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Abstract Observed blocking trends are diagnosed to test the hypothesis that recent Arctic warming and
sea ice loss has increased the likelihood of blocking over the Northern Hemisphere. To ensure robust results,
we diagnose blocking using three unique blocking identification methods from the literature, each applied
to four different reanalyses. No clear hemispheric increase in blocking is found for any blocking index, and
while seasonal increases and decreases are found for specific isolated regions and time periods, there is no
instance where all three methods agree on a robust trend. Blocking is shown to exhibit large interannual
and decadal variability, highlighting the difficulty in separating any potentially forced response from
natural variability.

1. Introduction

Over the past two decades, the Arctic has experienced unprecedented sea ice loss [National Snow and Ice
Data Center, 2013]. Recent studies suggest that the recent decline in sea ice has led to an increase in block-
ing over North America and Europe in all seasons but spring [e.g., Liu et al., 2012; Francis and Vavrus, 2012]
due to a slow down of the large-scale flow in response to the reduced lower tropospheric temperature gra-
dient. Blocking is strongly tied to weather extremes in the midlatitudes (e.g., cold snaps, heat waves) and can
persist for days to weeks [e.g., Black et al., 2004; Dole et al., 2011], so an increase in blocking could mean an
increase in weather extremes as Arctic sea ice continues to decline. However, both observational and mod-
eling studies suggest that any potential link between sea ice and midlatitude weather may be masked by
internal variability [e.g., Barnes, 2013; Screen et al., 2013]. Here we address whether robust trends in blocking
have been observed over the past few decades in response to the hypothesis that recent Arctic sea ice loss
has increased the likelihood of blocking over the Northern Hemisphere.

While a handful of previous studies have published trends in blocking [e.g., Barnes, 2013; Croci-Maspoli et al.,
2007], there is concern over whether the results are sensitive to the specific blocking detection algorithm
employed, the data set used, or the season and time period over which the trend is defined. For this rea-
son, we analyze blocking occurrence with three different detection methods, four different reanalyses,
over all four seasons and three different year ranges. Our goal is to quantify whether blocking frequencies
have in fact changed over the satellite era in an effort to (1) advance the discussion of the effects of Arctic
change on midlatitude weather and (2) evaluate whether trends in blocking have been observed, regard-
less of the sea ice hypothesis, e.g., associated with the Atlantic Meridional Overturning circulation, or global
temperature increases.

2. Data and Methods
2.1. Data
We compare blocking frequencies derived from four different reanalyses. Specifically, we use daily mean 500
hPa geopotential height (Z500) over the period 1980–2012 from the European Centre for Medium-Range
Weather Forecasts’s ERA-Interim Re-Analysis (ERA-I) [Dee et al., 2011], NASA’s Modern Era Reanalysis for
Research and Applications (MERRA) reanalysis [Rienecker et al., 2011], National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis [Kalnay et al., 1996], and the
NCEP-Department of Energy Reanalysis 2 (NCEP2) [Kanamitsu et al., 2002]. Additional analysis is presented
for the period 1948–2012 from NCEP. September Arctic sea ice extent was obtained from the National Snow
and Ice Data Center (NSIDC) [2013] for 1979–2013.
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2.2. Blocking Indices
Different blocking detection algorithms are designed to detect various aspects of a block throughout its
lifetime, thus, we apply three different blocking indices to each of the four reanalyses to ensure that we diag-
nose trends with a range of possible blocking measures. The first blocking index follows Barnes et al. [2012]
(B1D hereafter) and is a 1-D blocking index that searches for a persistent reversal of the meridional Z500
gradient along the latitude of the storm track, and thus, B1D is a function of longitude alone. The second
blocking index follows Dunn-Sigouin et al. [2013] (D2D hereafter) and is a 2-D index that searches for per-
sistent contiguous areas of geopotential height anomalies that occur in conjunction with reversals of Z500.
The third blocking index is similar to B1D, except it is a 2-D index, searching for persistent large-scale rever-
sals of the Z500 field associated with blocking and synoptic Rossby wave-breaking events (hereafter M2D)
following Masato et al. [2013]. We refer the reader to the supporting information for additional details on the
indices. Previous studies have confirmed that similar blocking statistics are obtained when blocking is iden-
tified using fields other than Z500 [e.g., Barnes et al., 2012], and so we present results for Z500 only. Our goal
is to determine whether robust trends in blocking have been observed in recent decades. For this reason,
we do not present a blocking index intercomparison here, but rather, we view the three indices as equally
valid, each capturing different aspects of blocking flow over the Northern Hemisphere.

2.3. Analysis Methods
Blocking frequencies for all three indices are defined as the number of days per month that a sector is
part of a blocking event. We have also performed the analysis for the frequency of unique blocking onset
days (one count per block), and the results will be discussed in the text. Blocking frequencies are binned
as the monthly average blocking frequency in every 20◦ latitude by 60◦ longitude sector unless otherwise
noted. For the time series analysis, the 40◦–60◦N and 60◦–80◦N sectors were averaged together to obtain the
middle-to-high-latitude blocking frequencies as functions of longitude only.

Trends are calculated using linear least squares regression, and trends significantly different from zero are
identified using a symmetric, two-tailed 95% confidence interval. We define sectors with robust trends as
regions where at least 3 out of 4 of the reanalyses exhibit statistically significant trends of the same sign. To
determine the significance of blocking differences between the five lowest and highest September sea ice
years, we employ a bootstrap approach where 10,000 random sets of the same length are simulated and the
95% confidence interval is determined from the synthetic data.

3. Results
3.1. Blocking Climatology
Figure 1 displays the seasonal-mean blocking frequency climatologies. For ease of comparison, we have
plotted the B1D frequencies at 45◦N since this index provides blocking frequencies as a function of longi-
tude only. The number of blocks per month differs among the indices due to the different criteria used to
define a block. However, qualitatively, all three indices exhibit similar regional distributions. Blocking is most
frequent in winter and is located predominantly over two main regions: the North Atlantic/Europe and the
North Pacific. The red (blue) boxes denote sectors where robust increases (decreases) in blocking frequency
are found between 1990 and 2012, as will be discussed.

3.2. Linear Trends
Blocking trends are shown in Figures 2a and 2b for two different periods as a function of longitude, sea-
son, and blocking index. Boxes are filled red (blue) if robust increases (decreases) in blocking frequency
are observed over the period in either latitude band (40◦–60◦N or 60◦–80◦N). Note that there is no instance
where both latitude ranges exhibit robust trends at the same time. We present trends over 1980–2012 and
over the more recent 1990–2012 period, when previous studies suggest sea ice loss and Arctic warming
have had the largest impact on the midlatitude circulation [e.g., Francis and Vavrus, 2012].

Focusing first on 1980–2012 trends (Figure 2a), no sector exhibits robust trends except the M2D index
in June-July-August (JJA) over the North Atlantic (300◦–360◦E). When the period 1990–2012 is analyzed
instead (Figure 2b), the North Atlantic no longer exhibits robust increases, and the 2-D indices show
increases in blocking over Asia (60◦–120◦E) in December-January-February (DJF). A robust decrease in
B1D blocking is observed over the Pacific (180◦–240◦E) in JJA. Note that no robust trends in blocking
are identified in Autumn (September-October-November (SON)), the season when the sea ice trends are
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Figure 1. Climatological seasonal blocking frequency for the three indices using the MERRA reanalysis from 1980 to 2012. Red (blue)
boxes denote regions where robust increases (decreases) in blocking frequency are found over the 1990–2012 period, as shown
in Figure 2b.

the strongest [National Snow and Ice Data Center (NSIDC), 2013]. If one analyzes the period 1995–2012, a
robust negative trend is found in SON, and only Asia has a robust positive trend in DJF (Figure S1 in the
supporting information).

The key result of Figures 2a and 2b is that no general increase in blocking over the Northern Hemisphere is
observed, and the sectors, seasons and indices with robust trends vary depending on the years analyzed.
Furthermore, even fewer robust increases are found if one analyzes blocking onset frequency (rather than
total days blocked; Figure S2 in the supporting information).

We take a moment to discuss the probability of finding significant trends by chance. For any single reanalysis
and index, basic Poisson statistics show that the expected number of sectors exhibiting significant trends
by chance is 2.4 for the 2-D indices (48 “trials”; 2 latitude bins × 6 longitude bins × 4 seasons = 48), with a
95% confidence interval of between 0 and 5. For the 1-D index, there are only 24 “trials”, and this leads to an
expected number of false positives of 1.2 with a 95% confidence interval of between 0 and 3. In other words,
for a given reanalysis and index, we expect up to 5 sectors to show robust trends by chance alone. We see
from Figures 2a and 2b that none of the three indices have more than 3 sectors with robust trends.

Time series of blocking frequencies for the robust trends in Figures 2a and 2b are shown in Figure 3, specif-
ically, for Asia (DJF) and the North Atlantic (JJA) for 1990–2012 and 1980–2012, respectively. Time series
for Europe and North America are provided in Figures S3 and S4 in the supporting information. Asterisks
in the legend denote reanalyses with significant trends over the period denoted by the best fit lines. Com-
paring Figures 2a, 2b, and 3, we see that the winter increases in blocking over Asia appear in two or more
reanalyses for all three indices. However, over the North Atlantic in JJA, while M2D exhibits robust trends in
blocking frequency (Figures 2a and 3f), the B1D and D2D indices do not exhibit significant trends for any of
the reanalyses (Figures 3b and 3d). Figure 3 also demonstrates the large amount of interannual variability
in blocking, and this is further supported by the fact that the standard deviation of blocking frequency can
exceed 3 times the mean (Figure S5 in the supporting information).

While differences across indices are to be expected, the differences among the reanalyses for a given index
may be surprising. For example, the D2D MERRA frequencies (Figures 3c and 3d) exhibit very different values
than the other three reanalyses. Similarly, the M2D ERA-Interim frequencies also differ from the other three
reanalyses over Asia (Figure 3e). This suggests that studies using different reanalysis products could disagree
on “observed” trends in blocking, even if the same blocking identification method is employed.
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Figure 2. (a and b) Trends in blocking frequency between as a function of season, index, and longitude and (c and d) the difference
in blocking frequency for seasons following the 5 September with the highest and lowest Arctic sea ice extent for (Figures 2a and 2c)
1980–2012 and (Figures 2b and 2d) 1990–2012. Red (blue) denotes that at least three of the four reanalyses exhibit statistically signifi-
cant positive (negative) trends/differences at 95% confidence. For the 2-D indices, blocking trends are significant if either of the latitude
bins (40◦–60◦N or 60◦–80◦N) show robust changes.

3.3. Sea Ice Composites
Robust differences in blocking for the seasons following the five lowest minus the five highest ice years are
shown in Figures 2c and 2d (refer to Figure S6 in the supporting information for a time series of September
sea ice extents). If low Arctic sea ice years have more blocking than high sea ice years, we expect positive
differences in blocking (red colors) no matter the time period analyzed. However, both positive and neg-
ative differences are found in DJF (Figures 2c and 2d). Only JJA blocking for M2D over the North Atlantic
(300◦–360◦E) exhibits significant positive differences over both periods, although this implies that low
September sea ice precedes increased summer blocking by 9 to 12 months.

We strongly caution that composite differences, such as those in Figures 2c and 2d, should not be simply
interpreted as the actual response of blocking to September sea ice anomalies. Sea ice extents were largest
at the beginning of the time period (1980/1990s) and smallest at the end (2000s), and thus, any signal that
oscillated over this period will produce a robust response even if it is independent of sea ice. For example,
the winter North Atlantic Oscillation (NAO) transitioned from a positive to negative between the 1980/1990s
and the 2000s [e.g., Dong et al., 2011], and the negative NAO is strongly coupled to enhanced blocking
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(a)

(c)
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(f)

Figure 3. Time series of blocking frequencies for the three indices and four reanalyses for (a, c, and e) Asia in DJF and (b, d, and f) the
North Atlantic in JJA. Trends significantly different from zero at 95% confidence are denoted by asterisks in the legend of each panel for
Asia (1990–2012) and the North Atlantic (1980–2012). Filled circles (stars) denote the seasons following the 5 highest (lowest) years of
September Arctic sea ice extent over the trend period. Blocking frequencies are averaged between 40◦ and 80◦N for the 2-D indices.

in winter over the North Atlantic [e.g., Davini et al., 2012]. Thus, the positive winter differences shown in
Figure 2d could be associated with this low-frequency variability and not sea ice loss. On the other hand,
modeling studies have shown that reduced Arctic sea ice can force the NAO into a negative state [e.g., Deser
et al., 2010] in winter, in which case, the DJF differences may represent a physical mechanism. However,
circulation anomalies such as the NAO or blocking can also have a strong influence on Arctic sea ice [e.g., Hu
et al., 2002], making it difficult to disentangle cause and effect.

Liu et al. [2012] and Tang et al. [2013] use regression analysis to suggest that blocking frequencies have
increased with recent sea ice loss, which disagrees with the results presented here. One possible expla-
nation is the index used—they identify a block by persistent Z500 anomalies which can be influenced by
large-scale changes in the Z500 field (e.g., by the general increase in Z500 due to high-latitude warming
over the last decade). Our indices avoid this potential issue by requiring a reversal of the full Z500 field which
equates to easterly winds and likely irreversibly deformed flow contours.

3.4. Decadal Variability
Finally, we place the prior analysis in a more historical context by including time series of NCEP blocking
going back to 1948 (Figure 4). Blocking over all regions and seasons exhibits large decadal variability, with
indices agreeing for some regions and seasons (e.g., North Atlantic, DJF), but not for others (e.g., Europe,
JJA). In all sectors, blocking frequencies over the last few years do not appear exceptional in the context
of the last sixty, and Figure 4 demonstrates the large amount of internal variability of blocking over the
Northern Hemisphere on a range of time scales.

4. Conclusions

Recent studies have suggested that Arctic warming and sea ice loss over the past 15 years has led to an
increase in the occurrence of blocking over the Northern Hemisphere [e.g., Liu et al., 2012; Francis and
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Figure 4. (a, c, and e) DJF and (b, d, and f) JJA blocking frequencies over three different sectors for the three indices using NCEP reanal-
ysis from 1948 to 2012. Thick lines denote the smoothed time series using a Lanczos filter with 41 weights and a cutoff of 10 years.
Blocking frequencies are averaged between 40◦ and 80◦N for the 2-D indices.

Vavrus, 2012; Tang et al., 2013]. We address whether blocking frequencies have exhibited robust trends in
recent decades by applying three different blocking identification methods to four different reanalyses. No
clear hemispheric increase in blocking is evident in any season for any blocking index, although robust sea-
sonal increases and decreases are found for isolated regions. Compositing winter blocking frequencies on
high and low September sea ice years yields opposite-signed differences depending on the years analyzed,
while summer blocking yields positive differences over the North Atlantic and negative over the North
Pacific. We strongly caution, however, that these composite differences can be explained by many different
dynamical mechanisms and should not be simply viewed as evidence of the response of blocking to sea
ice loss.

These conclusions support those of Barnes [2013], namely, that the link between recent Arctic warming and
increased Northern Hemisphere blocking is currently not supported by observations. While Arctic sea ice
experienced unprecedented losses in recent years, blocking frequencies in these years do not appear excep-
tional, falling well within their historically observed range. The large variability of blocking occurrence, on
both internannual and decadal time scales, underscores the difficulty in separating any potentially forced
response from natural variability.
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