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ABSTRACT

Greenland’s largest precipitation flux occurs in its southeast (SE) region during the winter, controlled pri-
marily by easterly winds and frequent cyclogenesis in the North Atlantic. Several studies have attempted to link
SE Greenland precipitation to the North Atlantic Oscillation (NAO) but results are inconsistent. This work uses
reanalysis, automatic weather station data, and regional climate model output to show that the east-west po-
sition of the Icelandic low is a better predictor of SE Greenland precipitation (average correlation of r = —0.48
in DJF) than climate indices such as the NAO (r = —0.06 in DJF). In years when the Icelandic low is positioned
extremely west, moisture transport increases up to ~40% (or up to 40kgm ~'s™!) off the SE Greenland coast
compared to when the low is in an extreme east position. Furthermore, in years when the Icelandic low is
positioned extremely west, storm track density and intensity increase just off the SE coast of Greenland. Thus,
the Icelandic low’s longitudinal position dominates SE Greenland ice sheet’s wintertime precipitation, a positive
term in the ice sheet mass balance. Given SE Greenland’s importance in the overall ice sheet mass balance, the
position of the Icelandic low is therefore important for making projections of future sea level.

1. Introduction

The Greenland ice sheet (GrlIS) presently contributes
the greatest amount of meltwater to global sea level rise
compared to any other individual source (Vaughan et al.
2013; Gardner et al. 2013), and projections indicate mass
loss will increase at an accelerated pace (Rignot et al.
2011; Velicogna 2009). Between 1991 and 2015, the
Greenland ice sheet was estimated to contribute 1.1 cm
to global sea level rise (van den Broeke et al. 2016),
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while projections include an additional 8.1 cm by 2100
under the TPCC RCP 8.5 scenario (Bindschadler et al.
2013). The dominant mass loss process for the GrlS is
shifting, at least temporarily, from being governed by ice
dynamics to being dominated by surface mass balance
processes van den Broeke et al. 2009; Enderlin et al. 2014).
While sublimation, evaporation, and erosion/redistribution
can be locally important (Lenaerts et al. 2012), the
dominant component of the surface mass balance over
Greenland is net snow accumulation (Koenig et al.
2016), followed by losses due to liquid runoff (Box
2013). Thus, it is of paramount interest to understand
the controls of snow accumulation on the GrIS.

The large-scale spatial pattern of Greenland snow
accumulation is well established with maximum snow
accumulation along the southeast (SE) coast (Bales
et al. 2009; Burgess et al. 2010; Cogley 2004; Hines and
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Bromwich 2008; Chen et al. 2011; Ohmura and Reeh
1991). Winter precipitation in SE Greenland is generally
high due to prevailing easterly winds, frequent cyclo-
genesis in the region between Greenland and Iceland, the
relatively low latitude, and the relatively high moisture
availability from source air often originating over a warm
ocean (Cappelen 2014; Hanna et al. 2006). In addition,
the steep near-coastal mountains in the SE, which rise to
more than 2000m, generate orographic enhancement
of precipitation (Hanna et al. 2006). For example,
Mernild et al. (2015) show that one SE Greenland
station (Ikerasassuaq; 60.05°N, 43.15°W) is strongly af-
fected by synoptic cyclones passing close to Iceland,
which typically produce a prevailing easterly airflow to-
ward the SE coast of Greenland (Hanna et al. 2006).

A common approach to characterizing large-scale
atmospheric circulation in the North Atlantic is
through the North Atlantic Oscillation (NAO) index.
The NAO index can be calculated a number of ways: as
the leading mode in the empirical orthogonal function
(EOF) of 500-mb geopotential heights in the Northern
Hemisphere (Hurrell et al. 2003), as the leading EOF of
the SLP over the North Atlantic region (Moore et al.
2013), or based on the sea level pressure difference
between two fixed locations (e.g., Lisbon, Portugal, and
Stykkisholmur, Iceland) (Hurrell 1995). Changes in the
NAO have been shown to be associated with increases
in cyclone activity off of the SE coast of Greenland
(Serreze et al. 1997), which in turn affects precipitation
rates in SE Greenland (Hanna et al. 2006). There have
been a handful of studies relating Greenland pre-
cipitation to the NAO (e.g., Mosley-Thompson et al.
2005; Bromwich et al. 1999; Appenzeller et al. 1998a;
Appenzeller et al. 1998b), showing that the NAO most
strongly modulates precipitation in western and southern
Greenland during winter.

Other teleconnection indices characterizing climate in
the North Atlantic region, and Greenland in particular, are
the Arctic Oscillation (AO), the Atlantic multidecadal
oscillation (AMO), and the Greenland blocking index
(GBI). Related to the NAO, the AQO is a large-scale mode
of climate variability, characterized by winds circulating
counterclockwise around the Arctic at around 55°N. The
sign of the AO determines the strength of the polar vortex,
and thus influences whether cold Arctic air reaches mid-
latitudes or remains at higher latitudes. The AMO is the
leading low-frequency (multidecadal) mode of sea surface
temperature (SST) variability across the North Atlantic
(Arguez et al. 2009). The AMO is considered a good proxy
for oceanic structure and circulation (Hanna et al. 2009)
and has been shown to influence southern Greenland cli-
mate (Arguez et al. 2009). There is also evidence that
variability associated with the AMO may be related to an
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oceanic response to the NAO (Li et al. 2013; Sun et al.
2015). The GBI is defined as the mean 500-mb height over
the Greenland area 60°-80°N, 20°-80°W. It is equivalent
to the NAO-AO index but emphasizes the northern center
of the NAO dipole pattern (Hanna et al. 2013). The east
Atlantic (EA) and Scandinavian (SCA) patterns are the
second and third leading teleconnections in the North At-
lantic region (following the NAO), each explaining 15%-—
20% of the winter sea level pressure field (Moore et al.
2013). The strength of the EA has been shown to modulate
the latitude of the center of the Icelandic low, while the
strength of the SCA dictates the longitude of the center of
the Icelandic low (Moore et al. 2013). This has conse-
quences for the North Atlantic climate and Greenland in
particular. For example, Moore et al. (2011) showed that
the EA mode was partly responsible for an anomalously
positive NAO in the winter of 2007, which forced more
frequent barrier winds along the southeast coast of
Greenland (Renfrew et al. 2008; Petersen et al. 2009).

An analysis of empirical orthogonal functions (EOFs)
carried out for coastal precipitation sites and ice core records
shows that the first EOF (which represents about 46% of the
squared covariance) is linked to NAO and AMO variability
and responds inversely to the GBI with an ~6-yr lag
(Mernild et al. 2015). This study also finds that, as a whole, ice
sheet precipitation records exhibit decreasing trends since the
1960s, while the coastal stations show increasing trends in
precipitation. In contrast to Mernild et al.’s (2015) study,
Hanna et al. (2006) find no significant correlation between
the winter NAO index and an extended accumulation time
series in SE Greenland (r = —0.09) and a relatively weak
relationship with winter precipitation in Tasiilag, a coastal
town in the SE (r = —0.22).

Bakalian et al. (2007) argue that a better un-
derstanding of climatic events in the North Atlantic can
be obtained by analyzing the pressure centers of the
Icelandic low and Azores high as uncoupled centers of
action (rather than combined as in the NAO index). The
authors support this hypothesis by showing that it is the
latitude of the Icelandic low that gives rise to the for-
mation of Greenland tip jets (brief, localized, and in-
termittent northwesterly winds that descend on the
eastern side of Greenland’s southern tip, typically in
winter). Similarly, the longitude of the Icelandic low is
the dominant influence of the position of the north wall
of the Gulf Stream, perhaps through changes in wind
stress in the Labrador Sea region (Hameed and
Piontkovski 2004; Sanchez-Franks et al. 2016). Further,
the climate records from the Greenland Ice Sheet
Project (GISP2) ice core suggest a complex relationship
with the NAO that has been proposed to be related to
the location of the Icelandic low (Dawson et al. 2007).
Icelandic low pressure can also have farther-reaching
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FIG. 1. (a) Map of Greenland regions (N, W, SE, SE, E, and NE) and locations of automatic weather stations used
in this study, (b) MAR ice-covered area fraction of each region based on regions shown in (a), and (c) MAR
precipitation fluxes in each region. The greatest flux of snowfall and rainfall is in the SW and SE, but per unit area

the fluxes are larger in the SE.

effects. For example, it has been shown that the in-
terannual variation of sea level pressure of the Icelandic
low influences winter air temperature in the Gulf of
Lion (in the northwest Mediterranean Sea), which is
considered a proxy for formation of Mediterranean In-
termediate Water (Jordi and Hameed 2009).

This study, building on the findings of Bakalian et al.
(2007) and Moore et al. (2013), expands on previous
studies on controls of Greenland precipitation by ex-
amining six different teleconnection indices (the NAO,
AO, AMO, GBI, EA, and SCA) as well as the latitude,
longitude, and central pressure of the Icelandic low with
emphasis on the period between 1958 and 2012. Pre-
cipitation measurements along the Greenland coast are
obtained from automatic weather station (AWS) data
from the Danish Meteorological Institute (Cappelen
2014). Moreover, spatially distributed precipitation
fields over the entirety of Greenland are obtained from
the regional climate model Modele Atmosphérique
Régional (MAR) (Lefebre et al. 2005; Fettweis et al.
2013). Modeled and observed precipitation are used to
place SE Greenland winter precipitation in geographic
and seasonal context. The relationships between Tasii-
lag (65.60°N, 37.63°W) precipitation observations and
the six selected climate indices and the three new Ice-
landic low indices (latitude, longitude, and pressure) are
then quantified. The Icelandic low’s longitudinal posi-
tion proves to have the strongest relationship to Tasiilaq

winter precipitation. Next, the extent to which the ob-
servations at the coastal town of Tasiilaq are represen-
tative of SE Greenland at a regional scale is assessed.
Finally, reanalysis is used to link winter precipitation in
SE Greenland to large-scale atmospheric conditions and
North Atlantic storm tracks in years when the Icelandic
low is in extreme positions. This is the first quantitative
study to consider Icelandic low characteristics to explain
Greenland precipitation.

2. Data

Monthly precipitation, temperature, and pressure
data from coastal automatic weather stations (AWS)
were obtained from the Danish Meteorological Institute
(DMI) (Cappelen 2014). The length of the station time
series varies as does the number of stations available in
each region (demarked in Fig. 1). The numbers of stations
available for each region were 19 for the southwest, 11 for
the southeast, 5 for the east, 2 for the northeast, 3 for the
north, and 1 for the west region. The stations measure
solid precipitation in millimeters of water equivalent
(w.e.) by melting the snow prior to measuring.

Outputs from the 20-km resolution MAR version 3.5.2
model, a coupled land-atmosphere regional climate
model, were used for an AWS station data comparison
and regional assessment of precipitation (Fettweis
2007; Gallée et al. 2005; Lefebre et al. 2005). A detailed
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description of the atmospheric component of MAR can
be found in Gallée and Schaves (1994) and Gallée (1995).
MAR'’s snow model is described in Reijmer et al. (2012).
MAR’s simulation domain covers Greenland and the
nearshore surrounding areas. Data for the period
1958-2012 were used here. The MAR model version was
forced with the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR; Kalnay et al. 1996) output at the lateral
boundaries and ocean. In a comparison study of MAR
3.5.2 forced with several different reanalysis products
and Greenland ice sheet weather station data, Fettweis
et al. (2017) found that MAR 3.5.2 forced by NCEP-
NCAR or ERA-Interim were the best forcings. ERA-
Interim forcings are only available since 1979 and
therefore not suitable for this study. MAR outputs have
been validated against satellite and in situ data (e.g.,
Lefebre et al. 2005; Fettweis et al. 2011) and have been
used in many studies simulating surface mass balance
and atmospheric circulation near Greenland (e.g.,
Tedesco et al. 2013; Franco et al. 2012; Fettweis 2007;
Andersen et al. 2015). MAR was recently found to
overestimate accumulation rates by up to 1 m w.e.yr !
in some parts of SE Greenland as compared to airborne
Snow Radar data collected by NASA’s Operation Ice-
Bridge from 2009 to 2012 (Koenig et al. 2016). Fettweis
et al. (2017) showed a cold bias in MAR 3.5.2 compared
to data from eight in situ weather stations. The cold bias
in the model is likely partly due to a negative bias in
downward longwave radiation as a result of a lack of
clouds and overestimated albedo; however, some of this
is offset by an overestimated incoming shortwave radi-
ation (Fettweis et al. 2017). MAR forced with NCEP-
NCAR data overestimates snow accumulation in the
SE, but correlates well (» = 0.92) with data derived from
ice core observations (Fettweis et al. 2017).

To investigate large-scale wind and humidity patterns
and their relation to SE Greenland precipitation, the
Japanese S55-year Reanalysis (JRA-55) product was
used. This reanalysis product was chosen since it is a
modern third generation product with a long time period
coverage (Ebita et al. 2011). Monthly average water
vapor transport was downloaded from https://rda.ucar.
eduw/#!1fd?nbSy&bSproj&vSIMA.

Reanalysis data run from January 1958 to December
2012 (57yr) and have a spatial coverage of 1.25°
latitude X 1.25 ° longitude on a global grid. Reanalysis
sea level pressure data (4 times daily) from the NCEP-
NCAR (Kalnay et al. 1996) were used for the storm
track analysis. Three characteristics of the Icelandic low
were used in this analysis: latitude, longitude, and central
pressure. These attributes were calculated using monthly
gridded SLP data from NCEP-NCAR reanalysis (Kalnay
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et al. 1996), as described in Hameed and Piontkovski
(2004). Details on these calculations can be found in
section 3.

Six indices often used to explain large-scale atmo-
spheric controls on Greenland climate are used, in-
cluding the NAO index, the AO index, the AMO index,
and the GBI. This study used the NAO index provided
by Climatic Research Unit at the University of East
Anglia (Jones et al. 1997), which uses the pressure dif-
ference between Iceland and the Aczores (http://
www.cru.uea.ac.uk/cru/data/mao/). The AO index data
were obtained from NOAA at http://www.cpc.noaa.gov/
products/precip/CWlink/daily_ao_index/ao_index.html.
Both the AMO (Enfield et al. 2001) and the GBI (Hanna
et al. 2013) index values were downloaded from NOAA
(https://www.esrl.noaa.gov/psd/data/timeseries/ AMO/ and
https://www.esrl.noaa.gov/psd/data/timeseries/daily/GBI/).
The EA and SCA were both downloaded from the Na-
tional Weather Service Climate Prediction Center website
(http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml and
http://www.cpc.ncep.noaa.gov/data/teledoc/scand.shtml).
It must be noted that the teleconnection indices have
been derived from different data sources (i.e., AO,
AMO, and GBI; EA and SCA from NCEP-NCAR re-
analysis; NAO from station observations) and some are
calculated as modes from EOF analysis (i.e., AO, AMO,
EA, SCA) while others are differences or anomalies (i.e.,
GBI and NAO). However, the EOF-based and station-
based NAO indices are well correlated (r = 0.82) so use
of either index is justifiable.

3. Methods

The study period was 1958 to 2012, during which data
are available for DMI AWS at Tasiilaq, the three Ice-
landic low characteristics (latitude, longitude, and
pressure), all climate indices, and the MAR 3.5.2 out-
puts. AWS stations in the SE were considered viable if
they had at least 20yr (total) of data. Therefore, the
following stations were used in this study: 4390, 4380,
4360, 4350, 4270, 4272, and 4283 (see Fig. 1a).

The DMI AWS data were bias-corrected for wind-
induced undercatch. Specifically, the rating curves pre-
viously applied to Greenland data by Yang et al. (1999)
were used according to the following procedure: The
curve for rain is applied to a daily precipitation amount
if all temperature measurements of that day fall above
0°C; the curve for snow is applied if all temperatures fall
below 0°C; and the curve for mixed precipitation is ap-
plied in the remaining cases. The curves are fitted to the
wind speed, which is first reduced from the height of the
anemometer to that of the rain gauge using a logarithmic
wind profile and two different roughness lengths for


https://rda.ucar.edu/#!lfd?nb5y&b5proj&v5JMA
https://rda.ucar.edu/#!lfd?nb5y&b5proj&v5JMA
http://www.cru.uea.ac.uk/cru/data/nao/
http://www.cru.uea.ac.uk/cru/data/nao/
http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.html
http://www.cpc.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.html
https://www.esrl.noaa.gov/psd/data/timeseries/AMO/
https://www.esrl.noaa.gov/psd/data/timeseries/daily/GBI/
http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/scand.shtml

1 JUNE 2018 BERDAHL ET AL. 4487
0 T T T
(a)
5t o
@]
o
10} i
_1 5 1 1 1 1 L L
1880 1900 1920 1940 1960 1980 2000 2020
400 T T T
—— uncorrected (b)
300 - — bias-corrected .
m: bias-corrected Mernild
=
200 + i =t
: M
E PR 1Yy /
100 VAA/‘/\ | W 1
0 1 1 1 1 1 1
1880 1900 1920 1940 1960 1980 2000 2020

FIG. 2. (a) Tasiilaq station DJF (winter average) temperature and (b) precipitation (mm
w.e.). Bias-corrected data are also shown beginning in 1958, when wind data become available
at the location. The Mernild et al. (2015) bias correction is also shown for transparency.

winter (September-May; 0.01 m) and summer months
(0.03m). Sensor heights from Yang et al. (1999) are
used, and for stations where this information is not
available, 3m and 10 m are assumed for rain gauges and
anemometers, respectively. For wind speeds above
6.5ms ! the correction factor remains the same as for
6.5ms ', Discrepancies between the corrected pre-
cipitation records calculated here and the Mernild et al.
(2015) corrected precipitation data were found at the
Tasiilaq site (Fig. 2). For example, in the case of the
highest winter precipitation record in 1971/72, Mernild
et al. (2015) reported a value of 1035.5mm w.e., almost
3 times the value of this dataset’s highest winter pre-
cipitation record at Tasiilaq of 350mm w.e. This is
largely a result of using different bias-correction tech-
niques, so both raw and bias-corrected data (Fig. 2) are
shown for transparency.

Greenland was divided into five regions based on the
major ice sheet topographical divides, hereafter referred
to as N (North), NW (Northwest), W (West), SW
(Southwest), SE (Southeast), and W (West) (Fig. 1).
Spatially averaged values over these five regions of lig-
uid and solid precipitation and runoff from the ice sheet
were calculated using MAR outputs. As a comparison
with the model data, seasonal and annual precipitation
averages were calculated by using all stations in each
region, ignoring missing values. In the SE, the Tasiilaq
station had the longest (beginning before 1900) and a

nearly continuous record of precipitation. Conse-
quently, this station was used as a representation of the
SE region. This is further justified in the results and
analysis section.

To determine the degree to which the Tasiilaq station
is representative of the other DMI AWS stations in SE
Greenland, correlation analysis was performed in the
overlapping time periods. Furthermore, to examine the
spatial representativeness of the Tasiilaq location,
Spearman correlation coefficients were calculated be-
tween DJF precipitation in the entire MAR domain and
both (a) Tasiilag DJF bias-corrected precipitation and
(b) the simulated DJF precipitation values at the closest
MAR grid cell to Tasiilaq. Statistical significance at the
10% level was determined with a bootstrap method
testing the null hypothesis of each MAR grid cell having
random precipitation time series. For each grid cell,
MAR precipitation was permutated 100 times and each
permutation was correlated with data from the Tasiilaq
location (station data and MAR data, respectively).
From the resulting distribution of Spearman correlation
coefficients, the Sth and 95th percentiles were extracted
to identify the 10% two-sided significance level. The
same methodology was applied to examine the spatial
region of influence of other relevant stations and Ice-
landic low characteristics.

Three Icelandic low characteristics (latitude, longi-
tude, and pressure) were calculated following the



4488

methods in Bakalian et al. (2007) and Hameed and
Piontkovski (2004). By examining monthly SLP since
1948, the latitude-longitude domain over which the Ice-
landic low occurs was identified. The pressure index of
the Icelandic low is defined as an area-weighted pressure
departure from a threshold value over its domain (I, J).
The pressure index is thus a measure of the anomaly of
atmospheric mass over the sector (I, J). The location in-
dices give pressure-weighted mean latitudinal and longi-
tudinal positions of the low. The spatial domain covered
by these “‘objective” indices was 40°-75°N, 90°W-20°E
(Bakalian et al. 2007). Note that the domains of the
Azores high and Icelandic low overlap and the threshold
that separates them is 1014 mb. If the monthly averaged
pressure in a grid box is greater than 1014 mb, it is as-
signed to the Azores high, and for a lower value to the
Icelandic low. Given that the North Atlantic is a region
with the heaviest density of sea level pressure observa-
tions in comparison with other ocean basins, one can
expect different reanalysis products (which assimilate the
observations) to be more in agreement in this region than
elsewhere. Therefore the use of NCEP-NCAR reanalysis
data to calculate the Icelandic low index is justifiable,
although a future study comparing indices of the Icelan-
dic low and Azores high derived from different reanalysis
products would be a useful exercise.

To evaluate the relationship between Tasiilaq pre-
cipitation and the three Icelandic low characteristics and
the six climate indices, both Pearson and Spearman
correlation methods (Hauke and Kossowski 2011) were
used and were found to produce very similar results.
Therefore, only Pearson correlation analysis results are
reported. Correlations were calculated between de-
trended indices and DJF seasonal precipitation means
and monthly precipitation means. To illuminate if pre-
cipitation in some decades more strongly covaried to
certain indices than others, correlations between de-
trended DJF precipitation and index data were calcu-
lated for 10-yr-long data records in a moving window
through the 1959-2012 study period.

Statistically significant relationships were identified
between measured precipitation and one or more of the
seven climate indices and quantities (i.e., the three Ice-
landic low characteristics and the four climate indices).
To explain these significant relationships, an analysis of
wind and humidity patterns around Greenland was
performed. Specifically, DJF composites of SLP and
water vapor transport are shown for years where the
climate indices with statistically significant correlations
to SE Greenland precipitation were extreme, here de-
fined as being above or below 1 standard deviation (SD).

To extract cyclone tracks, the algorithm by Serreze
et al. (1997) was applied to NCEP-NCAR reanalysis
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data. In this algorithm, the cyclone center was defined as
when the SLP was at least 1 hPa lower than the adjacent
grid points. Given a maximum search distance and an
allowable pressure difference, the tracking algorithm
examined if a target cyclone moved in sequential time
steps. To select robust cyclone systems in the Arctic
(60°-90°N), only cyclones satisfying the following three
criteria were considered to be valid: (i) cyclones must
last more than 24 h, (ii) cyclones must not be stationary,
and (iii) a cyclone must deepen at least 2 hPa during its
life cycle (Serreze and Barrett 2008). The target cyclones
from December to February for this study were de-
termined from the period when each system dissipated:
only systems that generated before the end of February
and dissipated after 1 December were chosen. Also,
target systems were determined from its dissipated lo-
cation, where longitude was between 0° and 75°W, and
latitude was higher than 55°N. Koyama et al. (2017)
also compared detected cyclones using NCEP-NCAR,
MERRA, and ERA-Interim, and found that similar
features can be observed among them, and therefore the
data source used for this methodology does not play a
major role in their detection.

Similar to the analysis with wind and moisture com-
posites, DJF composites of storm tracks were calculated
for years when the climate indices with statistically sig-
nificant correlations to SE Greenland precipitation were
extreme [above (east) or below (west) 1 SD]. The storm
track density (number of storms per unit area) was cal-
culated and weighted by the local Laplacian at each
cyclone center (which is proportional to the geostrophic
relative vorticity and directly indicates the cyclone in-
tensity) (Murray and Simmonds 1991). To smooth the
relatively coarse data, a Gaussian kernel was placed at
every storm track location. The difference between ex-
treme east and west years was then taken. Areas of
significant difference between the years were calculated
at the 5% significance level. To find the 5% significance,
the above algorithm was repeated 1000 times on random
sets of years between 1958 and 2012. The p value was
given by the cumulative distribution function of the
bootstrapped differences at each location using the true
value as the argument.

4. Results and analysis
a. General precipitation patterns of Greenland

MAR simulations are in agreement with previously
published results (Tedesco et al. 2013; Franco et al. 2012)
and show that the SE regions have the largest average
annual snow and rain flux compared to all other regions
(Fig. 1). Despite the fact that the SE area is only slightly
greater than 10% of the total Greenland ice-covered (ice
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TABLE 1. Table of mean annual and seasonal precipitation (mm
w.e.) for all regions. Mean annual values are for the entire record
(all months from 1958 to 2012, except starting in 1959 for DJF). Not
all stations necessarily cover the entire record period.

SW SE E NE N W

Number of available stations 9 11 5 2 3 1
Mean annual precipitation (mm w.e.) 74 124 66 38 27 44
Mean DJF precipitation (mm w.e.) 78 143 81 42 24 41
Mean MAM precipitation (mm w.e.) 59 113 61 35 21 31
Mean JJA precipitation (mm w.e.) 68 105 46 29 31 40
Mean SON precipitation (mm w.e.) 91 135 75 43 30 66

sheet and peripheral glaciers) area and the smallest of the
five regions (Fig. 1b), both snowfall and rainfall count for
about 30% of the total precipitation for all of Greenland
(Fig. 1c). SE Greenland precipitation exceeds all other
areas including the (largest) SW region.

Average annual precipitation amounts for the five
regions calculated with the DMI station data confirm the
pattern identified with MAR. Similar to MAR, SE
Greenland receives the greatest amount of precipitation
(an average of 124 mm w.e.) followed by the SW, which
receives about two-thirds of that (Table 1). Although
the rankings vary, both MAR and DMI observations
show that the N and NW regions receive the least pre-
cipitation. When precipitation is averaged for each
season, the SE region dominates followed by the E and
SW regions, depending on the season (Table 1). In most
regions, the majority of precipitation falls in winter
(DJF) and fall (SON) when cyclones are frequent in the
North Atlantic. Thus, coastal station data agree with the
MAR model that the relative contribution of the SE is
greatest compared to the rest of Greenland, and that
most precipitation occurs in the SE in winter.

b. Controls of Tasiilaq precipitation

Since SE Greenland receives the largest amount of
winter precipitation, it plays a large role in contemporary
surface mass balance (van den Broeke et al. 2016).
Moreover, the linkage between climate drivers and pre-
cipitation in this region is poorly understood. Henceforth,
we focus on characterizing and understanding the con-
trols of southeast Greenland winter precipitation. DJF
temperature and precipitation observations for the Ta-
siilaq station are nearly continuous, extending back to
before 1900 (Fig. 2). This record is the longest and most
complete of all DMI SE stations. In Tasiilaq, the coldest
winters occurred in the late nineteenth century, and in the
first few decades of the twentieth century (Fig. 2a). This
was followed by warming in the 1920s and 1930s. These
warmer winters slowly trend colder from the 1930s to the
1970s, followed by a statistically significant (p < 0.05)
warming starting in the 1980s and continuing until the end
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of our data period. The latter correlation was tested for
autocorrelation using Durbin-Watson (e.g., Wilks 2011)
and none was found. Winter precipitation at Tasiilaq is
relatively consistent from before 1900 to about 1960
(Fig. 2b). At 1960 there appears to be a shift toward more
precipitation, followed by a decrease beginning in the
1980s. However, the decrease in winter precipitation
from 1980 to 2012 is not statistically significant (p > 0.05).
Extreme winter precipitation maxima are generally
clustered after 1960, with the largest occurring in the
winter of 1971/72, with a bias-corrected value of roughly
350mm w.e.

Time series of Tasiilaq precipitation and the three
characteristics of the Icelandic low (latitude, longitude,
pressure) and six relevant teleconnection indices (NAO,
AO, AMO, GBI, EA, SCA) show distinct variability in
the time period 1958-2012 (Fig. 3, Table 2). No signifi-
cant trends in Tasiilaq precipitation were found, tem-
perature generally increased significantly (p < 0.05)
from 1980 to 2012. Among the Icelandic low charac-
teristics and the six teleconnection indices, only the
AMO exhibited a significant (p < 0.05) trend in this
period. While autocorrelation may inflate degrees of
freedom and test statistics (and lower p values), the
Durbin—Watson test (e.g., Wilks 2011) revealed that
only the GBI index data are autocorrelated (p < 0.05).
Given that GBI expressed no significant trend, no ad-
justments to the statistical significance test were made.

Of the six climate indices and Icelandic low charac-
teristics, the longitude of the Icelandic low was the most
strongly correlated (r = —0.42, p <0.01) to DJF Tasiilaq
precipitation (Fig. 4), meaning that when the Icelandic
low is farther to the west more precipitation falls on SE
Greenland than when it is located farther east. For ex-
ample, examination of a few extreme precipitation
events (1965, 1973, 1988, and 1993) seen in Fig. 2 shows
that these occur in years when the Icelandic low is lo-
cated in a farther west position than normal (data not
shown). The GBI and AMO also show significant cor-
relations with Tasiilaq precipitation in DJF, but at a
larger significance level (r =2 —0.28, p < 0.05). In con-
trast, correlation between winter precipitation at Tasii-
lag and NAO (r = —0.06) is insignificant and weaker
than that found by Hanna et al. (2006) (r = —0.22) for a
shorter time period. While the NAO and GBI index are
strongly correlated (r = —0.84), Tasiilaq precipitation is
better predicted by the GBI (r = —0.28) than the NAO
(r = —0.06) suggesting that some of the mechanisms
behind the covariability of the NAO and GBI have
minor influence at the Tasiilaq station.

The moving window analysis (Fig. 5) shows that the
controls of precipitation in the SE are not stable and are
subject to change in strength depending on the time
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FIG. 3. DJF Tasiilaq precipitation (black line shown in all panels) and all metrics used to
correlate to bias-corrected precipitation. Every metric has been standardized (subtract the
mean and divide by standard deviation). Metrics include (top) Icelandic low pressure, latitude,
longitude, and (middle) the NAO, AO, GBI and (bottom) AMO, EA, and SCA indices.

frame that is considered. The strongest correlation in the
moving window analysis is between precipitation and
longitude of the Icelandic low, peaking at r = —0.95.
Correlations between longitude of the Icelandic low and
Tasiilaq precipitation vary from very strong (r peaks
locally at —0.89) in the mid-1960s to early 1970s to weak
through the 1980s, and back to strong in the 1990s until
the early 2000s (r peaks locally at —0.95). Other indices
show more transient, less sustained, significant correla-
tions, which translates to a lower number of 10-yr win-
dows that are statistically significant for each index

TABLE 2. Mean and standard deviation of all indices used in this
study for comparison to Greenland precipitation. These data are
complementary to Fig. 3, although the mean shown here is for
nonstandardized indices.

Index Mean Standard deviation
Pressure of low (mb) 1005.8 0.002
Latitude of low (°) 59.3 3211
Longitude of low (°) 328.5 5.520
NAO 0.3 1.401
AO -0.3 1.146
GBI 5128 5.581
AMO -0.1 0.179
EA -0.3 0.837
SCA -0.14 0.655

(Fig. 5 inset). The longitude of the Icelandic low is sig-
nificant for the longest period of time (20 periods), fol-
lowed by 10 periods for GBI. The latitude of the
Icelandic low is strongly negatively correlated to pre-
cipitation in the late 1990s, but in the late 2000s becomes
significantly positively correlated but only for a very
brief period (three 10-yr windows). The NAO is only
briefly significantly correlated to SE Greenland pre-
cipitation in the late 1990s. Similar transient correlations
have been found between temperature and telecon-
nection indices (Hanna et al. 2013).

c¢. Tasiilaq and the broader SE regional precipitation

To understand if the relationship between Tasiilaq
DIJF precipitation and the Icelandic low longitude can
be generalized over a larger area, we first have to es-
tablish how representative Tasiilaq precipitation is of
the SE region in general. To do this, DJF precipitation
from SE stations with at least 20 years of data (stations
considered viable are 4390, 4380, 4350, 4270, 4272, and
4283) are compared to Tasiilaq (4360). Average corre-
lation between Tasiilaq DJF precipitation and all of
these stations are r = 0.38 and all correlation coefficients
are statistically significant (p < 0.1) (Table 3). Hanna
et al. (2006) also found that SE Greenland winter ac-
cumulation in ECMWF is highly correlated with
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FIG. 4. Bulk correlations from 1958-2012 of DJF Tasiilaq precipitation with all six climate
indices and the three Icelandic low characteristics. The black dashed line indicates statistical

significance (p < 0.01).

Tasiilaq precipitation. The coefficient of determination
(r*) varies between 0.08 and 0.22, meaning that only a
maximum of 22% of the interannual variability in Tasii-
lag DJF precipitation can be explained by neighboring
stations, suggesting that the controls DJF precipitation

may differ between stations. Indeed, a distinction in the
controls of the Icelandic low longitude on precipitation
based on geographic location is found. That is, stations
located on the east coast (ID codes beginning in 43XX)
exhibit much stronger correlation (r on average —0.48,

o
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FIG. 5. Moving correlation (10-yr window) for Icelandic low DJF longitude at Tasiilaq.
Dashed lines indicate level of significance. Values between the dashed lines are not statistically
significant. Values outside of these bounds are statistically significant at the 95% level. Inset bar
chart shows the number of 10-yr windows that are statistically significant for all indices

considered.
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TABLE 3. Correlation of other SE DMI stations with Tasiilaq DJF bias-corrected precipitation, for stations considered viable (those with
at least 20 years of data).

% data coverage

Correlation with  Significance of correlation with

Station ID Station location relative to Tasiilaq (from 1958 to 2012)  Tasiilaq (r value) Tasiilaq (p value)
4360 Tasiilaq 98 1 0

4390 South 76 0.31 0.05

4380 South 38 0.41 0.07

4350 North 38 0.43 0.05

4270 South and just west of south Greenland tip 89 0.29 0.05

4272 South and just west of south Greenland tip 95 0.47 0.0004

4283 South and just west of south Greenland tip 40 0.39 0.07

p < 0.05) than those located on the southwest tip (station
IDs coded as 42XX), which have low, insignificant cor-
relations (p > 0.05) with Icelandic low longitude (see
station locations in Fig. 1). Station 4350, which is the next
station north of Tasiilaq, is not correlated with the lon-
gitude of the Icelandic low. This pattern is further sup-
ported by the spatial correlation map (Fig. 6) showing
correlations between the Icelandic low and modeled
precipitation along the southeast coast of Greenland.
Meanwhile, all three stations on the southwest tip (sta-
tions 4270, 4272, 4283) are significantly correlated
(p < 0.05) with the latitude of the Icelandic low (average
r = 0.43) and the EA (average r = —0.54). The fact that
these stations are both correlated with the latitude of the
Icelandic low and the EA is supported by results from
Moore et al. (2013) showing that the strength of the EA can
modulate the latitude of the center of the Icelandic low.

MAR captures interannual variability of AWS DJF
precipitation relatively well (average r = 0.7, average
* = 0.47), and all seven viable stations had statistically
significant correlations with MAR (p < 0.05). The
strongest correlation was between MAR and station
4270, with r = 0.85 (Table 4). The average RMSE be-
tween viable stations and MAR is 154 mm w.e. MAR
overestimates the available DJF station precipitation,
although there is large spatial variability in the degree of
overestimation. The mean bias between each station and
the nearest MAR grid cell is 127mm w.e. during the
1958-2012 period, (Table 4). This is likely a result of large
(20km) grid cells that smooth the topography, especially
near very steep coastal terrain. Despite the model’s
general tendency to overestimate the absolute values of
precipitation, it does capture the variability of pre-
cipitation relatively well, and therefore the model is still
considered useful in this study.

The strong covariability between DJF precipitation in
Tasiilaqg and MAR grid cells extends far beyond the grid
cell overlying the Tasiilaq station and roughly corre-
spond to the area with significant correlations be-
tween MAR DIJF precipitation and the Icelandic low

(cf. Figs. 6 and 7), reaffirming the linkages between the
two. Further, spatially distributed DJF precipitation
derived from MAR is statistically significantly corre-
lated with MAR Tasiilaq precipitation over a very large
area covering most of SE Greenland and extending
400km onto the ice sheet (Fig. 7). Correlations of DJF
precipitation between spatially distributed MAR and
MAR from the grid cell overlying stations 4390 and 4380
and Tasiilaq respectively also show large spatial corre-
lation of the 4390 and 4380 (Fig. 7). Additionally, these
two stations exhibit DJF precipitation variability that is
anticorrelated with one large region in NE Greenland
and the North Atlantic. Given that Tasiilaq has the
longest and most continuous record of precipitation and
shows the strongest spatial coherence, we proceed with
this station’s set of data and consider it to be generally
representative of SE precipitation conditions.

d. Circulation and moisture transport

To look further into the mechanisms of how the lon-
gitude of the Icelandic low is related to SE Greenland
precipitation, DJF averaged spatial composites of
JRASS reanalysis sea level pressure and moisture
transport in years with high (>1 std) and low (<1 std)
Icelandic longitude values were analyzed. We find the
years when the Icelandic low is in an “extreme east”
position to be 1966, 1968, 1969, 1974, 1983, 1984, 1994,
1995, 1999, and 2005. The years with an “‘extreme west”
position of the Icelandic low are 1963, 1964, 1980, 1985,
1987, 1991, 1992, 1996, 2003, and 2006. Sea level pressure
during extreme east and west years are distinctly different
with the lowest pressure in extreme east years being
centered just to the east of the SE coast (Fig. 8a) but
centered at the southern tip of Greenland in extreme west
years (Fig. 8b). Sea level pressure anomalies show an
even stronger geographical east—west difference between
extreme east and west longitude years (Figs. 8c,d).

The analysis above (section 4c) reveals that the Ice-
landic low longitude and precipitation at three stations
along the SE coast (4360, 4380, 4390) have negative
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FIG. 6. Spearman correlation with spatially distributed MAR
DJF precipitation and Icelandic low longitude. Only statistically
significant correlations (p < 0.05) are shown.

correlation coefficients. Thus, in years when the Icelandic
low is in an extreme east position, there is less pre-
cipitation in SE Greenland whereas in extreme west Ice-
landic low years there is more precipitation in the region.
Indeed, the moisture transport increases up to ~40%
along the SE coast (up to ~40kgm 's™! stronger) in
extreme west years than in extreme east years (Figs. 9a,b).
Additionally, the spatial patterns of anomalies of moisture
transport (Figs. 9c,d) show strong movement of moisture
toward the SE coast in extreme west years.

e. North Atlantic storm tracks and the Icelandic low

Composites of storm track density (weighted by
storm intensity) in extreme east and extreme west years
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(DJF-only averages) show that there are generally
more and/or stronger winter storms occurring off of the
SE coast of Greenland during years when the Icelandic
low is located extremely west, thereby bringing more
moisture to the region (Fig. 10). Storm tracks shift east in
years when the Icelandic low is extremely east, thereby
causing fewer storms to deposit moisture on SE Green-
land. The black contours show regions that are statisti-
cally significant (p < 0.05). This is consistent with the
picture in Fig. 10, which shows stronger onshore winds at
the SE coast of Greenland in extreme west years. Ex-
treme west years bring more moisture and stronger winds
from the ocean to the coast, as well as shifting storm
tracks closer to the SE coast of Greenland.

5. Discussion

This is the first quantitative study to consider Icelan-
dic low characteristics in explaining SE Greenland
winter precipitation, a key parameter in the ice sheet
mass balance. Our results demonstrate that among
a group of six climate indices and three Icelandic
low characteristics, the strongest influence on SE
Greenland winter precipitation over the past half cen-
tury [mean r ~—0.48, p < 0.01, e.g., stations 4360
(r = —0.42), 4380 (r = —0.66) and 4390 (r = —0.37)] is
the longitude (east-west position) of the Icelandic low.
Correlations between the Icelandic low longitude and
DJF precipitations tapers off north of the Tasiilaq sta-
tion (station 4350) and on the west side of the south tip
of Greenland (stations 4270, 4272, 4283). This result
reaffirms the importance and utility of considering the
Icelandic low and NAO as independent metrics to ex-
plain North Atlantic climate, as stated in Bakalian et al.
(2007). Previous work has already shown that Icelandic
low characteristics control important climate charac-
teristics of the North Atlantic region, including the po-
sition of the north wall of the Gulf Stream (Hameed and
Piontkovski 2004) and the formation of the Greenland
tip jets (Bakalian et al. 2007). With this study, that
list is augmented with the influence on SE Greenland
precipitation.

Our finding that the Icelandic low longitude is a strong
control of SE Greenland precipitation is robust even
when shorter time periods (e.g., winter decadal win-
dows) are considered. In the analysis of different periods
(e.g., correlations calculated after applying the 10-yr
moving window; Fig. 5) the Icelandic low longitude
position stands out with significant correlations in 43%
of the 10-yr moving average periods compared to 21%
for the GBI, the second highest result for all the six in-
dices and three characteristics. Significant correlations
with longitude are always negatively correlated with SE
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TABLE 4. Correlation statistics (on DJF data) between the viable DMI stations and MAR at the nearest grid cell to each station. The Sig.
means Significance.

% data coverage Correlation with MAR at

Sig. of correlation with

Station ID  (from 1958 to 2012)  nearest grid cell (r value) MAR (p value) R?*value RMSE mm w.e. Biasmm w.e.
4360 98 0.77 7x 107" 0.60 141 131
4390 76 0.52 5x107* 0.27 305 265
4380 38 0.71 3%x107* 0.51 124 90
4350 38 0.66 1x1073 0.43 315 292
4270 89 0.85 1x10°" 0.72 84 69
4272 95 0.71 5x107° 0.50 40 8
4283 40 0.52 1x 1072 0.27 68 31
Mean 0.7 0.47 154 127

Greenland precipitation. The second most important
index, the GBI, is significantly negatively correlated
during the late 1960s and early 1970s, and again briefly
during the late 2000s, but during the late 1990s it be-
comes positively correlated. Hanna et al. (2013)
perform a similar analysis on summer Greenland tem-
perature, finding unstable correlations, and indeed
changing sign, for the Tasiilaq record.

Previous attempts to determine controls of Green-
land precipitation have largely focused on associa-
tions with the NAO, GBI, and AO; however,
correlations are generally weak or highly dependent
on the time frame considered. For example, Hanna
et al. (2006) found no significant correlation with
December—March precipitation in SE Greenland and
the NAO from 1959 to 2004, but they did find signifi-
cant correlations when considering smaller time frames
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of 1958-78 (r = 0.31) and 1979-98 (r = —0.56). On the
contrary, using an empirical orthogonal function
analysis, Mernild et al. (2015) found that pre-
cipitation from 1890 to 2000 is linked to the NAO and
AMO instantaneously, and with an ~6-yr lag to the
GBI. Finally, Appenzeller et al. (1998a) showed that
snow accumulation is a good proxy for the NAO in-
dex, but this only holds for western Greenland and
does not show strong influence on eastern Greenland
precipitation.

The skill by which climate indices predict Greenland
precipitation depends on how well they function as
proxies for the actual processes controlling winter pre-
cipitation in SE Greenland. This is determined by a
complex interplay of cold downslope katabatic winds,
near-surface northeasterly winds along the coast,
steering-level winds associated with the presence of the

Tasiilaq (4360)

FIG. 7. Spearman correlation with DJF precipitation from spatially distributed MAR and
MAR from the grid cell overlying stations Ikerassuaq, Timmiarmiut, and Tasiilaq (station
locations shown with green circles). Only statistically significant correlations (p < 0.05)

are shown.
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FIG. 10. Colored contours show storm track density (number of
storms per unit area) weighted by the local Laplacian of pressure (a
measure of intensity) for the difference between the extreme west
(low longitude) years and extreme east (high longitude) years.
Positive values indicate an increase in density (intensity) in ex-
treme west years, and negative values for extreme east years. Black
contours show regions that are statistically significant at the
5% level.

Icelandic low, distance from the moisture source, and
steep coastal topography, which enhances orographic
precipitation (Gorter et al. 2013; Hanna et al. 2006).
High-intensity, short-lived events such as atmospheric
rivers and winter cyclones can also play a role in
moisture transport to Greenland (Liu and Barnes 2015;
Mattingly et al. 2016; Serreze et al. 1997). While most
of these processes were not considered directly in this
study, the position of the Icelandic low can explain up
to 32% (Tasiilaq; December), 19% (station 4390; Oc-
tober), and 49% (station 4380; February) of the
monthly precipitation variability caused by them. The
temporal variation in the strength of the correlation in
Icelandic low longitude and DJF precipitation, which is
strongest in the 1960s and 1990s and weak in the 1980s
and 2000s, may be traced back to decadal variability in
some of the process mentioned above but further study
of this is needed.

The mechanism by which the longitude of the Ice-
landic low influences SE Greenland precipitation is at
least twofold. When the Icelandic low is in an extreme
east position, there is less precipitation as a result of
weaker atmospheric moisture transport to the SE coast
from inconsistent directions (Fig. 9). When the Icelandic
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low is extremely west, larger amounts of more mois-
ture are transported to the SE coast of Greenland.
Furthermore, the mechanism of moisture transport we
identified (Fig. 9) is robust and consistent throughout
the entire study period. This is shown by the significant
correlations between Icelandic low longitude and SE
Greenland precipitation (here represented by Tasiilaq
station) in 43% of the 10-yr moving average periods
(Fig. 5). Furthermore, when the Icelandic low is ex-
tremely west, winter storm tracks are pushed nearer to
the SE coast of Greenland (Fig. 10), bringing higher
amounts of precipitation, consistent with the upper-level
moisture transport in Fig. 9. In extremely east years
when precipitation in SE Greenland is low, the storm
tracks are pulled away from the Greenland coast and
farther east into the North Atlantic. Ultimately, the
Icelandic low’s longitude does not capture all processes
driving SE Greenland winter precipitation, but it
explains a significant amount of the precipitation vari-
ability (/7 is between 19% and 49% for the three viable
stations on the SE coast) through changes in moisture
advection patterns and cyclone tracks. The Icelandic low
position should therefore be considered together with
the other climate indices in studies of SE Greenland
precipitation and ice sheet mass balance.

6. Conclusions

This paper shows that the position of the Icelandic low
longitude (e.g., east-west location) better explains SE
Greenland winter precipitation than six more commonly
used climate indices (e.g., the NAO, AO, AMO, GBI EA,
and SCA) with r values as high as |r| = 0.42 (compared to
less than 0.28 for the other indices). The Icelandic low sets
up moist southeasterly winds over SE Greenland when it is
far to the west, and drier (~0.5kgm™?), weaker winds
(~5ms ') over SE Greenland when it is far to the east,
thereby providing a mechanism for the strong relationship.
Furthermore, the east-west position of the Icelandic low
controls storm track locations and thereby precipitation in
SE Greenland. Storms move farther west (toward the SE
coast of Greenland) and deposit more precipitation on the
SE coast of Greenland when the low is farther west and
vice versa when the low is farther east. Given the im-
portance of SE Greenland winter precipitation in the
overall ice sheet mass balance, the Icelandic low
characteristics should be considered together with the
more commonly used indices when the ice sheet mass
balance is investigated.
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