not well represented in the

downscaling approach, even at 1 km 3 1 km target res-

olution. For instance, the Hopen station is situated at

the eastern edge of the island and thus is exposed to the

most precipitation contributing circulation types (see

section 3a).

The lowest r2 can be found for Hopen with one

exception: in summer, Hopen exhibits the second

FIG. 5. Coefficient of determination (r2) between precipitation

from observations and modeled data for the years 1979–2018 at

selected observational sites.

FIG. 6. Time series of homogenized measured annual precipita-

tion (solid lines) and modeled (Mod) annual precipitation (dashed

lines). The series are smoothed by Gaussian weighting coefficients

and show variability on a decadal time scale; they are cut 3 years

from start and end. For abbreviations of station names, see Table 1.
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highest r2 value, whereas Hornsund and Svalbard

Airport show the lowest r2. Generally, the highest

r2 values can be found for Ny-Ålesund (except in

summer), demonstrating that for this station the

Sval-Imp dataset is able to explain about 70%–85%

of the interseasonal variability in autumn, winter,

and spring. Except for Hopen and Hornsund, Sval-Imp

is able to explain around 60% of the interannual

variability.

4. Historical variability and trends

a. Long-term variations in annual precipitation

The observed annual precipitation series show quite

different individual long-term patterns (Fig. 6). This is

in contrast to the temperature series, which show sim-

ilar long-term temporal variability (Hanssen-Bauer

et al. 2019). The main reason is that precipitation varies

locally on a smaller spatial scale than air temperature.

However, most precipitation series show increasing pre-

cipitation throughout their measuring period. Svalbard

Airport, Ny-Ålesund, and Barentsburg exhibit a distinct

increase during the most recent decades. Also the

modeled series (Fig. 8) for these stations show increas-

ing precipitation in recent years. However, Hopen does

not follow this pattern.

Table 3 shows the differences in measured as

well as modeled annual precipitation between the

Norwegian reference period 1971–2000 and two other

30-yr periods. For the period 1961–90 (WMO clima-

tological reference period), the observed precipita-

tion is 2%–9% lower than during the Norwegian

reference period (Ratio I), while for the latest 30-yr

period (1989–2018) all stations except Barentsburg

exhibit 10%–15% higher precipitation than during

1971–2000 (Ratio II). The modeled values show only

minor differences between the three periods, but a

tendency to higher values for the reference period

1971–2000. The modeled values are, however, influ-

enced by the homogeneity break in 1979 (section 2f).

The differences between ratios computed from ob-

servations and model data are reduced when the ob-

servations are corrected for undercatch (Table 3, right

column). Possible reasons for the differences between

observed and modeled precipitation changes are dis-

cussed further in section 4d.

b. Trends in measured and modeled annual and
seasonal precipitation

Linear precipitation trends for the Svalbard stations

are outlined in Table 4. The left part presents trends

from the start of the series, while the middle part shows

trends from 1969 (the starting year of the Ny-Ålesund

series). The trends in precipitation corrected for undercatch

(lower part of Table 4) are discussed in section 4d. For the

three longest series (Svalbard Airport, Barentsburg, and

Bjørnøya), the (statistically significant) centennial trends

for measured annual precipitation show a linear increase of

3%–6% decade21, with positive trends for all seasons.

For Barentsburg and Svalbard Airport, the seasonal

trend is highest for the autumn season, while forBjørnøya
the largest increase is found for the spring season.

For the past 50 years (from 1969 to present,

Table 4, center), all observationally based series except

Barentsburg show statistically significant positive trends

of 6%–9% decade21 in annual precipitation. For au-

tumn and winter, some positive seasonal trends exceed

15% decade21. For spring, there is a tendency of (non-

significant) negative trends for all Spitsbergen stations.

In summer, all trends are small. Annual as well as sea-

sonal trends for Barentsburg deviate from similar trends

at Svalbard Airport and Ny-Ålesund.

For the period 1979–2018 (Table 4, right), when Sval-

Imp is forced by ERA-Interim (section 2f), the obser-

vation based trends show similar main features as for the

period 1969–2018: Significant positive trends in some of

the annual values, and for the Spitsbergen series also in

TABLE 3. Ratios between annual precipitation for different 30-yr periods (I5 1961–90, II5 1989–2018) vs the reference period 1971–2000

for measured, modeled, and corrected precipitation. ‘‘Avg’’ is average during 1971–2000. A dash indicates not available.

Measured Modeled Corrected

Avg (mm) Ratio I Ratio II Avg (mm) Ratio I Ratio II Avg (mm) Ratio II

Bjørnøya 396 0.93 1.12 — — — 571 1.09

Hopen 276 0.91 1.10 566 0.99 0.98 428 1.05

Hornsunda 429 0.94 1.12 796 0.99 0.98 — —

Barentsburg 574 0.98 1.00 656 0.97 0.99 — —

Svalbard Airport 168 0.97 1.13 495 0.95 1.03 253 1.08

Ny-Ålesundb 409 0.94 1.15 672 0.93 0.99 621 1.11

a Data from July 1978.
b Average values for 1961–90 are interpolated (Førland et al. 1997a).
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some of the autumn and winter values. For the modeled

series (Table 5) most trends are lower than the obser-

vation based trends, and none of the modeled trends are

statistically significant in this period. For the five stations

studied, the average trend based on measured values is

8.4% decade21 and for the modeled values 3.6% deca-

de21. There may be several reasons for this discrepancy

between observed and modeled series. Especially pre-

cipitation undercatch may result in too low observed

values. The influence of an undercatch adjustment is

discussed in detail in section 4d.

c. Trends in precipitation types

The trends in measured precipitation are influenced

by variability in the precipitation type, as the undercatch

depends on whether the precipitation is falling in solid

or liquid form (section 2b). The annual fractions of solid,

liquid, andmixed precipitation on Svalbard exhibit large

year-to-year variations. For the period 1969–2018, the

fraction of, for example, snow varies between 23%

(2016) and 76% (1998) at Ny-Ålesund and between 12%

(2016) and 71% (1982) at Svalbard Airport (see Fig. 7).

However, Fig. 7 demonstrates that the annual fraction

of solid precipitation during 1969–2018 has decreased at

all stations studied. The negative trend for solid pre-

cipitation varies between 22.3% decade21 (Bjørnøya)
and26.5% decade21 (Hopen). For liquid precipitation,

positive trends were found for all stations, varying be-

tween 0.6% decade21 (Bjørnøya) and 9.4% decade21

(Svalbard Airport). For mixed precipitation, the trends

are weak (not shown).

d. Influence of undercatch adjustment

Series of precipitation corrected for undercatch

(Table 6) are computed by the adjustment factors (given

in section 2b) on the seasonal and annual fractions of

solid, liquid, and mixed precipitation. The adjustment

factors are based on weather conditions in Ny-Ålesund

during July 1993–August 1995 (Hanssen-Bauer et al.

1996; Førland and Hanssen-Bauer 2000) and may differ

for other years or sites with different wind conditions.

However, to get a rough measure for the true precipi-

tation, the adjustment factors deduced for Ny-Ålesund

are assumed to be valid also for Svalbard Airport,

Hopen, and Bjørnøya. For Hornsund and Barentsburg,

information on precipitation types was not available to

the authors.

Annual precipitation that is corrected for undercatch

is around 50% higher than the measured values

(Table 6). The winter ratios are lower than the adjust-

ment factor for snow, and the summer ratio is slightly

higher than the adjustment factor for rain, as there may

be snowfall events even in summer, and rain events

(occasionally heavy rainfall) at all Svalbard stations

even in the winter season. The seasonal ratios are well in

line with the results from Ny-Ålesund during 1993–95

(see section 2b).

For modeled precipitation, Table 6 (center) shows

that for most stations the annual precipitation is

TABLE 4. Linear precipitation trends (% decade21 relative to the 1971–2000 average) in the Svalbard region. Trends are presented for

measured precipitation and precipitation corrected for undercatch. Trends statistically significant at the 5% level are marked in bold. A

dash indicates not available.

Start–2018 1969–2018 1979–2018

Start ANN DJF MAM JJA SON ANN DJF MAM JJA SON ANN DJF MAM JJA SON

Measured

Bjørnøya 1920 3 5 5 0 3 6 12 12 24 4 7 10 8 3 6

Hopen 1946 7 12 13 0 6 6 12 12 25 8 5 5 11 21 5

Hornsund 1979 9 10 22 22 23 — — — — — 9 10 22 22 23

Barentsburg 1912 6 5 6 4 7 1 21 22 24 6 3 0 21 0 8

Svalbard Airport 1912 5 4 3 4 7 7 14 26 1 19 12 22 25 3 24

Ny-Ålesund 1969 9 15 21 1 16 9 15 21 1 16 13 24 22 1 22

Corrected for undercatch

Bjørnøya 1920 — — — — — 6 11 9 25 1 5 8 5 2 4

Hopen 1946 — — — — — 4 11 8 24 4 0 2 8 21 21

Svalbard Airport 1912 — — — — — 5 10 27 0 15 8 14 27 1 18

Ny-Ålesund 1969 — — — — — 7 11 22 1 13 9 18 24 21 18

TABLE 5. Linear trends (% decade21 relative to the 1971–2000

average) during 1979–2018 formodeled precipitation (Sval-Imp) in

the Svalbard region. None of the trends are statistical significant at

the 5% level.

ANN DJF MAM JJA SON

Hopen 2 21 22 7 4

Hornsund 1 6 24 24 4

Barentsburg 11 8 24 3 5

Svalbard Airport 4 5 23 6 7

Ny-Ålesund 0 7 29 27 11

JUNE 2020 FØRLAND ET AL . 1289

Unauthenticated | Downloaded 01/29/21 11:27 AM UTC



FIG. 7. Fraction of annual precipitation amount falling as (left) solid, (center) liquid, and (right) mixed precipitation at Ny-Ålesund,

Svalbard Airport, Hopen, and Bjørnøya during 1969–2018.
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substantially higher than the measured values. For

Svalbard Airport, the modeled spring precipitation is

more than triple the measured value. By correcting for

undercatch, the apparent model overestimate is strongly

reduced (Table 6, right). For Ny-Ålesund, the modeled

precipitation reproduces well the annual precipitation

corrected for undercatch. However, the modeled sum-

mer precipitation is around 60% higher, and the winter

TABLE 6. Ratios for corrected (for undercatch), modeled (Sval-Imp), and measured (homogenized) precipitation during 1979–2018. A

dash indicates not available.

Ratio corrected/measured Ratio modeled/measured Ratio modeled/corrected

ANN MAM JJA SON DJF ANN MAM JJA SON DJF ANN MAM JJA SON DJF

Bjørnøya 1.42 1.53 1.17 1.32 1.59 — — — — — — — — — —

Hopen 1.51 1.68 1.23 1.43 1.67 1.85 1.76 1.54 2.06 1.99 1.23 1.05 1.25 1.44 1.19

Hornsund — — — — — 1.65 2.15 1.35 1.40 2.07 — — — — —

Barentsburg — — — — — 1.13 1.04 1.78 1.07 0.95 — — — — —

Svalbard Airport 1.47 1.65 1.18 1.42 1.69 2.75 3.29 2.66 2.75 2.56 1.88 2.00 2.25 1.93 1.52

Ny-Ålesund 1.48 1.64 1.20 1.43 1.62 1.47 1.51 1.89 1.37 1.31 1.00 0.92 1.57 0.96 0.81

FIG. 8. Measured annual precipitation (black line), annual precipitation corrected for undercatch (gray line), and

modeled annual precipitation (dashed line) at Ny-Ålesund, SvalbardAirport, Hopen, and Bjørnøya. The series are
smoothed byGaussianweighting coefficients and show variability on a decadal time scale. The smoothed curves are

cut 3 years from start and end. Note thatmodeled annual precipitation start in 1979when the Sval-Impwas based on

ERA-Interim.
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precipitation around 20% lower than the precipitation

corrected for undercatch. For Svalbard Airport, the

modeled annual and seasonal precipitation is twice as

high as the precipitation corrected for undercatch.

For Hopen, the modeled annual precipitation is

around 30% higher than the precipitation corrected

for undercatch. But as mentioned in section 2c, the

annual measured precipitation at the site used after

1997 is just 60% of the level at the previous site. The

representativity of the measurements at Hopen is

therefore questionable.

Table 4 (center) shows that for the last 50 years, the

decadal trends in corrected annual precipitation are

approximately two percentage points lower than

for the measured values, except at Bjørnøya, where
the trends in precipitation types are very small. The

seasonal trends are up to four percentage points

lower, with the largest deviations in autumn, winter,

and spring. During summer, most of the precipitation

is falling as rain. Accordingly, Table 4 demonstrates

that the trends for June–August are quite similar for

measured precipitation and precipitation corrected

for undercatch. For the last 40 years (Table 4, right),

the pattern is the same, but the differences are even

larger: up to five percentage points per decade in the

annual trends and eight percentage points in the

seasonal trends.

Figure 8 illustrates that the annual series for corrected

precipitation from Ny-Ålesund and Hopen are closer to

the modeled series than the actual observed series. For

Svalbard Airport, even the precipitation corrected for

undercatch is much lower than the modeled series (see

also Tables 3 and 6). However, for Svalbard Airport as

well as Ny-Ålesund, the modeled series do reproduce

the main characteristics of the long-term development

of the corrected annual precipitation.

To get a measure of time development in biases

between modeled and measured precipitation, a time

series is established for annual ratios between values

from the Sval-Imp dataset and measured precipita-

tion corrected for undercatch at Hopen, Svalbard

Airport and Ny-Ålesund. Figure 9 indicates that for

the modeled data, the overestimation of the corrected

precipitation has decreased during the period 1969–

2018 (the maximum in 1998 is due to a very high ratio

at Svalbard Airport in that year). Apparently, three

periods may be identified: up to 1978 the ratios are

high (mean value 2.65) and the variability is large.

During the years 1979–97, the ratios are still high

(mean value 1.44), but generally lower than before

1979. From 1999 to present, the ratios are lower

(mean value 1.34) than in the two previous periods,

and the year-to-year variability is reduced (standard

deviation in ratios is reduced from 1.13 and 1.14

in the first two periods, and to 0.07 in the last

period). The discontinuity around 1979 is discussed

in section 2f. The lower ratios and reduced interan-

nual variability after 1999 may be the result of an

increase in the data assimilated by ERA-Interim,

specifically the number of aircraft reports (Dee et al.

2011) and high-quality satellite observations (Dee

and Uppala 2009), leading to improvements in the

simulated precipitation.

5. Discussion and conclusions

This study has analyzed historical precipitation

trends over the last 50–100 years at six weather sta-

tions located in the Svalbard region. By combining

different observation series, adjusted for inhomoge-

neities, and using modeled precipitation produced by

downscaling reanalysis data, our conclusions are as

follows:

d Two of the series, from Barentsburg and

Longyearbyen/Svalbard Airport, are the longest pre-

cipitation series from the High Arctic. Since the start

in the 1910s, the series show increasing annual pre-

cipitation (3%–4% decade21), particularly in the

strong warming period after the year 2000. The series

exhibit a secondary maximum in the warm period in

the 1930s and a secondary minimum in the cold period

in the 1940s.
d For the past 50 years, the measured annual precip-

itation at the four long-term Norwegian weather

stations (Bjørnøya, Hopen, Svalbard Airport, and

Ny-Ålesund) in the Svalbard region has increased

by 30%–45%.
d The annual fraction of solid precipitation for the

four stations studied has decreased by 11%–32%

FIG. 9. Annual ratio between modeled precipitation and pre-

cipitation corrected for undercatch, averaged over values from

Hopen, Svalbard Airport, and Ny-Ålesund.
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during the years 1969–2018. On the other hand,

the fraction of liquid precipitation has increased

by 3%–46%. For mixed precipitation, only weak

temporal tendencies could be found. These changes

in precipitation types may have consequences for

hydrology, climatology, biology/ecosystem, and econ-

omy (see details in Bintanja and Andry 2017).
d The transition from solid to liquid precipitation in

a warming Arctic influences the undercatch of the

gauges. As a consequence, a larger portion of precip-

itation is collected. By correcting for undercatch, the

trends in true annual precipitation for the past 50 years

are around 10% points lower than indicated by the

actual gauge measurements.
d For Ny-Ålesund, Svalbard Airport, and Barentsburg,

precipitation modeled by downscaled reanalyses

(Sval-Imp) may explain approximately 60% of the

interannual precipitation variability. The modeled

values do indicate positive trends during 1979–

2018 in annual precipitation as well as for autumn

(SON) and winter (DJF), but the average trends

(;4% decade21) are weaker than for observed

precipitation (;8% decade21) and statistically not

significant.
d The modeled precipitation is higher (13%–175%)

than the measured values for all stations and seasons

(except DJF at Barentsburg). After correcting for

undercatch in the gauges, the total modeled annual

precipitation for Ny-Ålesund is similar to the corrected

precipitation. For Svalbard Airport, the modeled pre-

cipitation is more than twice the corrected precipita-

tion. However, also the measured precipitation at the

neighboring sites Barentsburg and Ny-Ålesund is more

than twice the values at Svalbard Airport. The reason

for the low precipitation at Svalbard Airport is that the

Longyearbyen area is sheltered by mountains in most

directions.
d For different atmospheric circulation types, the

modeled values largely follow the pattern of the

observed precipitation but are generally higher

than the precipitation corrected for undercatch.

For Hopen and Ny-Ålesund, there is good accor-

dance between the amounts of modeled precipita-

tion and of precipitation corrected for undercatch

for the most precipitation-contributing circulation

types. For Svalbard Airport, the modeled values are

more than twice the corrected precipitation for

large-scale onshore winds from the sector west to

north. For all stations studied, the bias between

modeled precipitation and precipitation corrected

for undercatch is low for circulation types where

cyclones or cyclonic troughs are situated over or

close to Spitsbergen.

d The characteristics of the biases betweenmodeled and

observed precipitation may be interpreted in the fol-

lowing way: the modeled dataset does give a good

general description of the precipitation processes in

the Svalbard region, but does not reproduce the local

orographic effects depending on the large-scale wind

direction. Consequently, models with better topographic

resolution and improved description of orographic

effects are needed to reproduce local precipitation

details, and particularly the rain shadow effect in the

Longyearbyen area.

The answers to the two research questions (RQs, see

section 1) are accordingly:

d RQ1: There are differences between historical

trends based on measured precipitation and trends

based on precipitation corrected for undercatch.

The relative trends for corrected precipitation

are generally 10% points lower than for measured

precipitation. Measurements corrected for gauge

undercatch should thus be used to study true pre-

cipitation trends in the Arctic.
d RQ2: Downscaled reanalysis (Sval-Imp) does re-

produce the main long-term characteristics of an-

nual precipitation, but the linear trends are weaker

than for measured precipitation and for precipita-

tion corrected for undercatch. Generally, Sval-Imp

produces higher precipitation values than observa-

tions, but the bias is strongly reduced by using pre-

cipitation corrected for undercatch. However, al-

though the model resolves the orographic effects

on a regional scale, the downscaling is not able to

reproduce the local orographic effects depending on

the large-scale wind direction.
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APPENDIX

Precipitation for Different Large-Scale Atmospheric
Circulation Types

Observed and modeled precipitation for different

large-scale atmospheric circulation types are shown

in Fig. A1.
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