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Abstract

The correct depiction of atmospheric blocking still poses a key challenge for current numerical weather
prediction (NWP) and climate models. This study evaluates the representation of blocking in the new global
ICOsahedral Non-hydrostatic NWP and climate model ICON and links model mean, state biases to observed
blocking deviations. Blocking is identified using both an anomaly and a flow reversal approach in an eight
member ensemble of 15-year AMIP-type ICON simulations and verified against ERA Interim reanalyses.
Either approach demonstrates a good representation of annual blocking frequencies in ICON. Deviations
emerge when considering individual seasons. In the anomaly framewerk, enhanced blocking occurrence in
the mid-latitude Pacific domain during winter and spring and a imarked underestimation of blocking in the
Euro-Atlantic region are found during summer. Moreover, thissjapproach indicates a general underestimation
of blocking at higher latitudes. The flow reversal index reveals the.often reported underestimation of blocking
in the Euro-Atlantic region during winter. Furthermote, ‘increased blocking activity in the Pacific and
Greenland region during spring and decreased blocking occurrence at high latitudes in summer are found.
Focusing on the anomaly approach, we assess how the model mean state influences blocking identification.
A systematically higher tropopause, forced by a cold bias in the lower stratosphere, reduces diagnosed
blocking frequencies at higher latitudes especially during summer. This goes along with a reduction in
blocking size, duration and intensity. While ‘confirming an overall good representation of blocking in ICON,
this study demonstrates how mean state biases can crucially affect the identification of blocking and that
blocking deviations have to be interpreted with caution as they are highly dependent on the exact diagnostic
used.

Keywords: atmospheric blocking, ICON, blocking identification, model evaluation, Northern Hemisphere

1 Introduction

Atmospheric blocking,is‘a key driver of large-scale flow
variability in the,mid-latitudes, and as such an integral
part of medium-range predictability (e.g. MATSUEDA
and PALMER, 2018).:Blocking is defined as a persis-
tent, quasi-stationary high-pressure system which dis-
rupts the mean upper-level westerly flow and is gen-
erally observed at the end of the Atlantic and Pacific
storm track (REx, 1950). Due to its persistence and
deep structure, blocking is able to deflect transient ed-
dies north- and southward, leading to the modulation
of temperature and precipitation patterns in the blocked
and adjacent region (e.g. BUEHLER etal., 2011). High-
impact weather conditions, such as heat waves (e.g.
Brack etal., 2004; QUANDT etal., 2019), cold spells
(e.g. PFAHL and WERNLI, 2012; BIELI etal., 2015) or
extreme precipitation events (e.g. MARTIUS etal., 2013;
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Gramsetal., 2014; PIAGET et al., 2015; LENGGENHAGER
etal., 2018; PAsQUIER etal., 2019) can be associated
with blocking.

Various methods to objectively define blocking in
both observational and numerical weather prediction
(NWP) model data exist. Following the early work
by REx (1950), who subjectively defined blocking
based on the sharp transition of westerly to merid-
ional flow, numerous indices have been developed that
identify blocking as the reversal of an absolute field
(e.g. TiBALDI and MOLTENI, 1990; PELLY and HOSKINS,
2003; SCHERRER et al., 2006; DavinI et al., 2012). Con-
versely, anomaly based approaches focus on the anti-
cyclonic anomaly inherent to blocking (e.g. ELLIOTT
and SMiITH, 1949; DoLE and GORDON, 1983; SCHWIERZ
etal., 2004; SmaLL etal., 2013). Depending on the ex-
act definition used, differing blocking patterns and fre-
quencies emerge. BARRIOPEDRO et al. (2010) provide an
in-depth review of the performance of current blocking
indices.
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2 R. Attinger etal.: Representation of atmospheric blocking in ICON

Extensive research on the representation of block-
ing in general circulation models (GCMs) has revealed
that its correct simulation is crucial for an accurate de-
piction of the large-scale flow variability in the mid-
latitudes. While results are strongly dependent on the
blocking diagnostic used, GCMs generally tend to un-
derestimate the climatological occurrence of blocking,
especially over Europe (e.g. DOBLAS-REYES et al., 1998;
MasATo etal., 2013; ANSTEY etal., 2013). It has been
shown that increasing the horizontal resolution or im-
plementing a stochastic physics scheme leads to a sig-
nificant improvement of blocking depiction (e.g. MAT-
SUEDA etal., 2009; BERCKMANS etal., 2013; DaAwSsON
and PALMER, 2014; DavINI and D’ANDREA, 2016).
However, in some models, increasing the resolution only
improves blocking representation in the Euro-Atlantic
region, while Pacific blocks are unaffected (SCHIEMANN
etal., 2017). Mean state biases, e.g. of the sea-surface
temperature (SST) or jet strength, can further deteriorate
the simulation of blocking (e.g. D’ ANDREA etal., 1998;
ScAIrE etal., 2010; ViaL and OsBORN, 2011). Further-
more, DAVIES (2009) and recently PFAHL etal. (2015)
highlighted the importance of diabatic processes in the
blocking life cycle, which might explain the poor skill in
simulating blocking at low resolution. In the light of cli-
mate change and the growing demand for sub-seasonal
as well as seasonal forecasts of improved accuracy, as-
sessing the representation of atmospheric blocking in
current GCMs is therefore crucial.

The ICOsahedral Non-hydrostatic NWP model
ICON is a joint development of the Max-Planck-
Institute for Meteorology (MPI-M) and the Geriman'Me-
teorological Service (DWD). ICON features'fully com-
pressible equations of motion, local mass conservation,
and is based on an icosahedral-triangular grid> (ZANGL
etal., 2015). Such a grid has the advantage, of avoiding
singularities over the pole and reducing the area vari-
ance per grid cell. The dynamical ‘core and ICON as a
whole are designed in a seamlessfapproach for applica-
tions ranging from limiteéd arealarge-eddy simulations,
via daily global NWP, to multi=year climate simulations.
ICON is operational‘as, NWP system at DWD since Jan-
uary 2015, producing 7-day forecasts at a global hori-
zontal resolution of 113 km and 6.5 km over Europe.

The objective of the present study is to document the
representation of blocking in the Northern Hemisphere
in a recent operational NWP version of ICON. Block-
ing occurrence is computed using an anomaly based
and flow reversal approach and compared to reanalyses.
Moreover, we assess model mean state biases and inves-
tigate how they influence blocking identification in the
anomaly framework. The paper is outlined as follows.
The model specification, data, and blocking diagnostics
are introduced in Section 2. A detailed assessment of the
geographical blocking distribution and blocking charac-
teristics in ICON is presented in Section 3. Model mean
state biases, together with possible explanations for ob-
served blocking frequency deviations, are discussed in
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Section 4. Finally, we summarize our main findings and
discuss implications thereof for future work in Section 5.

2 Data and methods

2.1 Data

An eight member ensemble of 15-year ICON simu-
lations forms the data basis of this study. The lower
boundary conditions are forced by monthly mean sea
ice and sea surface temperatures from ERA-Interim for
the period 2001 to 2015, which are linearly interpo-
lated to yield slowly varying daily fields (following
the established AMIP procedure”according to GATES,
1992). To mimic initial condition perturbations, indi-
vidual members are initializedsusing a time-lagged, ir-
regularly spaced series of starting)dates ranging from
0000 UTC on 1 August.2000 tof1800 UTC on 8 Au-
gust 2000. The model uses an approximate icosahedral
horizontal grid resolutioniof 80 km with 90 vertical lev-
els from the surface up,to 75 km. The data is interpolated
to a regular grid at'1° horizontal resolution, 19 pressure
levels reaching from 1000 hPa to 1 hPa and is available
at 6-hourly temporal resolution.

Eufopean, Centre for Medium-Range Weather Fore-
casts. Re-Analysis Interim (ERA-Interim) data (DEE
etal;, 2011) for the period 1979 to 2016 are used as refer-
ence.and considered as being representative of the actual
state of the atmosphere. ERA-Interim data are available
at 6-hourly temporal and 1°x1° spatial resolution and on
the same 19 pressure levels as ICON.

Because specific humidity is not constrained in re-
analyses (e.g. Fustwara etal., 2017; Davis etal., 2017),
water vapour measurements from the Microwave Limb
Sounder (MLS) satellite (WATERS et al., 2006) for the
period 1991 to 2012 are used to assess the representa-
tion of specific humidity in ICON.

2.2 Blocking identification

Blocking is identified using the potential vorticity (PV)
based anomaly index (APV*) introduced by SCHWIERZ
etal. (2004). This approach exploits the fact that at-
mospheric blocking can be diagnosed as a region of
anomalously low-PV below the dynamical tropopause.
To this end, Ertel PV (ERTEL, 1942) is computed
on pressure levels and vertically averaged from mid-
tropospheric (500 hPa) to lower-stratospheric (150 hPa)
levels. Vertically averaged PV (VAPV) anomalies are
computed by subtracting the monthly VAPV climatol-
ogy pertaining to each of the ICON ensemble mem-
bers and ERA-Interim, respectively, from the instanta-
neous VAPV fields. In order to filter out the high fre-
quency fluctuations associated with transient eddies, the
resulting VAPV anomalies are subject to a two-day run-
ning mean before blocking is computed. Consistent with
earlier studies (e.g. CROCI-MASPOLI etal., 2007; PFAHL
etal., 2015), an instantaneously blocked region is then
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identified as a closed contour of VAPV anomaly exceed-
ing < —1.3PVU and satisfying a spatial overlap of 70 %
between two subsequent 6-hourly time steps for at least
5 consecutive days. Blocking frequencies obtained using
this approach are descriptive of the fraction of blocked
time steps at any given grid point.

Other studies often adopt a reversal based blocking
index for the assessment of blocking in GCMs instead
of an anomaly based approach. To aid comparison of
our results with these studies, we additionally apply
the two-dimensional (2D) absolute geopotential height
(AGP) index by SCHERRER et al. (2006), which is based
on the mono-dimensional index introduced by TIBALDI
and MoLTENI (1990). For blocking to be identified, this
index requires a reversal of the longitudinal gradient on
the 500 hPa geopotential height field to the south and
westerly flow to the north during at least 5 consecutive
days at any grid point between 35° and 75° N. Refer to
SCHERRER et al. (2006) for a detailed discussion of both
the APV* and AGP index.

2.3 Assessment of statistical significance

The 15-year AMIP-type simulations realized for this
study allow the model to develop its own internal dy-
namics and equilibrium state which is not restricted by
observations. To assess robust deviations of individual
ICON ensemble members and the ensemble mean from
reanalysis, a Monte Carlo re-sampling technique is ap-
plied to annual and seasonal blocking frequencies com-
puted from ERA-Interim. To this end, 1000 randomn
15-year samples are selected from reanalysis and_mean
annual (and seasonal) blocking frequencies in each sam-
ple are computed. ICON blocking frequenciés' that.ex-
ceed the 2.5 to 97.5 interquantile range of the tesampled
blocking frequency distribution are thereby defined as
significantly deviating from reanalysiS.

Beyond the blocking frequencies, we /also assess the
seasonal mean state of meteorological fields in ICON.
Namely, we investigate the three-dimensional represen-
tation of potential temperature. (TH), PV, specific hu-
midity (Qv) and zohal wind component (U). Seasonal
means from ER A-Interim and MLS are subject to a ran-
dom 1000 trial 15=year re-sampling to obtain a robust
baseline for the evaluation of the ICON mean state.

3 Blocking representation

This section describes the simulation of blocking in
ICON with respect to ERA-Interim as observed using
the APV* index (Section 3.1), followed by the flow re-
versal approach (Section 3.2), and finally APV* block-
ing characteristics are discussed in Section 3.3.

3.1 APV* blocking climatology

The annual blocking frequency distribution as identi-
fied by the APV* index is shown in Fig. la. Colors
describe the average blocking occurrence of the eight

: Representation of atmospheric blocking in ICON 3

ICON ensemble members while the black contours de-
pict the re-sampled ERA-Interim mean. The APV* ap-
proach identifies three regions of increased blocking ac-
tivity; one each at the exit region of the Atlantic and
Pacific storm track and one over northern Russia. This
is consistent with other studies that use an anomaly
based blocking identification (e.g. DOLE and GORDON,
1983; Croci-MaspoLI etal., 2007; SMALL etal., 2013).
According to reanalysis, blocking over the Atlantic is
slightly more frequent than blocking over the Pacific
(13% vs. 11 %, respectively 47 and 40 blocked days).
The shading in Fig. 1b describes significant (dark col-
ors) and non-significant (light colors) APV* blocking
deviations from ERA-Interim as defined in Section 2.3.
Both the Atlantic and Pacific peaks'are well captured in
ICON, as only non-significant deviations occur. Signif-
icant deviations from reanalysis.are mainly confined to
areas of lower blocking occurrence in the mid-latitudes
and in the region of the Russian blocking maxima. Two
features stand out: A band of increased blocking fre-
quencies at the end,of thes€limatological Pacific jet
stream as well as_a broad region of blocking underes-
timation of about 2 % (7 days) over the Eurasian conti-
nent.

To assess the simulation of blocking in different re-
gions, sectorsycentered on the location of maximum
blocking activity in ERA-Interim are introduced. These
are/defined as (i) the Euro-Atlantic (EA) sector ranging
from 65°W to 0° E and (ii) the Pacific (PAC) sector en-
compassing 168° E to 124°W (each from the equator to
the pole, see red dashed lines in Fig. 1b).

Using these sectors, a quantitative assessment of the
annual mean, zonally averaged blocking occurrence is
carried out. Deviations of the ICON ensemble mean
and individual ensemble members from ERA-Interim
are presented in Fig. 2. The inter-annual variability in-
herent to a random 15-year period of the re-sampled
ERA-Interim mean is indicated by the 2.5 to 97.5 per-
centile confidence interval (grey area). Zonal blocking
frequencies in ICON are mostly within this range (blue
lines). Significant deviations from reanalysis are con-
fined to the mid-latitudes in all sectors, i.e. where the
ICON mean (red line) exceeds the confidence interval
from ERA-Interim. Towards higher latitudes, blocking
tends to be reduced by about 1 % and a significant un-
derestimation is found toward the pole in the EA sector.
The increase in blocking activity in the PAC mid-latitude
region is highly robust, as each ensemble member ex-
ceeds the 97.5 percentile of ERA-Interim. These find-
ings confirm that the largest deviations from reanalysis
are located in the mid-latitudes, as previously indicated
by the 2D maps of annual blocking frequency deviations
(Fig. 1b).

A more complete picture can be obtained when con-
sidering different seasons individually. First, we de-
scribe the seasonal variation of APV* blocking as ob-
served in ERA-Interim (black contours in Fig. 3). Max-
imum blocking frequencies in the EA region peak at
around 13.5 % and are largely independent of the sea-
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W | 90E

APV* blocking frequency deviation (%)

15 2 25 3 35 4

Figure 1: Annual APV* blocking distribution in ICON (a) and deviation from ERA-Interim (b). Blocking frequencies describe the number
of blocked days per year, i.e. 9 % corresponds to about one fully blocked month. Significant deviations in (b) are highlighted by a grey outline
and drawn in dark colors while non-significant deviations are shown in light colors. The Euro-Atlantic and Pacific sector are highlighted by
the red dashed wedges and the position of the jet stream in ERA-Interim is«denotediby the blue contour (23 m s~! isotach on 300 hPa) in (b).
Black contours in both figures denote mean absolute blocking frequencies inlERA-Interim (contour interval of 2.5 %).
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Figure 2: Annual mean, zonally averaged APV* blocking frequency deviation from ERA-Interim for the NH (a), EA (b), and PAC sector (c).
The red line denotes the ensemble mean and individual members are shown as thin dark blue lines. The light grey area highlights the 2.5 to
97.5 percentile confidence interval of the ERA-Interim mean.

son (slightly higher frequencies of 16 % are only ob- and autumn events rather occur in the eastern Atlantic.

served during autumn). A stronger seasonal cycle is
found in the PAC sector with highest blocking activity
in autumn (13 %) and markedly lower frequencies dur-
ing summer (9 %). Conversely, the center of maximum
blocking frequency does not migrate notably in the PAC
sector, while the EA blocking peak describes a distinct
seasonal cycle: Blocking in winter and spring is encoun-
tered more often in the central Atlantic whereas summer

Finally, the third peak of blocking activity over northern
Russia is comparable in strength and location during all
seasons except during summer when enhanced frequen-
cies (exceeding 12 %) are found, together with a shift
to the East Siberian Sea (130 to 180° E). Qualitatively,
these findings are in line with the results from Croci—
MaspoL etal. (2007) and SMALL etal. (2013), report-
ing comparable seasonal blocking occurrence. Note that
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Figure 3: Seasonal APV:* blocking frequency deviation from ERA-Interim during winter (a), spring (b), summer (c), and autumn (d).
Significant deviations are highlighted by a grey outline and drawn in dark colors while non-significant deviations are shown in light colors.
Absolute blocking frequencies (black contour with interval of 2.5 %) and the position of the jet stream in ERA-Interim are overlayed (blue
contour, 23 ms! isotach on 300 hPa).

an investigation of annual and seasonal blocking occur- more than 5 % is observed across a large region in the
rence over the entire ERA-Interim period revealed no mid-latitude PAC sector. With the exception of increased
significant trends using a t-test at the 5% confidence blocking activity (by 1 %) in the region of the Atlantic
level (not shown). storm track, all other regions show good agreement with

ICON is able to capture the seasonality in intensity ERA-Interim. For spring (Fig. 3b), two regions of block-
and geographical location of the main blocking centers ing overestimation on the order of 3 % along both the
(shading in Fig. 3). Distinct deviations from reanalysis Pacific and Atlantic storm track stand out. Good agree-
are mainly found at the southern flanks of high block- ment with ERA-Interim is found across the remainder
ing activity in the mid-latitudes, where blocking occur- of the Northern Hemisphere, albeit showing a tendency
rence is lower. During winter (Fig. 3a), an increase of towards too low blocking occurrence over the Atlantic.
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Figure 4: As Fig. 1, but for the AGP blocking index. Note that the region depicted only ranges from 45° N to the pole.

A much different picture emerges in summer (Fig. 3c)
where large regions of decreased blocking occurrence
are found in ICON. Most notably, a lack of blocking is
observed just south of the EA blocking maxima and over
Eurasia. Finally, during autumn (Fig. 3d), an increase
in blocking in the region of the Pacific jet is observed;
while the entire mid-latitude EA and Russian region‘are
underestimated.

3.2 AGP blocking climatology

The annual blocking frequency distribution as identi-
fied by the AGP index is shown, in'Fig. 4a. Inherent to
the different approach to idéntifyablocking, partly dif-
fering blocking patterns and frequencies result. The of-
ten reported maxima of blocking activity over Northern
Europe, Greenland and “at,the very northern tip of the
Pacific ocean (e.g. ANSTEY etal., 2013; MAsATO etal.,
2013; ScHIEMANNet al., 2017) are reproduced in ICON.
Unlike with the APV* index, no peak of blocking ac-
tivity is identified at the end of the Pacific storm track.
Compared with ERA-Interim, annual AGP blocking oc-
currence is well represented in ICON (Fig. 4b).

The spatial pattern of AGP blocking activity remains
similar during all seasons except during summer, when
a shift of European blocking to the north, a marked
decrease over the British Isles and Norway, and a second
peak of high latitude blocking over the Pacific is found
(black contours in Fig. 5). Considering the deviation
from reanalysis (shading), good agreement of the spatial
blocking pattern is found.

Contrasting our previous findings using the APV* in-
dex, regions of AGP blocking deviations are mainly col-
located with regions of maximum blocking occurrence

instead of being confined to their southern flank. During
winter«(Fig. 5a), a significant decrease (by about 3 %)
in“blocking activity is found across northern Europe.
This deficit has been observed in many different mod-
els (e.g. ScAIrE etal., 2010; ANSTEY etal., 2013; SCcHIE-
MANN etal., 2017; DavINI etal., 2017) and is com-
monly attributed to the coarse resolution of the under-
lying simulation. It is likely that the relatively low res-
olution (80 km) of the model simulations contributes to
this blocking bias. However, investigating the sensitiv-
ity to resolution is not within the scope of the present
study. In spring (Fig. 5b), both the Pacific and Green-
land blocking maxima are overestimated (by about 3 %),
while blocking frequencies across northern Europe are
in good agreement with reanalysis. A slight underesti-
mation is found in all three regions of maximum block-
ing activity during summer (Fig. 5c). Finally, good sim-
ulation of blocking is observed in autumnn (Fig. 5d),
except for a slight tendency to overestimate blocking
across northern Europe.

When compared with results from previous studies
that adopt a flow reversal index to assess blocking in
GCMs, we find that ICON performs similar to models
at intermediate (~ 80km) resolution. Blocking activity
in the Euro-Atlantic region during winter is underesti-
mated by about 50 % in ICON, which is comparable to
the blocking bias observed across Coupled Model In-
tercomparison Project (CMIP5) models (MasATO et al.,
2013). In contrast, blocking in summer is generally bet-
ter simulated in ICON than by most CMIPS5 simulations.
The representation of blocking during spring is com-
parable with the high resolution (T1279) simulation of
the IFS (Integrated Forecast System) as described by
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Figure 5: Seasonal AGP blocking frequency deviation from ERA-Interim for winter (a), spring (b), summer (c), and autumn (d). Significant
deviations are highlighted by a grey outline and drawn in dark colors while non-significant deviations are shown in light colors. Absolute
blocking frequencies (black contour with interval of 1 %) and the position of the jet stream in ERA-Interim are overlayed (blue contour,
23 ms! isotach on 300 hPa). Note that the region depicted only ranges from 45° N to the pole.

ScHIEMANN etal. (2017). Finally, similar blocking fre-
quencies as those simulated by the MRI (Meteorological
Research Institute) model at roughly 63 km resolution
(TL319) are found in autumn (SCHIEMANN etal., 2017).

While the underestimation of blocking in the Euro-
Atlantic region is an interesting feature described by the
AGP blocking index, we argue that the identified block-
ing activity in the Pacific sector requires careful interpre-
tation. Blocking in the eastern Pacific usually adopts an
omega-shape as opposed to the classical dipole-shape,

which is more frequent in the Euro-Atlantic region (e.g.
ALTENHOFF etal., 2008). Omega-blocks are character-
ized by an open ridge structure and are usually not asso-
ciated with wave breaking (SUMNER, 1954). Therefore,
no significant reversal of the geopotential height gradi-
ent occurs, rendering omega blocks difficult to detect by
the AGP index (BARRIOPEDRO et al., 2010). For this rea-
son, no counterpart of the European mid-latitude block-
ing maxima is found in the Pacific region (Fig. 5). How-
ever, because blocking is inherently linked to transient
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eddies as well as wave breaking, increased blocking oc-
currence at the end of both storm tracks, as observed
with the APV* index (Fig. 3), is expected.

In summary, while both indices show reasonable rep-
resentation of blocking in ICON, a direct comparison
between the observed blocking frequency deviations is
not possible. Because the APV* index is able to iden-
tify both dipole- and omega-shaped blocks and since
more pronounced deviations from ERA-Interim occur,
we focus further investigations on potential causes for
seasonal APV* blocking deviations. Namely, we inves-
tigate (i) the overestimation of blocking in the PAC re-
gion during winter, (ii) the increased frequencies in the
region of the Pacific and Atlantic storm track in spring,
and (iii) the decreased blocking frequencies in the EA
domain during summer and autumn. Note that, if not
otherwise stated, blocking is described as identified by
the APV* index in the following.

3.3 Blocking characteristics

Potential causes for the identified blocking deviations
are explored by comparing blocking characteristics in
ICON with those from ERA-Interim (Fig. 6). To this
end, for each individual blocking event, information re-
garding its center of mass, duration, size, intensity as
well as climatological VAPV in the blocked region is
computed. Blocking duration describes the lifetime (in
days) from the first to the last time of identification by
the blocking diagnostic. Blocking size (in km?) is'de-
fined as the spatial extent of the region exceeding the
anomaly criterion. Blocking intensity (in PVU) and«cli-
matological VAPV (in PVU) are definedsas thewarea-
weighted negative VAPV anomaly and VAPV, climatol-
ogy, respectively, in the blocked region: The latter three
characteristics (blocking size, intensity,»and climatolog-
ical VAPV) are temporal averages 'over the entire life cy-
cle of the respective block. Each blocking event is affili-
ated to a specific region by.requiring its center of mass to
fall into one of the sectors considered for at least 50 %
of the blocks lifetime. Moreover, each blocking event
is assigned to the season of onset. When comparing re-
sults from ICON (red dots) with reanalysis (box plots) in
the following, we relate to the average blocking charac-
teristic derived from the ICON ensemble mean and the
distribution obtained from a 1000 trial Monte Carlo re-
sampling of ERA-Interim metrics.

A distinct seasonal cycle is observed regarding the
area occupied by blocks (Fig. 6a). On average, their
size range from 1.6x10° km? in summer to 2.4x10% km?
during winter, the latter roughly corresponding to the
size of Greenland. This variance in size is consistent
with the fact that the tropopause is at a higher alti-
tude in summer. Thus, at a fixed latitude, climatological
VAPV values are generally reduced in summer, which
leads to a decrease in the area exceeding the negative
PV anomaly required by the blocking diagnostic (con-
sidering a feature of identical instantaneous VAPV as
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in winter). Events occurring in the EA (Fig. 6b) and
PAC (Fig. 6¢) domain describe a similar seasonal cy-
cle, however winter blocks are on average 0.33x10° km?
larger than the northern hemispheric mean. Similar vari-
ations are found by SMALL etal. (2013), albeit they re-
ported roughly twice the size in all regions. This can
be attributed to their choice of a higher cutoff value re-
quired for the blocking identification (—1.0 instead of
—1.3PVU as used in this study). The seasonal cycle is
qualitatively well captured in ICON. However, block-
ing tends to be too small, particularly in summer when
blocks are on average 0.26x10% km? smaller.
Information about blocking duration is presented in
the second row of Fig. 6. On average, blocking lasts for
10 to 11 days. No consistent seasonal cycle is observed
regarding the entire NH and the PAC region. However,
a marked decrease in the duratiomof EA blocks is found
during spring. This decrease is not evident in ICON, i.e.
the seasonal variability oftblocKing duration is not sim-
ulated well by the model in the EA region. Furthermore,
ICON consistently ginderestimates blocking duration in
summer. In general, ICON tends to produce blocking
events of insufficient persistence, except during autumn
in the PAC domain<and during spring in the EA region.
The third row of Fig. 6 shows the average number
of blocking events in each sector and season. Regard-
ing.the NH and the EA sector, the fewest events are ob-
served«during winter. While this appears to be in con-
tradietion with the seasonal blocking frequency distri-
bution previously shown (higher frequencies in winter
than during summer, Fig. 3), winter blocks are on aver-
age 1x10° km? larger thus compensating for the lack of
events. The number of events occurring in the PAC sec-
tor are less dependent on the season considered. Over-
all, ICON tends to overestimate the number of blocking
events throughout all seasons and regions. This is espe-
cially noticeable during winter where on average 3 more
events occur in ICON across the entire NH and about
1 more block is observed in the EA and PAC region.
Further, we investigate the climatological VAPV in
the blocked region (Figs. 6j—1). This metric relates to the
background VAPV used for the anomaly computation
and indicates PV mean state biases near the tropopause.
A weak seasonal cycle is evident in ERA-Interim, with
higher values during spring and summer than in au-
tumn and winter. This is surprising, as the tropopause
is generally located higher in summer than in winter,
which should reduce VAPV at a fixed latitude (VAPV
is calculated between 500 and 150hPa all year). On
the other hand, since blocking is expected to roughly
follow the north — south oscillation of the jet stream,
this metric indicates that summertime blocks are gen-
erally located much further to the north (where the
tropopause becomes lower) than their wintertime coun-
terparts. Qualitatively, the seasonal cycle is well repre-
sented in ICON, however all regions and seasons show
a systematic bias towards lower VAPV values, indicat-
ing that the tropopause is at a higher altitude (except
for the EA sector during winter). We argue that this ro-
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Figure 6: APV* blocking characteristics in ERA-Interim (boxes) and ICON (red dots) for the Northern Hemisphere (a,d,g.j), the EA
(b,e,h,k), and PAC region (c.f,i,l). Shown are blocking size (a—c), duration (d—f), number of blocking events (g—i), and climatological
VAPV in the blocked region (j-1). The boxplots depict the 2.5 to 97.5 percentile (whiskers) and interquartile range (box) together with the
overall mean (horizontal line) derived from Monte Carlo re-sampling of ERA-Interim characteristics. Points outside the whiskers describe
statistically significant deviations of the respective metric from ERA-Interim.
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Figure 7: As Fig. 6, but for intensity (a—c), latitude (d—f), and zonal velocity (g—i).

bust decrease in, VAPViis closely linked to the system-
atic underestimation _of blocking size (Figs. 6a—c), since
a smaller area will exceed the threshold required for
the anomaly based blocking index, when considering a
block of identical intensity. The origin of this mismatch
will be investigated in Section 4.2.

Regarding blocking intensity (Figs. 7a—c), no marked
seasonal cycle is apparent in ERA-Interim, how-
ever blocking events are significantly weaker (i.e. the
anomaly is less negative) during summer compared to
the other seasons. ICON correctly captures the seasonal
variation in intensity except during summer when block-
ing strength is underestimated. This is consistent with
the fact that both background VAPV (Figs. 6j-1) and
blocking size (Figs. 6a—c) are underestimated in ICON.
To elucidate our finding that blocking events generally
occur in a higher VAPV background in summer than

during winter, we also consider the latitudinal position
of blocks (Figs. 7d-f). A distinct seasonal cycle is ob-
served in reanalysis, with summertime events being lo-
cated more northerly indeed (on average at 64° N) than
winter blocks (on average at 57°N). Thus, blocking
events roughly follow the jet stream and are located in an
environment of decreased tropopause height and thereby
increased VAPV in summer. While blocks occur more
northerly in ICON during summer, no deviation from
reanalysis is found during the other seasons. Therefore,
their position can not account for the marked decrease
in background VAPV (Figs. 6j-1). Finally, a distinct sea-
sonal cycle is found regarding the zonal displacement
speed, with higher velocities during winter than summer
(Figs. 7g—i). ICON agrees well with ERA-Interim ex-
cept during summer when a robust decrease in speed is
found, attributable to the decrease in blocking duration.
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A remark on the definition of blocking as quasi-
stationary features is made here. The zonal velocity dis-
cussed above is only a rough estimate of the actual zonal
displacement of a block. Spurious shifts in the loca-
tion of the center of mass (i.e. broadly the region where
the PV anomaly is strongest) lead to artificial peaks in
the apparent displacement. When considering the crite-
rion invoked to ensure quasi-stationary in other studies,
which usually consists of a restriction on the maximum
allowed longitudinal displacement per day (BERCKMANS
etal., 2013, ), similar velocities result. Therefore, the cri-
terion of 70 % overlap between two 6-hourly time steps
is sufficient to distinguish stationary blocks from tran-
sient eddies.

Using the information gained from the study of
blocking characteristics in ICON, we summarize that
(i) most blocking characteristics compare well with
ERA-Interim. However, blocking duration appears to be
insensitive to the season and region of blocking occur-
rence (Figs. 6d-f). This hints towards issues regarding
the maintenance of blocking in ICON. (ii) Blocking gen-
erally occurs too often in the model (Fig. 6g), which
might indicate a misrepresentation of the processes lead-
ing to blocking. (iii) The underestimation of size and
duration likely plays a key role for the decreased block-
ing occurrence across the entire NH during summer in
ICON (Fig. 3c). What forces this bias is investigated
in Section 4.1. (iv) Since no distinct deviation from re-
analysis in terms of blocking characteristics are found
in the PAC domain during spring, other causes for the
overestimation of blocking in that region (Fig. 3b) are
explored in Section 4.2. (v) The increase in the number
of blocking events in the PAC region during winter (on
average 0.7 more per season than in ERA-Interim) likely
plays a key role in producing the reported blocking over-
estimation (Fig. 3a).

4 Influence of the mean state

Blocking is identified as awegions0f anomalously low
upper-level VAPV whengompared against the monthly
VAPV climatology (see Section 2.2). A region of in-
creased climatological VAPV is thus more favourable
for blocking to be identified, since higher instantaneous
VAPV values (i.e. weaker blocking events) are suffi-
cient to exceed the required VAPV anomaly threshold
(£ —1.3PVU). This generally results in larger and more
negative VAPV anomalies. Conversely, it is more dif-
ficult to detect blocking occurring in a region of re-
duced climatological VAPV, since lower VAPV values
(i.e. stronger blocking events) are required to exceed
the anomaly threshold. Low climatological VAPV thus
force smaller and weaker VAPV anomalies. Therefore,
biases in the model's mean state can result in an erro-
neous (non-)identification of blocking and a modulation
of blocking characteristics. In this section, we explore
how this process can explain a selected number of ob-
served deviations in blocking occurrence and blocking
characteristics.
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4.1 Mean state biases

Complementing the assessment of blocking in ICON,
the climatological deviation of PV, TH, and the zonal
wind from ERA-Interim as well as the deviation of Qv
from MLS measurements are examined using seasonal,
zonally averaged cross-sections for the PAC region dur-
ing winter (Figs. 8a—c) and spring (Figs. 8d-f) and for
the EA sector during summer (Figs. 8g—i). We only show
these regions and seasons because no additional insight
could be gained from the other combinations.

Beginning with winter, we find that the tropospheric
distribution of PV in the PAC domain (Fig. 8a) is al-
most identical to ERA-Interim. In the lower strato-
sphere, a PV dipole with decreased values of PV
(by about 0.3PVU) in the vicinity of the tropopause
is observed, explaining the slight “increase in the
tropopause height (green vs. black line). Note that the
PV dipole covers the upperpatt of ithe column for which
VAPYV and consequently VAPV anomalies are computed
(500-150 hPa), which' potentially influences blocking
identification. In terms of TH, a negative bias of -4 K is
observed at a height of 200 hPa (Fig. 8b). Following the
definition of PV'(e.g¢ HoskINs etal., 1985), differences
therein must be propertional to the vertical gradient of
the diffefencein TH. Therefore, we expect a negative PV
anomaly below the negative TH anomaly and a positive
PVianomaly aloft, as seen when comparing Fig. 8a with
Fig. 8b<The PV dipole in ICON is thus directly linked
to alower stratospheric cold bias. Moreover, an upward
and poleward shift of the subtropical jet stream is found
producing an anticyclonic wind anomaly (Fig. 8c). This
explains the large negative PV bias encompassing the
entire stratosphere between 30° and 40° N. A compar-
ison of specific humidity in ICON with water vapour
measurements from the MLS satellite revealed no dis-
tinct deviations (Fig. 9a).

The aforementioned PV dipole is strengthened dur-
ing spring (Fig. 8d), thereby considerably elevating the
tropopause between 45° and 75° N. In contrast, a region
of increased PV encompasses the entire tropopause be-
tween 35° and 42° N. This increase in PV locally low-
ers the dynamical tropopause (at 35°N) and induces a
cyclonic wind field, resulting in a southward shift of
the subtropical jet (Fig. 8f). A negative TH anomaly
of —6 K is observed at 200 hPa (Fig. 8e), explaining the
PV dipole. Regarding the distribution of specific hu-
midity, a region of increased moisture on the order of
1.6 times the regular values is found at around 200 hPa
(Fig. 9b).

Finally, focusing on the mean state in the Euro-
Atlantic region during summer, a pronounced PV dipole
is observed across the lower stratosphere and upper tro-
posphere (Fig. 8g). The strong decrease in PV at the
tropopause results in a marked raise thereof. A remark-
able negative temperature bias exceeding —8 K is again
observed at a height of 200hPa (Fig. 8h) and is re-
sponsible for the biases in the PV mean state. A slight
weakening of the subtropical jet is found (Fig. 8i), po-
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a—f) depict the Pacific region while (g—i) show the Atlantic sector. The dynamical tropopause (2PVU isoline) in
terim (black line) are overlaid. Seasonal means of TH (contour interval of 10K) in (a,d,g) and zonal wind

(isotachs at 5ms! intervals) in (c,f,i) are derived from ERA-Interim. Note the non linear color scales.

tentially owing to the decreased baroclinicity at low
levels which is linked, via thermal wind balance, to
jet strength (indicated by the positive low-level TH
anomaly at the pole and the negative anomaly towards
the equator). A strong overestimation of lower strato-
spheric specific moisture (reaching almost 3 times the
observed values at 200 hPa) is observed when compar-
ing ICON with a climatology of MLS satellite measure-
ments (Fig. 9¢). Owing to the increased water vapour
concentration above the tropopause, a region of intense
radiative cooling exists in the lower stratosphere where

specific humidity eventually decreases with height, pro-
ducing the observed cold bias and thereby lifting the dy-
namical tropopause. STENKE etal. (2008) found a sim-
ilar behaviour in ECHAM4 simulations and attributed
the increase in moisture to numerical diffusion of water
vapour across the tropopause.

From these observations, we can draw a few con-
clusions regarding the influence of the mean state on
blocking identification and characteristics in ICON.
The ubiquitous decrease in PV in the vicinity of the
tropopause north of 50° N reduces the area that exceeds
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Figure 9: Cross-sections of zonally averaged specific humidity deviations from MLS measurements in the Pacific'région for winter (a) and
spring (b) and in the Euro-Atlantic sector for summer (c). The dynamical tropopause (2 PVU isoline) in ICON (green) and ERA-Interim
(black line) are overlaid. Note that the satellite measurements are unreliable below 300 hPa (WATERs £t al., 2006) and have therefore been

omitted.

the threshold required for the anomaly based blocking
identification which explains the decrease in blocking
size (Figs. 6a—c). The PV bias further explains the sig-
nificant decrease in background climatological VAPV
during all seasons and sectors (Figs. 6j—1). The decrease
in PV at tropopause level is linked to a cold bias in
the lower stratosphere, likely resulting from the over-
estimation of lower stratospheric moisture. However, the
good representation of the mean state during winter ‘in
the PAC sector is in stark contrast to the strong'block-
ing overestimation reported in Fig. 3a. Therefore, dy-
namical processes must be responsible forgthis ebserved
increase in blocking activity, rather thah an erroneous
identification due to mean state biaseS:The increase in
PV at roughly 35°N in the Pacific sector during spring
enhances the potential for blogking to'be identified in
this domain (as found in Fig. 3b). Finally, the very strong
decrease in PV at tropopatiserheight during summer in
the EA region leads'to a marked decrease in blocking
size and duration, as reported’in Fig. 6b,e as well as in-
tensity (Fig. 7b).

4.2 Sensitivity of blocking identification to the
mean state

In order to support our previous findings and to further
explore the impact of the mean state on blocking identi-
fication, we introduce a measure to distinguish between
regions that are influenced by a biased mean state from
regions that are more influenced by an actual, dynam-
ically motivated modulation of blocking activity. This
is achieved by correcting the PV mean state bias in the
model before applying the blocking index, similar to the
approach chosen by ScAIFE etal. (2010) to disentangle
the effect of enhanced zonality on blocking identifica-
tion in the reversal based blocking framework. To this

end, we re-computed' VAPV anomalies in ICON using
monthly“VAPV climatologies based on ERA-Interim.
The resulfing,blocking distribution (BF2 in the follow-
ing) is therefore unbiased in terms of the mean state.
Bysubtracting BF2 from the regular blocking frequen-
cies (BEI, which contain deviations due to both the dy-
namics and the mean state) we obtain a measure for the
influence of the mean state on blocking identification.
Note that explaining the physical drivers leading to an
increase or decrease of blocking in ICON is not within
the scope of the present study.

Fig. 10 shows the results of this investigation for
three seasons. The first column displays regular blocking
frequency deviations from ERA-Interim as discussed
before (BF1, cf. Fig. 3). The second column shows the
deviation of the VAPV climatology from reanalysis and
the third column contains the measure for the influence
of the mean state on blocking (i.e. BF1 —BF2). For win-
ter, we find that in the region of significantly increased
blocking frequencies over the Pacific ocean (marked re-
gion in Fig. 10a), no deviation of the climatological
VAPV distribution is found (corroborating Fig. 8a). By
construction, no signal results in Fig. 10c. This empha-
sizes the importance of dynamical processes in produc-
ing the overestimation of blocking in this region.

A different picture emerges during spring. An area
of increased blocking frequencies is found over the mid-
latitude Pacific region (Fig. 10d). The same region is
characterized by a significant increase in climatologi-
cal VAPV (Fig. 10e) leading to an increase in blocking
frequency due to the mean state bias (Fig. 10f). As the
strength of this signal is comparable to the total block-
ing frequency error (marked region in Fig. 10d), we ar-
gue that this feature describes an erroneous increase in
identified blocks instead of an actual overestimation of
blocking in ICON. Focusing on the mid-latitude EA do-
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Figure 10: APV* blocking frequency deviations from ERA-Interim (a,d,g), deviations of the VAPV climatology (b,e,h), and the influence
of the mean state on,blocking (c,f,i) for winter (a—c), spring (d—f), and summer (g—i). Significant regions are highlighted by a grey outline
and drawn in dark colors while non-significant deviations are shown in light colors. Black contours indicate absolute blocking frequencies

in ERA-Interim and regions of interest are marked by purple boxes.

main, blocking is also overestimated (Fig. 10d). How-
ever, no clear signal in the mean state bias (Fig. 10e,f)
is observed, indicating the relevance of dynamical pro-
cesses in forcing the increase in blocking occurrence in
the EA sector during spring. On the other hand, three
regions of significantly decreased VAPV and conse-
quently mean state influence are found where blocking
occurrence appears to agree well with ERA-Interim. It
is likely that ICON effectively overestimates blocking
in these regions, leading to a decrease in climatologi-
cal VAPV (as blocks are associated with low-PV) and

thereby decreasing the size and intensity of identified
blocks.

When repeating the same analysis for summer, vast
regions of the NH are characterized by decreased VAPV
(Fig. 10h). Consequently, the mean state exerts a strong
influence on blocking identification (Fig. 10i). The
mean state bias strongly modulates blocking character-
istics across all regions during summer (Section 4.1)
and drives the underestimation of blocking in the mid-
latitudes, especially in the EA sector. However, since the
mean state signal (Fig. 10i) is much stronger than the ap-
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parent underestimation of blocking (Fig. 10g), it is diffi-
cult to disentangle the exact influence that the mean state
and the model's dynamics exert on blocking occurrence.

In summarizing, we find that mean state biases in
ICON have the potential to significantly affect the iden-
tification and characteristics of blocking in the anomaly
framework. This is especially evident during summer
and over the Pacific in spring, where a large fraction
of the observed error can be attributed to the biased
mean state. Generally, the reduced upper tropospheric
PV mean state decreases blocking size and intensity to-
wards the pole. This reduction is partly forced by a lower
stratospheric cold bias but could also be associated with
an increase in actual blocking activity in ICON, which
could effectively be masking its own signal.

S Summary and conclusions

This study assessed the representation of atmospheric
blocking in the new global non-hydrostatic NWP model
ICON. An eight member ensemble, each containing
15 years of AMIP-type simulations, was compared
against ERA-Interim. Blocking was identified using
both an anomaly based (APV*) and a flow reversal
blocking index (AGP). The first index is based on the
identification of anomalously low-PV below the dy-
namical tropopause (SCHWIERZ etal., 2004), while the
second approach identifies blocking by the reversal of
the latitudinal geopotential height gradient (SCHERRER
etal., 2006). The latter method revealed the often ob-
served negative blocking bias in the Euro-Atlanticyre-
gion during winter (ANSTEY etal., 2013; SCHIEMANN
etal., 2017; Davint etal., 2017), likely driven bysthe
comparatively low horizontal resolution of the simula-
tion (approximately 80 km). Owing to_the difficulty of
the flow reversal method to identifyfomega-type block-
ing, which is often observed in the eastern Pacific (AL-
TENHOFF et al., 2008), no maxima at the end of the Pa-
cific storm track was detected. Due to this limitation,
further results pertain to,blocking as identified by the
APV* index.

The annual €requency and spatial distribution of
APV* blocking is‘adequately simulated in ICON, with
three distinct centers of action towards the end of the
Pacific and Atlantic storm track, as well as over north-
ern Russia. Deviations from ERA-Interim are confined
to the mid-latitudes, most notably in the Pacific region.
Considering the seasonal cycle, deviations on the order
of 5% emerge. Nevertheless, the seasonal variation in
intensity and the shift in location of the main blocking
regions remain well represented. Four distinct areas of
deviation from reanalysis are further examined: A large
region of enhanced blocking activity (> 5 %) in the Pa-
cific domain during winter, a smaller area of increased
blocking occurrence (3 %) in the region of the Pacific
and Atlantic storm track during spring, and a band of
underestimated frequencies (5 %) in the mid-latitudes
across the Eurasian continent during summer.
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A first indication of the underlying reasons for the
described blocking deviations is given by assessing
blocking characteristics. The most striking differences
are found during summer, when blocking in ICON is
characterized by decreased duration, size, and intensity,
linked to a large-scale underestimation of blocking. In
contrast, hardly any deviations from reanalysis are found
in the Pacific region during spring. Finally, a robust in-
crease in the number of blocking events is observed dur-
ing winter. In short, deviations in blocking characteris-
tics can only partly explain the observed differences in
blocking frequencies.

Good representation of the tropospheric mean state
is found during winter in the Pacific sector. A negative
temperature bias is observed at about 200 hPa, forcing a
decrease in PV below and an increase above. This cold
bias and consequently the PV dipele i$)enhanced dur-
ing spring, thereby lifting the tropopause north of 50° N.
Conversely, a positive PVganomaly is positioned be-
tween 30° and 40°N, which lowers the tropopause
height, and potentially facilifates the identification of
blocking in the mid-latitude Pacific region in spring. Fi-
nally, the meansState in ‘the Euro-Atlantic region dur-
ing summer exhibits,an even larger negative temperature
bias in thelower stratosphere (exceeding —8 K) which
leads to/a marked decrease in PV at the tropopause.

A.measure for the impact of mean state biases on
APV *blocking identification was introduced by cal-
culating VAPV anomalies with respect to the monthly
VAPV climatology of ERA-Interim instead of ICON.
This investigation reveals that the mean state has no in-
fluence on blocking in the Pacific region during winter,
highlighting the importance of dynamical processes in
producing the observed blocking overestimation. Con-
versely, a strong signal was found in the Pacific sector
during spring. In line with the increased values of PV
in the vicinity of the tropopause, the increased blocking
occurrence in this region and season is likely an artefact
of the biased mean state and not dynamically forced.
On the other hand, mean state biases can not explain
the increased frequencies in the Atlantic basin during
spring. Further, three areas of reduced VAPV in regions
with good blocking representation are found in spring.
This implies that an increase in dynamical blocking is
potentially masked by a decrease in identified blocking
size and intensity due to the biased mean state. Finally,
the marked decrease in blocking activity across the en-
tire NH during summer can partly be attributed to the
heavily biased mean state, i.e. the reduction of PV in the
upper troposphere forced by the cold bias in the strato-
sphere, which reduces identified blocking size and in-
tensity. The observed temperature bias is likely the re-
sult of increased lower stratospheric specific humidity
due to numerical diffusion of water vapour across the
tropopause (as described for the ECHAM4 GCM by
STENKE et al., 2008).

Considering the robustness of our results with respect
to the choice of an anomaly based blocking index, it is
apparent that mean state biases exhibit a strong influ-
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ence on the identification and characteristics of block-
ing. A large-scale decrease in climatological upper tro-
pospheric PV (e.g. because more blocking is present in
the model) can result in an apparent reduction of the de-
tected blocking size, as smaller areas exceed the thresh-
old required for blocking to be identified. Further, de-
creased upper-level PV forces a weakening of blocking
events together with a decrease in the detected duration.
Thus, when comparing results from various models, it
is important to consider any potential mean state dif-
ferences in order to successfully attribute deviations in
blocking frequencies to an actual difference in blocking
activity rather than to mere mean state biases.

Finally, regarding the marked differences in block-
ing deviations when comparing the APV* with the AGP
index, we conclude that the verification of atmospheric
blocking in NWP models is highly sensitive to the block-
ing identification used, i.e. on the type of blocking the
diagnostic is focusing on.

Acknowledgments

We thank the two anonymous reviewers for their con-
structive comments on the manuscript and the DWD
for providing the ICON model simulations. We ac-
knowledge MeteoSwiss and ECMWF for access to the
ERA-Interim reanalysis data. The authors further thank
HeiNnt WERNLI (ETH Zurich) for his valuable input
on the dynamics governing blocking, STEPHAN PFAHL
(FU Berlin) for his assistance with the statistical ap*
proach, DANIEL STEINFELD (ETH Zurich) for the many
fruitful discussions on the diabatic influence ofi"block-
ing, RicHARD FOrBES (ECMWF) for his help withf ob-
taining the MLS satellite measurements, and MARK
RopweLL (ECMWEF) for the inspiring discussion of the
findings. The data analysis and visualization was done
using R (R Core Team 2013) and the NCAR Com-
mand Language (UCAR/NCAR/CISL/VETS 2014). RA
acknowledges funding by the Swiss National Science
Foundation (SNSF) unden, Project 165941. The con-
tribution of JR isssupported by ETH Zurich Founda-
tion in collaborationywithhCoop (ETH Research Grant
1014-1). The ‘contribution of CMG was supported by
the SNSF under - grant PZ0OP2 141777/1 and finished
under a Helmholtz Young Investigator group grant
(VH-NG-1243).

References

ALTENHOFF, A.M., O. MAaRrTIUS, M. CROCI-MASPOLI,
C. Scawierz, H.C. Davies, 2008: Linkage of atmospheric
blocks and synoptic-scale Rossby waves: a climatologi-
cal analysis. — Tellus A 60, 1053-1063, DOIL: 10.1111/
j-1600-0870.2008.00354.x.

ANSTEY, J.A., P. Davini, L.J. Gray, T.J. WOOLLINGS,
N. BUTCHART, C. CAGNAZZO, B. CHRISTIANSEN, S.C. HARDI-
MAN, S.M. OSPREY, S. YANG, 2013: Multi-model analysis of
Northern Hemisphere winter blocking: Model biases and the
role of resolution. — J. Geophys. Res. 118, 3956-3971, DOI:
10.1002/jgrd.50231.

Meteorol. Z. (Contrib. Atm. Sci.)
PrePub Article, 2014

BARRIOPEDRO, D., R. GARCIA-HERRERA, R.M. TRIGO, 2010: Ap-
plication of blocking diagnosis methods to General Circula-
tion Models. Part I: a novel detection scheme. — Clim. Dyn.
35, 1373-1391, DOI: 10.1007/s00382-010-0767-5.

BERCKMANS, J., T. WooLLINGS, M.E. DEMORY, P.L.. VIDALE,
M. ROBERTS, 2013: Atmospheric blocking in a high resolution
climate model: influences of mean state, orography and eddy
forcing. — Atmos. Sci. Lett. 14, 34-40, DOI: 10.1002/as12.412.

BieLi, M., S. PFaHL, H. WERNLI, 2015: A Lagrangian investiga-
tion of hot and cold temperature extremes in Europe. — Quart.
J. Roy. Meteor. Soc. 141, 98-108, DOI: 10.1002/qj.2339.

Brack, E., M. BLACKBURN, G. HARRrISON, B. HOSKINS,
J. METHVEN, 2004: Factors contributing to the summer 2003
European heatwave. — Weather 59, 217-223, DOI: 10.1256/
wea.74.04.

BUEHLER, T., C.C. RAIBLE, T.F. STOCKER, 2011: The relation-
ship of winter season North Atlanti¢ blocking frequencies to
extreme cold or dry spells in the ERA-40. — Tellus A 63, DOI:
10.3402/tellusa.v63i2.15797.

Croci-MaspoLl, M., H.C. Davigs; 2009: Key dynamical features
of the 2005/06 European winter. — Mon. Weather Rev. 137,
664—-678, DOI: 10.1175/2008MWR2533.1.

Croci-MaspoLl, M., C. ScawieRz, H.C. Davigs, 2007: A mul-
tifaceted climatology of “atmospheric blocking and its re-
cent linear trend..— J.'Climate 20, 633-649, DOI: 10.1175/
JCLI4029.1.

D’ANDREA, F.;S. /TiBALDI, M. BLACKBURN, G. BOER,
M. DEQUE, M.R. DI1x, B. DuGAs, L. FERRANTI, T. IWASAKI,
A. KizoH; V. PoPE,; D. RANDALL, E. ROECKNER, D. STRAUSS,
W. STERN, H.V.D. DooLr, D. WILLIAMSON, 1998: Northern
Hemisphere atmospheric blocking as simulated by 15 atmo-
spheric general circulation models in the period 1979-1988. —
Climate Dyn. 14, 385-407, DOI: 10.1007/s003820050230.

Davini, P, F. D’ANDREA, 2016: Northern Hemisphere atmo-
spheric blocking representation in global climate models:
Twenty years of improvements? — J. Clim. 29, 8823-8840,
DOI: 10.1175/JCLI-D-16-0242.1.

Daving, P, C. CaAGNAZZO, S. GuALDI, A. NAVARRA, 2012:
Bidimensional diagnostics, variability, and trends of North-
ern Hemisphere blocking. — J. Climate 25, 6496-6509, DOI:
10.1175/JCLI-D-12-00032.1.

DavVINL P., S. CorTl, F. D’ ANDREA, G. RIVIERE, VON J. HARDEN-
BERG, 2017: Improved winter European atmospheric blocking
frequencies in high-resolution global climate simulations. —
J. Adv. Model Earth Syst. 9, 2615-2634, DOI: 10.1002/
2017MS001082.

Davis, S.M., M.I. HEGGLIN, M. FuisyiwarRAa, R. DRAGANI,
Y. Harapa, C. KoBavasHi, C. LoNG, G.L. MANNEY,
E.R. NasH, G.L. POTTER, S. TEGTMEIER, T. WANG, K. WAR-
GAN, J.S. WRIGHT, 2017: Assessment of upper tropospheric
and stratospheric water vapor and ozone in reanalyses as part
of S-RIP. — Atmos. Chem. Phys. 17, 12743-12778, DOI:
10.5194/acp-17-12743-2017.

DawsoN, A., T.N. PALMER, 2014: Simulating weather regimes:
impact of model resolution and stochastic parameteri-
zation. — Climate Dyn. 44, 2177-2193, DOI: 10.1007/
s00382-014-2238-x.

DEE, D.P.,, S.M. UrPALA, A.J. SIMMONS, P. BERRISFORD, P. PoLI,
S. KoBavasHi, U. ANDRAE, M.A. BALMASEDA, G. BAL-
sAMO, P. BAUER, P. BEcHTOLD, A.C.M. BELJAARS, VAN DE
L. BErG, J. BibLoT, N. BormANN, C. DELsSOL, R. Dra-
GANI, M. FUENTES, A.J. GEER, L. HAIMBERGER, S.B. HEALY,
H. HErSBACH, E.V. HOLM, L. ISAKSEN, P. KALLBERG, M. KOH-
LER, M. MATRICARDI, A.P. McNALLY, B.M. MONGE-SANZ,
J.J. MoRrcreTTE, B.K. PAarRk, C. PEUBEY, P. DE RoOSNAY,
C. TavoLAaTO, J.N. THEPAUT, F. VITART, 2011: The ERA-
Interim reanalysis: configuration and performance of the data

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999


http://dx.doi.org/10.1111/j.1600-0870.2008.00354.x
http://dx.doi.org/10.1002/jgrd.50231
http://dx.doi.org/10.1007/s00382-010-0767-5
http://dx.doi.org/10.1002/asl2.412
http://dx.doi.org/10.1002/qj.2339
http://dx.doi.org/10.1256/wea.74.04
http://dx.doi.org/10.3402/tellusa.v63i2.15797
http://dx.doi.org/10.1175/2008MWR2533.1
http://dx.doi.org/10.1175/JCLI4029.1
http://dx.doi.org/10.1007/s003820050230
http://dx.doi.org/10.1175/JCLI-D-16-0242.1
http://dx.doi.org/10.1175/JCLI-D-12-00032.1
http://dx.doi.org/10.1002/2017MS001082
http://dx.doi.org/10.5194/acp-17-12743-2017
http://dx.doi.org/10.1007/s00382-014-2238-x

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

Meteorol. Z. (Contrib. Atm. Sci.)
PrePub Article, 2014

assimilation system. — Quart. J. Roy. Meteor. Soc. 137,
553-597, DOLI: 10.1002/qj.828.

DoBLAS-REYES, F.J., M. DEQUE, F. VALERO, D.B. STEPHENSON,
1998: North Atlantic wintertime intraseasonal variability and
its sensitivity to GCM horizontal resolution. — Tellus A 50,
573-595, DOI: 10.1034/j.1600-0870.1998.t01-4-00002.x.

DoLE, R.M., N.D. GorpoN, 1983: Persistent anomalies of the
extratropical Northern Hemisphere wintertime circulation:
Geographical distribution and regional persistence character-
istics. — Mon. Wea. Rev. 111, 1567-1586, DOI: 10.1175/
1520-0493(1983)111<1567:PAOTEN>2.0.CO:;2.

Erviort, R.D.,, T.B. SmitH, 1949: A study of the
effects of large blocking highs on the general
circulation in  the  Northern—-Hemisphere  wester-
lies. - J. Meteorol. 6, 68-85, DOIL 10.1175/

1520-0469(1949)006<0068: ASOTEO>2.0.CO;2.

ErTEL, H., 1942: Ein neuer hydrodynamischer Wirbelsatz. —
Meteorol. Z. 59, 277-281.

Funiwara, M., J.S. WRIGHT, G.L. MANNEY, L.J. Gray,
J. ANSTEY, T. BIRNER, S. DAvis, E.P. GERBER, V.L. HARVEY,
M.I. HeGGLIN, C.R. HOMEYER, J.A. KNoX, K. KRUGER,
A. LAMBERT, C.S. LoNG, P. MARTINEAU, A. MoLOD,
B.M. MONGE-SANZ, M.L. SANTEE, S. TEGTMEIER,
S. CHABRILLAT, D.G.H. TaN, D.R. JACKSON, S. POLAVARAPU,
G.P. Compro, R. DrAGANI, W. EBISUZAKI, Y. HARADA,
C. KoBavasHi, W. McCarty, K. ONOGI, S. PAWwWSON,
A. SimMoNs, K. WARGAN, J.S. WHITAKER, C.Z. Zou, 2017:
Introduction to the SPARC Reanalysis Intercomparison
Project (S-RIP) and overview of the reanalysis systems. —
Atmos. Chem. Phys. 17, 1417-1452, DOIL 10.5194/
acp-17-1417-2017.

GATES, W.L., 1992: AMIP: The atmospheric model intercompar-
ison project. — Bull. Amer. Meteor. Soc. 73, 1962-1970, DOI:
10.1175/1520-0477(1992)073<1962: ATAMIP>2.0.CO;2.

Grams, C.M., H. BINDER, S. PFaAHL, N. PIAGET, H. WERNLI,
2014: Atmospheric processes triggering the central European
floods in June 2013. — Nat. Hazards Earth Syst. Sci. 14,
1691-1702, DOI: 10.5194/nhess-14-1691-2014.

Hoskins, B.J., M. MCINTYRE, A.W. ROBERTSON, 4985: On the
use and significance of isentropic potential yorticityymaps. —
Quart. J. Roy. Meteor. Soc. 111, 877-946, DOI: 10.1002/
qj-49711147002.

LENGGENHAGER, S., M. CROCI-MASPOLI, S. BRONNIMANN,
O. MARrTIUS, 2018: On the dynami€al’coupling between atmo-
spheric blocks and heavy precipitation €vents: A discussion of
the southern Alpine flood infOctober’2000. — Quart. J. Roy.
Meteor. Soc. 145, 530-545. DOI:10.1002/qj.3449.

MaARrTIUS, O., H. SODEMANN, HJ0O0S, S. PFAHL, A. WINSCHALL,
M. Croci-MaspoLl, M. GRAF, E. MADONNA, B. MUELLER,
S. ScHEMM, J. SEDRACEK, M. SPRENGER, H. WERNLI, 2013:
The role of upper-level dynamics and surface processes for
the Pakistan flood of July 2010. — Quart. J. Roy. Meteor. Soc.
139, 1780-1797, DOI: 10.1002/qj.2082.

Masato, G., B.J. HoskiNs, T. WooLLINGS, 2013: Winter and
summer Northern Hemisphere blocking in CMIP5 models. —
J. Climate 26, 7044—7059, DOI: 10.1175/JCLI-D-12-00466.1.

MATSUEDA, M., T.N. PaLMmER, 2018: Estimates of
flow—dependent predictability of wintertime Euro-Atlantic
weather regimes in medium-range forecasts. — Quart. J. Roy.
Meteor. Soc. 0, DOI: 10.1002/qj.3265.

MATSUEDA, M., R. MizuTta, S. KusuNoki, 2009: Future change
in wintertime atmospheric blocking simulated using a 20-km-
mesh atmospheric global circulation model. — J. Geophys.
Res. 114, D12114, DOI: 10.1029/2009JD011919.

PASQUIER, J.T., S. PFAHL, C.M. GrAMS, 2019: Modulation of at-
mospheric river occurrence and associated precipitation ex-
tremes in the North Atlantic region by European weather

R. Attinger etal.: Representation of atmospheric blocking in ICON 17

regimes. — Geophys. Res. Lett. 46, 1014-1023, DOI: 10.1029/
2018GL081194.

PeLrLy, J.L., BJ. Hoskins, 2003: A new perspective on
blocking. — J. Atmos. Sci. 60, 743-755, DOI: 10.1175/
1520-0469(2003)060<0743: ANPOB>2.0.CO;2.

PraHL, S., H. WERNLI, 2012: Quantifying the relevance of atmo-
spheric blocking for co—located temperature extremes in the
Northern Hemisphere on (sub-)daily time scales. — Geophys.
Res. Lett. 39, L12807, DOI: 10.1029/2012GL052261.

PraHL, S., C. ScHwIERZ, M. Croci-MaspoL1, C.M. GRAMS,
H. WERNLI, 2015: Importance of latent heat release in ascend-
ing air streams for atmospheric blocking. — Nature Geosci. 8,
610-614, DOI: 10.1038/nge02487.

PIAGET, N., P. FROIDEVAUX, P. GIANNAKAKI, F. GIERTH, O. MAR-
TIUuS, M. RIEMER, G. WOLF, C.M. Grams, 2015: Dynamics
of a local Alpine flooding event in October 2011: Moisture
source and large-scale circulation. 4 Quart. J. Roy. Meteor.
Soc. 141, 1922-1937, DOI: 10.1002/qj.2496.

Quanpt, L.A., JH. KELLER, O. _MAaArmius, J.G. PINTO,
S.C. JoNEs, 2019: Ensemble sensitivity analysis of the block-
ing system over Russia in summer, 2010. — Mon. Wea. Rev.
147, 657-675, DOIL: 10.1175/MWR-D-18-0252.1.

REx, D.F., 1950: Blocking.action in the middle troposphere and
its effect upon regional climate. — Tellus A 2, DOI: 10.3402/
tellusa.v2i4.8603.

Scalrg, A.A., T. WOOLLINGS, J. KNIGHT, G. MARTIN, T. HIN-
TON, 2010: Atmospheric blocking and mean biases in cli-
mate models. — J. Clim. 23, 6143-6152, DOI: 10.1175/
2010JCL13728.1.

ScHERRER, S.C.,»M. Croci-MaspoL1, C. ScCHWIERZ, C. Ap-
PENZELLER; 2006: Two-dimensional indices of atmospheric
blocking and their statistical relationship with winter climate
patterns in the Euro-Atlantic region. — Int. J. Climatol. 26,
233-249, DOI: 10.1002/joc.1250.

ScHIEMANN, R., M.E. DEMORY, L.C. SHAFFREY, J. STRACHAN,
P.L. VIDALE, M.S. MIZIELINSKI, M.J. ROBERTS, M. MATSUE-
DA, M.F. WEHNER, T. JUNG, 2017: The resolution sensitivity
of Northern Hemisphere blocking in four 25-km atmospheric
global circulation models. — J. Climate 30, 337-358, DOI:
10.1175/JCLI-D-16-0100.1.

Scawierz, C., M. Croc1-MaspoLl, H.C. DAvVIES, 2004: Perspi-
cacious indicators of atmospheric blocking. — Geophys. Res.
Lett. 31, L06125, DOI: 10.1029/2003GL019341.

SMmaLL, D., E. AtaLLaH, J.R. Gyakum, 2013: An objectively
determined blocking index and its Northern Hemisphere
climatology. — J. Climate 27, 2948-2970, DOI: 10.1175/
JCLI-D-13-00374.1.

STENKE, A., V. GREWE, M. PONATER, 2008: Lagrangian trans-
port of water vapor and cloud water in the ECHAM4 GCM
and its impact on the cold bias. — Climate Dyn. 31, 491-506,
DOI: 10.1007/s00382-007-0347-5.

SUMNER, E., 1954: A study of blocking in the Atlantic — Euro-
pean of the Northern Hemisphere. — Quart. J. Roy. Meteor.
Soc. 80, 402-416, DOI: 10.1002/qj.49708034510.

TiBaLDI, S., F. MoLTENI, 1990: On the operational predictabil-
ity of blocking. — Tellus A 42, 343-365, DOI: 10.1034/
j-1600-0870.1990.t01-2-00003.x.

ViaL, J.,, T.J. OsBorN, 2011: Assessment of atmosphere-
ocean general circulation model simulations of winter North-
ern Hemisphere atmospheric blocking. — Climate Dyn. 39,
95-112, DOI: 10.1007/s00382-011-1177-z.

WATERS, J.W., L. FrRoIDEvAUX, R.S. HARwWooD, R.F. JARNOT,
H.M. Pickert, W.G. READ, PH. SiEGEL, R.E. COFIELD,
M.J. FiLieiak, D.A. FLower, J.R. HoLbpEN, G.K. LAu,
N.J. Livesey, G.L. MANNEY, H.C. PUMPHREY, M.L. SAN-
TEE, D.L. Wu, D.T. CuppY, R.R. LAY, M.S. LoO, V.S. PERUN,
M.J. ScawarTz, P.C. STEK, R.P. THURSTANS, M.A. BOYLES,

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

111

1112

1113

1114

1115

1116

117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133


http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1034/j.1600-0870.1998.t01-4-00002.x
http://dx.doi.org/10.1175/1520-0493(1983)111%3C1567:PAOTEN%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1949)006%3C0068:ASOTEO%3E2.0.CO;2
http://dx.doi.org/10.5194/acp-17-1417-2017
http://dx.doi.org/10.1175/1520-0477(1992)073%3C1962:ATAMIP%3E2.0.CO;2
http://dx.doi.org/10.5194/nhess-14-1691-2014
http://dx.doi.org/10.1002/qj.49711147002
http://dx.doi.org/10.1002/qj.3449
http://dx.doi.org/10.1002/qj.2082
http://dx.doi.org/10.1175/JCLI-D-12-00466.1
http://dx.doi.org/10.1002/qj.3265
http://dx.doi.org/10.1029/2009JD011919
http://dx.doi.org/10.1029/2018GL081194
http://dx.doi.org/10.1175/1520-0469(2003)060%3C0743:ANPOB%3E2.0.CO;2
http://dx.doi.org/10.1029/2012GL052261
http://dx.doi.org/10.1038/ngeo2487
http://dx.doi.org/10.1002/qj.2496
http://dx.doi.org/10.1175/MWR-D-18-0252.1
http://dx.doi.org/10.3402/tellusa.v2i4.8603
http://dx.doi.org/10.1175/2010JCLI3728.1
http://dx.doi.org/10.1002/joc.1250
http://dx.doi.org/10.1175/JCLI-D-16-0100.1
http://dx.doi.org/10.1029/2003GL019341
http://dx.doi.org/10.1175/JCLI-D-13-00374.1
http://dx.doi.org/10.1007/s00382-007-0347-5
http://dx.doi.org/10.1002/qj.49708034510
http://dx.doi.org/10.1034/j.1600-0870.1990.t01-2-00003.x
http://dx.doi.org/10.1007/s00382-011-1177-z

1134

1135

1136

1137

1138

1139

1140

18 R. Attinger etal.: Representation of atmospheric blocking in ICON Meteorol. Z. (Contrib. Atm. Sci.)

K.M. CHANDRA, M.C. CHAVEZ, G.S. CHEN, B.V. CHU-
DASAMA, R. DODGE, R.A. FULLER, M.A. GIRARD, J.H. JIANG,
Y. JIANG, B.W. Knosp, R.C. LABELLE, J.C. Lam, K.A. LEE,
D. MILLER, J.E. OswaLD, N.C. PATEL, D.M. PUKALA,
O. QuINTERO, D.M. ScAfrr, W.V. SNYDER, M.C. ToPE,
P.A. WAGNER, M.J. WALCH, 2006: The Earth observing sys-
tem microwave limb sounder (EOS MLS) on the aura Satel-

PrePub Article, 2014

lite. — IEEE Trans. Geosci. Remote Sens. 44, 1075-1092,
DOI: 10.1109/TGRS.2006.873771.

ZANGL, G., D. REINERT, P. RiroDpAS, M. BALDAUF, 2015: The
ICON (ICOsahedral Non-hydrostatic) modelling framework
of DWD and MPI-M: Description of the non-hydrostatic dy-
namical core. — Quart. J. Roy. Meteor. Soc. 141, 563-579,
DOI: 10.1002/qj.2378.

141

1142

1143

1144

1145

1146

1147


http://dx.doi.org/10.1109/TGRS.2006.873771
http://dx.doi.org/10.1002/qj.2378



