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Abstract

Blocked atmospheric flows over Greenland and the North Atlantic Arctic

(NAA) can be defined by the appearance of an anomalous ridge, many times

off the western margin of continents, that deflects traveling cyclones from their

usual storm tracks. Atmospheric blocking often produces a strong equatorward

deflection of polar air on the eastern flank of the anticyclone, including severe

cold episodes in winter, and severe droughts and heat waves in summer.

Recent changes in low-frequency atmospheric circulation in the NAA have

increased sensible heat and moisture advection from the mid-latitudes into this

region. In this study, we explore the frequency and seasonality of extreme

Greenland blocking, and we explore the relationship between extreme block-

ing and moisture transport into and over the region.

We quantify atmospheric flow blocking over Greenland using the Greenland

Blocking Index, and extreme blocking is defined from 1980 to 2019 at the 90th,

95th, 97th, and 99th percentiles for both summer (June to August) and winter

(December to February) seasons. Moisture transport over Greenland was

defined by calculating daily integrated vapor transport from the ERA-Interim

reanalysis over the region from 15! to 85!W and 55! to 80!N. The frequency of

extreme blocking over Greenland was found to have increased in the most

recent two decades (2000–2019) compared to the period 1980–1999. In addi-

tion, the probability of above-average moisture transport occurring on a day

with extreme blocking is high in both summer and winter, with the highest

probability of high moisture transport during an extreme Greenland Blocking

Index day in winter. These findings are unique to this work and suggest future

work on the role of moisture transport in developing or sustaining blocks over

Greenland.
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1 | INTRODUCTION

Atmospheric flow blocking can be defined by the appear-
ance of an anomalous center of high pressure or mid-
tropospheric ridge, many times off the western margin of
continents, that deflects traveling cyclones from their
usual storm tracks (Rex, 1950a,b; Namias, 1982; Rasmus-
sen and Wallace, 1983; Legras and Ghil, 1985). This anti-
cyclone is often associated with a breakdown of the high
kinetic energy state of the atmosphere into a low kinetic
energy state, possibly even reversing mid-latitude west-
erly flow to easterly (Tibaldi and Molteni, 1990; Scherrer
et al., 2006; Tyrlis and Hoskins, 2008). Atmospheric
blocking can cause a strong equatorward deflection of
polar air on the eastern flank of the anticyclone, leading
to severe cold episodes in winter (Dole and Gordon, 1983;
Hoskins and Sardeshmukh, 1987) and severe droughts
and heat waves in summer (Black et al., 2004; Dole et al.,
2011). Over Greenland, flow blocking results in a large-
scale reversal of the meridional geopotential height gradi-
ent, a potential increase in surface temperature (Pelly
and Hoskins, 2003), and possible changes in ice mass bal-
ance (McLeod and Mote, 2016). The occurrence of flow
blocking is thus of critical interest to both weather and
climate.

Many metrics have been created to identify and quan-
tify atmospheric flow blocking. Some involve hierarchical
methods (spatial clustering; Cheng and Wallace, 1993) and
non-hierarchical (partitioning) methods (Michelangeli
et al., 1995), while others use mixture model (Smyth
et al., 1999) and nonlinear equilibrium methods
(Vautard, 1990). Still other techniques involve measures
of the strength of the westerly flow (Lejenas and Okland,
1983; Tibaldi and Molteni, 1990; Pelly and Hoskins, 2003)
and of persistent height anomalies (Dole and Gor-
don 1983; Dole 1986). Recently, a Greenland Blocking
Index (GBI) has been defined by Fang (2004) to examine
atmospheric flow blocking over and around Greenland.
The GBI has found many uses (Hanna et al.,
2013; 2014; 2015), perhaps owing to its ability to clearly
and simply depict blocking—and changes in blocking—
across the Greenland region. The GBI is strongly corre-
lated with other similar blocking indices, including those
of Davini et al. (2012) and Scherrer et al. (2006), and it is
useful in detecting not only long-term but also instanta-
neous blocking (Davini et al., 2012; 2013), changes in
regional blocking features (Overland et al., 2015),
changes in ice surface mass balance (Hanna et al. 2013;
McCloud and Mote, 2016) and Arctic amplification
(Francis and Vavrus, 2015).

Because the GBI captures geopotential height over a
relatively large sector of the North Atlantic Arctic, it is
also linked to other major modes of atmospheric

variability in the region. For example, decreases in the
North Atlantic Oscillation (NAO; Hurrell et al., 2003)
index in summer have been related to an increasing trend
in GBI in summer, while record high and low NAO
values in early winter (December) have contributed to
variability in the GBI (Hanna et al., 2014). Rossby wave
breaking is known to be related to the NAO, and thus
high-latitude circulation around Greenland. A positive
NAO (low heights over Greenland) was related to
unblocked flow by Woollings et al. (2008), while a nega-
tive NAO (high heights over Greenland) was related to
blocked flows and above-normal heights over Greenland
(Rennert and Wallace, 2009). A similar pattern, but in
temperature anomalies, has been found between Green-
land blocking and the NAO, whereby during blocked
flows a “low-high-low” pattern in temperatures develops
over North America, Greenland, and Northern Europe,
respectively (Masato et al., 2012; Croci-Maspoli et al.,
2007). On longer time scales, the Pacific Decadal Oscilla-
tion (PDO; Mantua et al., 1997) influences geopotential
heights over a broad swath of the high latitudes in the
Northern Hemisphere. In winter, the PDO's relationship
to geopotential height at 500 hPa is primarily via a wave
train over the central Pacific Ocean extending north of
Alaska, while in the summer, the wave train extends
from the western Pacific across the Arctic, to Greenland
(where the correlation between PDO and 500 hPa height
is negative) and then to Europe (Collow et al., 2017). In
this study, we use the GBI to quantify both variability in
extreme atmospheric flow blocking over Greenland and
relationships between extreme blocking and moisture
transport.

Moisture and moisture transport in the Arctic have
received renewed attention recently, partly because of
strong warming in surface temperatures in this region, sig-
nificantly above worldwide trends (Polyakov et al., 2002;
Serreze et al., 2009; Screen and Simmonds, 2010;
Hartmann et al., 2013). The northern North Atlantic
stands out as a main gateway for moisture transport to the
Arctic, and that channel is linked strongly to transient
eddies in the mean circulation, particularly for southwest
Greenland (Dufour et al., 2016). Overall, the Arctic atmo-
sphere north of 70!N has been steadily moistening (Held
and Soden, 2006; Gimeno et al., 2014; Lavers et al., 2015;
Rinke et al., 2019). Over Greenland, “moist” days (defined
as days with anomalously high water vapor transport to
Greenland) have increased in frequency between 1979 and
2015 (Mattingly et al., 2016). Summer moisture transport
over Greenland has tended to receive the most attention
in the literature (Yang and Magnusdottir, 2017; Mattingly
et al., 2018), due to its link to surface ice mass balance, but
transient eddy fluxes over the Greenland Sea (east of
Greenland) are comparable for both winter and summer
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(Dufour et al., 2016). Indeed, the relative fraction of
moisture transport to the Arctic from the Atlantic has
been found to be greatest from October through March
(Gimeno-Sotelo et al., 2018), and traveling cyclone activ-
ity over and east of Greenland (whose paths and intensi-
ties are impacted by Greenland flow blocking; McCloud
and Mote, 2015) is responsible for more than half of
moisture transport into the Arctic (Sorteberg and
Walsh, 2008). Rossby wave breaking and blocking has
been linked to moisture transport in the Arctic (Woods
et al., 2013), including more distant moisture sources
during periods of high Greenland blocking (Nusbaumer
et al., 2019), and southwest Greenland has emerged as
perhaps a favored channel and impact zone for that
transport (Liu and Barnes, 2015). What has been studied
in relatively less detail (e.g., Nygård et al., 2019), and
what thus motivated this current study, is the trends in
extreme Greenland blocking and the links between
extreme blocking and moisture transport over Green-
land. The remainder of this article is organized as fol-
lows: data and methods are described in Section 2,
results are presented in Section 3, and conclusions are
presented in Section 4.

2 | DATA AND METHODS

The analyses in this study were based on two publicly
available data sets. First, Greenland blocking was quanti-
fied using the daily GBI (Hanna et al., 2013) over the
40-year period January 1980 to December 2019. The GBI
is the mean 500-hPa geopotential height over the Green-
land region, from 20! to 80!W and 60! to 80!N (Figure 1),

and the daily index is available from https://www.esrl.
noaa.gov/psd/data/timeseries/daily/GBI/. In this study, a
“block” is referring to an instantaneous block, including
transient high-pressure systems and persistent blocking
events, and does not distinguish between the two.
Extreme blocking was calculated for summer (June to
August; JJA) and winter (December to February; DJF) by
identifying the daily GBI values that correspond to four
thresholds of extremity: the 90th, 95th, 97th, and 99th
percentiles. Percentile values for each threshold were cal-
culated separately for each season by first sorting the
daily data and then linearly interpolating to compute per-
centiles for percentages between 100(0.5/n) and 100
([n – 0.5]/n), where n is the number of elements in the
dataset (Langford, 2006). Physically, an extreme positive
GBI indicates highly anomalous instantaneous ridging
over Greenland (McCloud and Mote, 2015), and in this
case, the mean height field during the 95th percentile fea-
tured instantaneous ridging centered over southeast
Greenland in winter (DJF) and south-central Greenland
in summer (JJA) (Figure 1). The height values
corresponding to the 90th, 95th, 97th, and 99th percen-
tiles in DJF are 5,280.6, 5,333.8, 5,368.2, and 5,439.0 m,
respectively, and in JJA are 5,593.3, 5,618.5, 5,636.4, and
5,658.2 m (Table 1). Second, moisture transport over
Greenland was quantified using integrated vapor trans-
port (IVT), which was calculated from the ERA-interim
reanalysis (Dee et al., 2011), following the methodology
of Rutz et al. (2014) and Mattingly et al. (2016):

IVT=
1
g

ð200hPa

1,000hPa
qVdp, ð1Þ

FIGURE 1 Height field (in m) at 500-hPa on days in (a) DJF and (b) JJA when the NOAA Greenland Blocking Index (GBI) was above
the 95th percentile. Both shading and contours indicate mean heights, and contours are drawn between 5,200 and 5,800 m at 60-m
increments. Red boxed region indicates the spatial domain averaged to calculate the NOAA GBI index, and the magenta boxed region
indicates the domain used to calculate integrated vapor transport (IVT) from the ERA-interim reanalysis. Note the color scale is different in
panel (a) and (b)
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where q and V are the specific humidity (in kg·kg−1) and
wind vector (in m·s−1) at pressure level p, dp is the differ-
ence between consecutive pressure levels (50-hPa inter-
vals between 1,000 and 500 hPa and 100-hPa intervals
between 500 and 200 hPa), and g is the gravitational
acceleration (9.80655 m·s−2). Daily IVT values were cal-
culated at 1200 UTC each day from January 1980 to
August 2019 at each grid point in the ERA-interim
reanalysis. To examine moisture transport around Green-
land specifically, IVT was spatially averaged over the
region from 15! to 85!W and 55! to 80!N (Figure 1).
Finally, similar to GBI, extreme thresholds of IVT around
Greenland were calculated at the 90th, 95th, 97th, and
99th percentiles for both DJF and JJA.

3 | RESULTS

3.1 | Changes in Greenland blocking
over time

The first part of this study explored whether occurrences
of extreme Greenland blocking have changed over the
40-year period. In winter (DJF) 1980–2019, there were
358 occurrences of blocking at the 90th percentile, and
only 150 (or 41.9%) of them occurred from 1980 to 1999
(Table 1). As the extremity of Greenland blocking
increased, this disparity increased: only 38.0% of the 95th
percentile blocking events occurred in the first half of the
period, and only 30.8% and 19.4% of the 97th and 99th
percentile events occurred in the first half of the period.
This means that extreme winter Greenland blocking has
become more common in the recent two decades, and
particularly so for the most extreme (the 99th percentile)
blocking days, when compared to the previous two
decades. In summer, the trends in extreme Greenland
blocking frequency between 1980 and 2019 are even
more pronounced, and not confined to the most extreme
percentiles. For example, 72.0% of the 90th percentile
days occurred from 2000 to 2019, and 74.5% of the 95th,
76.4% of the 97th, and 83.8% of the 99th percentile days
occurred in the most recent two decades (Table 1). It is
important to note that work by Collow et al. (2017) found
negative correlations between the PDO and 500-hPa
heights over Greenland in summer (but not winter), so
some of the signal we show here in GBI may be due to
decadal variability associated with other elements of the
climate system. That is suggested as an area of
future work.

Because DJF 2009–2010 was a winter with extreme
NAO values (NAO index of −2.4; Osborn, 2011), the fre-
quency of extreme blocking from 2000 to 2019 was re-
computed for each percentile omitting 2010. BecauseT
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there is one fewer year in the period, the expected fre-
quencies drop to 52% in 1980–1999 and 48% in the latter
period. As noted in Table 1, the frequency of extreme
winter GBI above the 90th, 95th, and 97th percentiles
reduce to 50.8%, 52.1%, and 58.8% respectively, when
2010 is excluded, but the frequency of GBI above the
9ninth percentile remains high (at 73.1%). The frequency
of extreme GBI in summer remained largely unchanged
when 2010 was excluded. This result suggests that vari-
ability in extreme NAO can impact the frequency of
extreme Greenland blocking in winter, in agreement with
Woollings et al. (2008) and Rennert and Wallace (2009).

Patterns in frequency of extreme Greenland blocking
are also seen in a time series of yearly occurrences
(Figure 2). There, the interannual variability in extremes
is evident. In winter, extremes tend to cluster in multi-
year groupings, including 2009–2011. Moreover, some
years, notably 1991–1993 and 2012–2015, had no
extremes above the 90th percentile (Figure 2a). This
interannual clustering agrees with Ding et al. (2014) and
Li et al. (2019) who noted that interannual variability in
blocking can be linked to the El Niño-Southern Oscilla-
tion. In summer, the increase in frequency of extreme
blocking is evident, with no years with more than
15 extreme days (above the 90th percentile) prior to 1995,
but two out of every 3 years after 2005 with more than
15 extreme events above the 90th percentile (Figure 2b).
In both seasons, the increase in the frequency of the most
extreme (97th and 99th) blocking is evident, and the clus-
tering of extreme blocking from 2005 to 2011 is

particularly notable. The changes in extreme blocking are
reflected in shifts in the distributions of the GBI index in
both winter (Figure 3a) and summer (Figure 3(b)). From
1980 to 2019, the distributions appear to shift right, with
the extremes in the right tail shifting right as well. For
example, in winter, the 90th, 9fifth, 97th, and 99th per-
centile values from 1980 to 1999 correspond to the 86.1th,
93.1th, 94.9th, and 96.6th percentiles in 2000–2019. Put
another way, the 99th percentile winter GBI value in the
first half of the record was 5,388.3 m; in the second half
of the record, the 99th percentile was 5,464.9 m, an
increase of 76.6 m. In summer, the 90th percentile GBI
from 1980–1999 became the 76.5th percentile from 2000
to 2019; the 9fifth, 97th, and 99th percentile GBI values
became the 87.4th, 91.6th, and 96.5th. Moreover, for both
the DJF and JJA seasons, the 1980–1999 and 2000–2019
distributions are statistically significantly different using
the one-sample Kolmogorov–Smirnov test (Massey, 1951;
Miller, 1956; Marsaglia et al., 2003), with p-values less
than 0.01 indicating significance beyond the 99% confi-
dence level. These shifts in extremes confirm that the
magnitudes of extreme blocking, as captured by the GBI
index, are changing over this time period, and that block-
ing events that were once extreme (in the first part of the
period, 1980–1999) are becoming more common. This
trend in extreme blocking from 1980–2019 mirrors some
of the longer-term trends, whereby periods of sustained
high GBI in the late 1800s (1870–1900) were similar to
the more current trends (2000–2019) (Hanna et al., 2018).
However, the clustering of extreme high GBI events since

FIGURE 2 Frequency of extreme Greenland Blocking Index (GBI) days per year from 1980 to 2019 in (a) DJF and (b) JJA, at the 90th,
95th, 97th, and 99th percentiles for each season
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2000 is not always reflected by a similar grouping of
extreme low NAO events (Hanna et al., 2015), suggesting
changes in extreme GBI may be due to a unique, local
response, in spite of the more general relationships
between flow blocking and the NAO (Woollings et al.,
2008; Rennert and Wallace, 2009; Hanna et al., 2014).

Atmospheric flow blocking is a fundamental part of
the circulation around and over Greenland. Extreme flow
blocking over Greenland has been connected to ice mass
balance changes, both for sea ice (Ballinger et al., 2018)
and the Greenland ice sheet (Hanna et al. 2013; McLeod
and Mote, 2016). Moreover, advection of moisture can be
consequential for mass balance changes in the Greenland
ice sheet (McLeod and Mote, 2015; Mattingly et al.,
2016; 2018). Thus, it is important to explore the relation-
ships between extreme flow blocking and moisture trans-
port in and around Greenland, and that is the focus of
the following section.

3.2 | Greenland blocking and moisture
transport

Of the 358 winter days of extreme GBI at the 90th percen-
tile, 78.4% of them were associated with above-normal
IVT (values greater than the long-term mean) around
Greenland (Table 2). The percentage of days with above-
normal IVT increases especially for the more extreme
GBI days: 88.3% of winter days with GBI above the 95th
percentile featured above-normal IVT (Table 2), and

91.6% and 88.9% of winter days with GBI above the 97th
and 99th percentiles, respectively, had above-normal
IVT. In summer, the same pattern holds: days with
extreme GBI featured above-normal IVT. For example,
63.3% of summer days with GBI above the 90th percentile
had above-normal IVT, and the percentage increased to
75.7% for the 99th GBI percentile. Thus, in both summer
and winter, high GBI tended to be accompanied by
high IVT.

Extreme moisture transport, particularly through fea-
tures called atmospheric rivers, can result in ice melt and
mass loss as melt energy is provided by turbulent heat
fluxes, driven by enhanced barrier winds that are in turn
generated by a strong synoptic pressure gradient com-
bined with an enhanced local temperature contrast
between cool near-ice air and anomalously warm sur-
rounding air (Mattingly et al., 2018; 2020). Furthermore,
Greenland blocking, and in particular extreme Greenland
blocking, has increased in frequency and magnitude
between 1980–1999 and 2000–2019 (Table 1 and
Figure 2). It is thus important to examine the GBI–IVT
relationship in greater depth. One way to do that is to
repeat the above analysis, but for extreme IVT days, and
examine the frequency of above-normal GBI during
extreme IVT days. In winter, 63.4% of the days with IVT
above the 90th percentile was associated with above-
normal GBI (Table 2). That frequency of above-average
GBI increased to 82.9% for the most extreme winter IVT
(e.g., IVT at the 99th percentile). In summer, however,
the relationship was mixed: between 45% and 50% of days

FIGURE 3 Distributions of the NOAA GBI index for all days in 1980–1999 (teal distribution) and 2000–2019 (pink distribution) for
(a) DJF and (b) JJA. The diamond, square, circle, and star symbols in each plot indicate the extreme thresholds of the 90th, 95th, 97th, and
99th percentile values, respectively
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characterized by extreme IVT (above the 90th percentile)
featured above-normal GBI. Thus, while high GBI is
strongly associated with high IVT in both winter and
summer, the reverse is mixed: wintertime extreme IVT
days do tend to occur when the GBI is above normal, but
summertime extreme IVT days do not necessarily occur
when the GBI is above normal.

To further explore the GBI–IVT relationship, time
leads and lags are examined. Because high IVT tended to
occur on days with extreme GBI, the time leads and lags

are defined with respect to the day of the extreme GBI. In
winter, the highest IVT in the 30-day period centered on
the date of the extreme GBI most often occurred from
days −10 to +3 (10 days before the extreme GBI to 3 days
after it) (Figure 4a). That pattern held for all four thresh-
olds of winter GBI extremity: 90th, 95th, 97th, and 99th
percentiles. Indeed, in winter, the highest IVT value
occurred on or before the day of the extreme GBI between
68% and 83% of the time, with the highest IVT value
occurring 77% of the time in the 15 days prior to the most

TABLE 2 Seasonal likelihood of above average IVT days within varying extreme GBI thresholds (top). Seasonal likelihood of above
average GBI days within varying extreme IVT thresholds (bottom)

DJF JJA

GBI percentile Days with high IVT Total days Percent (%) Days with high IVT Total days Percent (%)

90th 281 358 78.5% 233 368 63.3%

95th 158 179 88.3% 136 184 73.9%

97th 98 107 91.6% 80 110 72.7%

99th 32 36 88.9% 28 37 75.7%

DJF JJA

IVT percentile Days with high GBI Total days Percent (%) Days with high GBI Total days Percent (%)

90th 225 355 63.4% 170 368 46.2%

95th 119 177 67.2% 88 184 47.8%

97th 73 106 68.9% 54 110 49.1%

99th 29 35 82.9% 17 37 46.0%

FIGURE 4 Frequency of above-average integrated vapor transport (IVT) indicating moisture transport for 15 days before to 15 days
after an extreme blocking event in (a) DJF and (b) JJA. Black dashed line indicates the day of extreme blocking, and colors indicate
extremity of the blocking event (from 90th to 99th percentile)
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extreme GBI (99th) percentile (Figure 4a). This pattern
held in summer, too: the highest IVT tended to occur on
or before the date of extreme GBI (Figure 4b). Specifi-
cally, the highest IVT in the 31-day period centered on a
day of extreme summer GBI occurred on or before the
day of the extreme GBI between 62% (for the 90th per-
centile) and 84% (for the 99th percentile) of the days. On
average the IVT peak occurs 2.5–3.6 days before an
occurrence of extreme GBI in winter, while in summer,
the IVT peak occurs 0.8–2.5 days before the extreme GBI,
with the greatest lag occurring for the most extreme GBI
(99th) percentile. This result means that extreme GBI
events are very likely to be preceded by a peak in IVT, in
both summer and winter, by several days.

4 | CONCLUSIONS

The overall goal of this study was to develop an under-
standing of the variability of extreme Greenland block-
ing from 1980 to 2019 and explore how moisture
transport over Greenland varies with extreme Greenland
blocking. Extreme blocking over Greenland was found
to have increased in the most recent two decades
(2000–2019) when compared to the two decades prior
(1980–1999). This increase in extreme blocking agrees
with others who have also studied blocking in and
around Greenland (Fettweis et al., 2013; Hanna et al.,
2015; 2018). Moreover, blocking was found to exhibit
some interannual variability, in agreement with McLeod
and Mote (2016), whereby years with frequent extreme
blocking and years with scarce extreme blocking ten-
ding to cluster together. It is important to note that
there may be a relationship between geopotential height
over Greenland and other leading modes of atmospheric
variability, both on shorter time scales (the NAO;
Hanna et al., 2015) and longer ones (the PDO; Collow
et al., 2017). In this study, we did not consider co-
variability between the GBI and those leading modes
and suggest future work on that topic.

In addition, the probability of above-average IVT
occurring on a day with extreme blocking is high in both
summer and winter, with the highest probability of
above-average IVT during an extreme GBI day in winter.
The reverse relationship was more complex, with above-
average blocking likely to occur during extreme winter
IVT but not extreme summer IVT. This agrees with two
related studies by Rimbu et al. (2007; 2008), who showed
that during high blocking frequency over Greenland the
axis of maximum moisture transport extends northward
to Greenland relative to the times of low blocking fre-
quency, leading to a more active storm track and greater
moisture transport to the ice sheet. Finally, the highest

values of IVT were found to occur in advance of extreme
GBI, tending to lead extreme GBI by between up to
2.5 days (in summer) and 3.6 days (in winter). These
findings are unique to this work and lead to questions
about the role of moisture transport in developing or sus-
taining blocks over Greenland, related to questions posed
by McLeod and Mote (2015) on the role of precursor
cyclones.
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