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Abstract

Atmospheric blocking represents an important aspect of the mid-latitude weather variability, but the different processes
contributing to its formation and maintenance are not yet fully understood. This study investigates the role that diabatic pro-
cesses, in particular the release of latent heating in strongly ascending airstreams, play in the dynamics and spatio-temporal
variability of blocking in a detailed 38-year global climatological analysis. The results show that the formation and (re-)
intensification of blocking are often preceded by latent heating connected to upstream baroclinic developments. While
the importance of latent heating varies considerably between individual blocking events and different regions, in particu-
lar between ocean and continents, latent heating is generally most important during onset and in more intense and larger
blocks. The episodic nature of latent heating during the blocking life cycle, associated with a series of transient cyclones
approaching the blocking, can contribute to both the high- (fast onset and fluctuation in intensity and size) and low-frequency
(maintenance and quasi-stationarity during maturation phase) properties of blocking anticyclones and provide the required
flow amplification in addition to dry-dynamical interaction between synoptic eddies and blocking. This amplification results
from a combination of the direct injection of anticyclonic air into the upper-troposphere within cross-isentropic ascending
airstreams, setting up large-scale anticyclonic PV anomalies, and the advection of PV by the enhanced divergent outflow at
the tropopause (indirect effect). This divergent outflow on the western flank of the blocking anticyclone interacts with the
upper-level PV gradient and leads to a westward amplification of the ridge, diminishing the tendency for dissipation and the
eastward advection by the background flow, thus contributing to blocking stationarity. Taking into account such diabatic
mechanisms in blocking dynamics will be important to improve predictions of blocking and assess future changes in the
extratropical large-scale circulation.

Keywords Atmospheric blocking - Atmospheric dynamics - Diabatic processes - Latent heating - Extratropical cyclones -
Climatology

1 Introduction

Understanding atmospheric blocking and the underlying
physical mechanism responsible for its formation and main-
tenance has been a key challenge in atmospheric sciences
since the first assessments of blocking by Berggren et al.
(1949) and Rex (1950). Blocking represents an important
aspect of the mid-latitude weather variability, as it describes
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the formation of persistent, quasi-stationary, large-scale anti-
cyclonic circulation anomalies that disrupt or block the pre-
vailing westerly flow and the eastward progression of syn-
optic eddies (Rex 1950). Atmospheric blocking occurs when
a substantial mass of anomalously anticyclonic potential
vorticity (PV) air is advected poleward, related to a meridi-
onally amplified flow, setting up a large-scale anticyclonic
PV anomaly in the upper troposphere beneath an elevated
tropopause, and a stable surface anticyclone underneath
(Hoskins et al. 1985).

Blocking is associated with persistent shifts of the mid-
latitude jet stream (Davini et al. 2014; Nakamura and Huang
2018), which then controls the track of cyclonic storm sys-
tems (Booth et al. 2017). These persistent changes in the
large-scale circulation often lead to anomalous, sometimes
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extreme weather such as heatwaves in summer (Pfahl and
Wernli 2012) and cold spells in winter (Sillmann et al.
2011; Buehler et al. 2011). Considerable uncertainty of
the blocking mechanism still remains and blocking forma-
tion is a challenge for numerical weather forecasting (Pelly
and Hoskins 2003b; Matsueda 2009), climate models (e.g.,
Davini and D’Andrea 2016) and future climate projections
(e.g., Hassanzadeh et al. 2014; Woollings et al. 2018).
Therefore, elucidating the different physical processes that
initiate and maintain atmospheric blocking will ultimately
improve long-range weather forecasting and projections of
the large-scale circulation in a warmer climate.

There is currently no comprehensive theory capturing
all aspects of blocking dynamics, and a wide variety of
concepts exists (see Tyrlis and Hoskins 2008b; Woollings
et al. 2018 for a comprehensive review of blocking theo-
ries). Early concepts emphasize the influence of processes
occurring on planetary scales, such as wave-resonance
(Charney and DeVore 1979) and orography- or thermally-
forced stationary waves (Tung and Lindzen 1979; Hoskins
and Karoly 1981). However, such processes alone can not
explain observed blocking characteristics, such as the rapid
onset (with time scales more consistent with synoptic-scale
phenomena), the fluctuation in intensity and size and the
(eastward) translation during the blocking lifetime (Dole
and Gordon 1983; Dole 1986). Particular attention has been
given to the dynamical interaction between blocking and
synoptic-scale transient eddies, as originally hypothesized
by Green (1977) and Shutts (1983), pointing to a central
role of extratropical cyclones and anticyclones for block-
ing formation and maintenance. This perspective highlights
the importance of isentropic advection of anticyclonic air
masses into the blocking region either by poleward winds
ahead of developing baroclinic waves (e.g., Colucci 1985;
Mullen 1987; Nakamura and Wallace 1993; Nakamura et al.
1997), the selective absorption of anticyclonic eddies by the
block (Yamazaki and Itoh 2012a; Luo et al. 2014), and the
role of Rossby wave breaking (Pelly and Hoskins 2003a;
Altenhoff et al. 2008; Masato et al. 2012).

All the above listed theories are essentially based on
dry dynamics and describe the formation of persistent
upper-tropospheric anticyclonic PV anomalies due to isen-
tropic advection of PV. Today, however, moist-diabatic
processes, and in particular the latent heating (LH) due
to cloud formation in ascending airstreams, are known to
play a significant role in modifying the upper-level large-
scale flow, including Rossby wave dynamics (e.g., Pomroy
and Thorpe 2000; Grams et al. 2011; Wirth et al. 2018).
Latent heat release amplifies vertical motion and results in
a cross-isentropic ascent and strong divergent outflow near
to tropopause. The associated diabatic PV modification
leads to a net vertical transport of lower-tropospheric air
to higher (isentropic) levels where the background PV is
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higher (lower in the Southern Hemisphere) (Hoskins et al.
1985; Wernli and Davies 1997; Methven 2015), deflecting
the tropopause poleward and generating anticyclonic PV
anomalies in the upper troposphere. In the mid-latitudes,
the most intense LH occurs predominantly in the warm
conveyor belt (WCB) of extratropical cyclones (Wernli
1997; Madonna et al. 2014), a warm and moist airstream
that ascends to the upper troposphere while moving toward
polar regions. Also other weather systems, such as large
convective systems (Stensrud 2013; Rodwell et al. 2013)
or recurving tropical cyclones (e.g., Riemer et al. 2008;
Archambault et al. 2013), can exhibit strong diabatic out-
flow in the vicinity of the jet and modify the tropopause
structure in a similar manner.

Given that moist processes can substantially influence
Rossby wave dynamics, this suggests that LH may also
modify the development of atmospheric blocking that is inti-
mately linked to the development of Rossby waves. Some
case studies have pointed to such effects of LH on blocking
(Schwierz 2001; Tilly et al. 2008; Croci-Maspoli and Davies
2009; Parker et al. 2013; Cheung et al. 2013), however, only
recently Pfahl et al. (2015) quantified this contribution of LH
for blocking, revealing that moist-diabatic processes and the
cross-isentropic transport of mass are of similar importance
for blocking formation and maintenance as dry-adiabatic
processes (isentropic mass transport).

Nevertheless, the effect of moist processes and associ-
ated latent heat release on blocking dynamics and variabil-
ity remains not well understood, mainly because it influ-
ences the large-scale flow in a complex nonlinear way and
is tightly coupled to the dry dynamics of baroclinic waves
(e.g., Kuo et al. 1990; Teubler and Riemer 2016). In addi-
tion, there are large uncertainties in where, when and how
LH influences the onset, maintenance and decay of blocking
that is otherwise determined by dry dynamics. Furthermore,
the importance of LH can be expected to vary in a warmer
future climate due to increased atmospheric moisture content
(Schneider et al. 2010) and changes in mid-latitude jetstream
variability (Barnes and Screen 2015). A key step toward
better understanding and predicting atmospheric blocking
is to characterize how LH affects the life cycle of blocking.
In this study, we will use a combined Lagrangian-Eulerian
approach to examine the role of LH in ascending airstreams
for blocking dynamics from a detailed climatological per-
spective using reanalysis data as described in Sect. 2. We
will build on the results of Pfahl et al. (2015), but go sub-
stantially beyond this study by (i) presenting a global cli-
matology of blocking in Sect. 3, (ii) fully characterizing the
case-to-case and spatio-temporal variability of LH and iden-
tifying environmental conditions and forcing mechanism for
ascent and LH (Sect. 4) and (iii) analyzing the dynamical
link between LH, upstream cyclones and the structure and
life cycle of blocks in Sect. 5. Our results are summarized,
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discussed and put into perspective with the more traditional
blocking concepts in Sect. 6.

2 Data and methods
2.1 Data

This study is based on global 6-hourly ERA-Interim rea-
nalysis data (Dee et al. 2011) on a 1° X 1° regular grid with
60 vertical levels for the period 1979-2016. Climatological
means and anomalies in this study always refer to calendar-
month averages over the 38-year period. Note that the term
“upper-level” will be used hereafter to describe the vertically
averaged flow between 500 and 150 hPa. The term “anticy-
clonic PV” will be used for anomalously low-PV air in the
Northern Hemisphere and anomalously high-PV air in the
Southern Hemisphere.

2.2 Blocking identification and tracking

Atmospheric blocking covers a variety of flow patterns,
including amplified stationary ridges, £2-shaped blocks or
high-over-low dipole blocks (see Fig. 1 in Woollings et al.
2018). Hence, different approaches to identify blocks have
been developed (see Barnes et al. 2012; Barriopedro et al.
2010, for in-depth summaries of blocking detection meth-
ods). In order to have a representative sample of blocking
flow patterns and to estimate the sensitivity of the results to
the choice of identification method, we employ two differ-
ent methods: a PV-anomaly-based (APV) and an absolute
geopotential height reversal-based (AGP) blocking index.

Following Schwierz et al. (2004), the APV index identifies
and tracks individual blocks (the term “block™ and “block-
ing event” are used as synonyms here) from genesis to lysis
as upper-level anticyclonic PV anomalies that exceed —1.3
potential vorticity units [pvu; 1 pvu = 107° Kkg™' m?s~!;
note that PV values are multiplied by — 1 in the Southern
Hemisphere], spatial overlap by 70% between successive
6-hourly time steps and persist for at least 5 consecutive
days. The advantage of the APV index is that it objectively
captures the core of the anomalous anticyclonic circulation
and thus directly allows for an investigation of the origin and
evolution of individual blocks and the associated air masses.
In addition, by allowing for moderate displacements of the
anticyclonic anomalies (70% spatial overlap), blocks are
identified in an earlier stage of their life cycle during rapid
ridge amplification of transient Rossby waves into a large-
amplitude block. The APV blocking climatology used here
is publicly available via an ETH Zurich-based web server
[http://eraiclim.ethz.ch/, see Sprenger et al. (2017)].

We additionally use the AGP approach by Scherrer et al.
(20006) to identify blocked regions in a latitude band between

45 and 75° N/S, with a spatial overlap for at least 5 days,
based on a reversal of the geopotential height gradient at
500 hPa (Z500). Lower latitudes are excluded here to avoid
the identification of subtropical highs, which are different
dynamical features. The index is a two-dimensional exten-
sion of the classical blocking index by Tibaldi and Molteni
(1990), which follows the original description of Rex (1950).
The AGP index captures mature blocking phases with wave
breaking characteristics and identifies the flanks of the anti-
cyclonic circulation anomalies where the westerly winds are
reversed. Here this index is used to test the robustness of the
main climatological results with respect to the choice of the
blocking index. When not explicitly stated otherwise, the
results are only presented for the APV index.

2.3 Trajectory calculation and latent heating

To quantify the relative contribution of dry and moist pro-
cesses to blocking, we compute kinematic 7-day backward
air-parcel trajectories based on the three-dimensional winds
using the Lagrangian Analysis tool LAGRANTO (Wernli
and Davies 1997; Sprenger and Wernli 2015). The trajec-
tories are started from an equidistant grid (Ax = 200 km
horizontally and Ap = 75 hPa vertically between 500 and
125 hPa) located in a blocking region at each six-hourly
time step, with the additional criterion that PV must be
smaller than 1 pvu (larger than — 1 pvu in the SH) to exclude
points located in the stratosphere. Various variables such
as PV, potential temperature 0 and specific humidity are
traced along the blocking trajectories, and the Lagrangian
changes of these variables are evaluated statistically. Since
both PV and 6 are conserved for adiabatic and frictionless
motion, changes in these variables between two time steps
along a trajectory are attributed to diabatic processes, such
as cloud formation, radiation and friction. This Lagrangian
investigation of blocking air masses captures the full three-
dimensional complexity of diabatic processes. An impor-
tant limitation of this approach is that trajectories follow the
resolved large-scale wind and do not capture fast convective
motions. This might introduce an underestimation of the rel-
evance of LH.

In addition to the direct diabatic PV modification, there
are also other indirect effects by which LH can influence
the upper-level flow, namely LH amplifies vertical motion
and results in an enhanced divergent outflow near the trop-
opause (e.g., Riemer and Jones 2010). Therefore, we also
compute the upper-level PV advection by the divergent and
non-divergent wind components. A detailed description of
the calculation can be found in Sect. 5.

A total of 4270 atmospheric blocking events are identified
globally from 1979 to 2016 with the APV index, and around
28.6 million blocking trajectories have been calculated. The
number of blocking events in the NH (2558) is 1.5 times
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higher than in the SH (1712). For AGP blocks, which are
less frequent, 5.1 million trajectories have been calculated.

3 Blocking climatology

For reference, it is pertinent to start the analysis with a dis-
cussion on the blocking climatology. The seasonal frequency
distributions of atmospheric blocking are shown in Fig. 1.
In addition, as an example tracks and genesis positions of
blocking anticyclones for the year 2015 are indicated by the
solid magenta lines and filled circles, respectively.

In agreement with previous studies for the Northern
Hemisphere (NH) (e.g., Dole and Gordon 1983; Lejenés
and gkland 1983), blocking occurs most frequently over the
North Atlantic/Europe and the North Pacific. Blocking fre-
quencies are highest (more than 10%) in winter (DJF), as

Fig. 1 Spatial distributions of
blocking frequency based on the
APV index for the NH (top pan-
els) and the SH (lower panels)
during DJF (left) und JJA (right)
1979-2016 (gray shading).
Units are percentage of blocked
days relative to the total number
of days per season. In addi-
tion, genesis points and tracks
(location of the center of mass)
for blocks in 2015 are shown

in magenta. Cyclone frequency
is shown with blue contours
(20, 30, 40, 50%), and the AGP
blocking frequency as yellow
contours (2, 4%, smoothed with
a 2° averaging radius)

well as in autumn (SON) and spring (MAM) (not shown),
and generally decrease in summer. The low frequencies in
summer are related to the fact that anticyclonic PV anoma-
lies are generally weaker. Secondary weaker maxima occur
over the Asian continent downstream of the Ural Mountains,
most evident during the equinoctial seasons (not shown), and
at high latitudes in summer. For a more detailed description
of the seasonal and regional blocking variability, the reader
is referred to the comprehensive climatology presented
by Croci-Maspoli et al. (2007) using ERA-40 data, which
closely agrees with our climatology.

In the Southern Hemisphere (SH), the blocking frequency
is weaker and much more zonally symmetric than in the
NH and found over the Southern Ocean around the entire
hemisphere. The high frequencies in the east Pacific sector
and the reduced frequencies in the whole SH during local
winter (JJA) resemble the results of previous studies (e.g.,
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Renwick 2005; Berrisford et al. 2007). Blocking activity is
also found at very high latitudes.

While our blocking climatology agrees well with other
anomaly-based indices (e.g., Dole and Gordon 1983; Small
et al. 2013), indices based on the reversal of the climatologi-
cal westerly flow, measured in terms of the gradient of the
mid-tropospheric geopotential height (AGP, Scherrer et al.
2006) or potential temperature on the dynamical tropopause
(Pelly and Hoskins 2003a), typically yield a shift in location.
Europe, Greenland and the high-latitude North Pacific are
the most distinctive areas of AGP blocking activity (yel-
low contours in Fig. 1). This shift is a consequence of the
APV blocks being identified earlier in their life cycle, during
rapid amplification of transient Rossby waves which consti-
tute precursors of blocking, whereas reversal indices mainly
capture the flank of mature blocking anticyclones with wave-
breaking characteristics (e.g., Scherrer et al. 2006; Barrio-
pedro et al. 2010). In addition, over the North Pacific ocean
and in the SH AGP blocks are also less frequent, probably
because in these regions so-called €2 blocks are more com-
mon (Sumner 1955), which do not exhibit the same strong
easterly flow as Euro-Atlantic dipole blocks (Altenhoff et al.
2008). Despite these differences, the two indices (AGP and
APV) typically identify comparable dynamical anomalies of
the mid-latitude flow, as validated in case studies (see also
Scherrer et al. 2006; Pfahl et al. 2015).

The exemplary blocking tracks for the year 2015 shown in
Fig. 1 provide information about typical blocking pathways,
genesis and lysis regions. Tracks are only shown for one
year for clarity, but these tracks are representative for the
entire climatology. In general, blocking anticyclones move
eastward with a more poleward (equatorward) component
during their early (later) stages. In the SH, tracks typically
are zonally oriented. The tracks show that most blocking
events over Europe and North America originate upstream
over the ocean. Although the mean propagation of blocks
is towards the east (Croci-Maspoli et al. 2007; Ioannidou
and Yau 2008), a clear signal of retrogressing of individual
blocks can be observed (see also Lejenéds 1984).

Figure 2 shows the distributions of the mean zonal prop-
agation velocity of the center of mass of APV blocks dur-
ing the entire lifetime, as well as only during onset (days
0-2) and mature (days 3-5) phases. Note that this is only
a rough estimate, since the center of mass can sometimes
move around without major shifts of the entire blocking
system. The vast majority of APV blocks are slowly mov-
ing systems with a mean zonal speed of median 3.5ms™".
This is considerably slower than the typical phase speed of
transient upper-level waves of about 12ms~! (e.g., Chang
and Yu 1999, for NH winter). It is noteworthy that the
mean zonal propagation speed of APV blocks decreases
during mature phase (yellow distribution with median of
2.9ms™!), which is the time when AGP blocks are likely

250 1 = total |'|_

mature

200 4 =1 onset IJ-

# of blocks
=
ol
o

100 A

50 A

-10 -5 0 5 10 15
mean zonal block speed [m s™1]

Fig.2 Distributions of mean zonal propagation speed during the
entire lifetime (gray), onset (days 0-2, blue) and mature (days 3-5,
yellow) phases for all 4270 APV blocks. The median for each distri-
bution is shown on the horizontal axis

to occur, compared to the onset (blue distribution with
median of ~ Sms™!), which is characterized by fast ridge
amplification of transient synoptic-scale waves (Altenhoff
et al. 2008). It should be noted that the APV blocking
algorithm detects a small fraction of rapidly traveling anti-
cyclones (2% with > 10 ms~! during mature phase), which
may not be considered as classical blocks. Blocks have
an average lifetime, plus/minus one standard deviation, of
8.4 +4 days. 23.2% of all blocks are long-lived systems
with a lifetime > 10 days, the maximum is 48 days. The
seasonal and regional variability in blocking duration is
generally small. On average, oceanic winter blocks have
the longest (~ 10 days) and continental winter blocks have
the shortest (~ 8 days) lifetime. NH blocks have a mean
lifetime of ~ 9 + 4.4 days, which is slightly longer than
their SH counterparts (~ 8 + 3.2 days). Shorter SH block-
ing duration is attributed to the generally stronger wester-
lies in the SH (Trenberth and Mo 1985; Lupo and Smith
1995; Wiedenmann et al. 2002).

Because rapidly moving cyclones (transient eddies) and
blocking are linked by strong dynamical interactions (see
Sect. 1), we discuss briefly the spatial relationship between
the main blocking and climatological storm track regions. To
characterize the storm tracks, extratropical cyclone frequen-
cies are calculated using a slightly updated version (Sprenger
et al. 2017) of the algorithm of Wernli and Schwierz (2006).
The major blocking areas are situated in the proximity of
the main storm tracks (blue contours in Fig. 1), and both
feature similar spatial patterns and seasonal progression,
e.g. the northward tilt over the North Atlantic in DJF and
the equatorward shift in the South Pacific during the pres-
ence of a split jet in JJA. Blocking frequency maxima are
shifted slightly equatorward compared to the storm tracks,
particularly in the SH. This spatial offset is likely related to
the fact that cyclones are typically located on the poleward
side of the jet during the end of their life cycle (Oruba et al.
2013), while mid-latitude blocking, often characterized by
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anticyclonic wave breaking, is located on the equatorward
side (Masato et al. 2012). AGP blocks are found on the east-
ern (over Europe) and poleward (over North Pacific) flank of
the storm tracks (see also Zappa et al. 2014). This geographi-
cal co-occurrence points to a strong dynamical interactions
between blocking and extratropical cyclones, as will be fur-
ther discussed below.

4 The role of latent heating
4.1 Climatology of blocking air masses

In this section, we quantify the fraction of blocking air
masses that are diabatically heated during the three (or
seven) days prior to reaching the blocking region. To this
end, we calculate the maximum latent heating (A6), which
is defined as the difference between the maximum value of
0 and the preceding minimum value during a specific time
period (seven or three days) along the backward trajectories.
Following the approach of Pfahl et al. (2015), a threshold
of AB > 2 K is used to identify blocking air masses that
have experienced distinct latent heat release. In addition,
the maximum latent cooling is calculated for blocking air
masses if the following two conditions are met: AG < 2 K
and the maximum cooling is larger than the maximum heat-
ing. In the following climatological analysis, for each trajec-
tory either only the heating or only the cooling is considered
to avoid cancellation effects of heating and cooling along the
flow. The importance of LH is quantified by the percentage
of diabatically heated trajectories (A8 > 2 K) compared to
all trajectories that are attributed to a blocking (in the follow-
ing denoted LH contribution). The LH contribution is also
an effective measure of the strength of latent heat release
in K along the trajectories, as it is correlated to the mean
changes in 0 along the trajectories with a Spearman rank
correlation coefficient of 0.9.

Figure 3 shows the statistical distribution of A@ during the
three-day (solid lines) and seven-day (dashed lines) periods
for blocking defined with the APV-based (yellow lines, ~
28.6 million trajectories) and AGP-based (gray lines, ~ 5.1
million trajectories) indices. The distributions reveal that the
flow is actually never perfectly adiabatic. Two regimes can
be identified in this figure: a no-heating “cooling” regime
[called quasi-adiabatic regime in Pfahl et al. (2015)], and
a heating regime with a wide range of A8 up to 30 K. A
threshold of A® = 2 K is used to separate these regimes
and to select blocking air masses affected by distinct LH.
Considering a time period of three days (solid lines), 46%
(31.1% for AGP) of the blocking air masses experience heat-
ing of more than 2 K. These high fractions demonstrate the
overall relevance of diabatically produced anticyclonic PV
anomalies for atmospheric blocking (see again Pfahl et al.
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Fig.3 Frequency distributions (probability density) of maximum
potential temperature change along backward trajectories during three
days (solid lines) and seven days (dashed lines) before their arrival
in the blocking region for APV (yellow lines) and AGP (gray lines)
blocks. Percentages of blocking air parcels in the two regimes defined
by A8 =2 K are given

2015). The trajectories of the heating regime exhibit strong
heating of 8.5 K in the median, and the concurrent loss of
specific humidity of 2.5 g kg™! and ascent of around 300 hPa
(not shown) indicate that cloud formation plays the domi-
nant role for this pronounced cross-isentropic flow of air
into the blocking anticyclones. These trajectories typically
reach higher altitudes within the blocking region compared
to trajectories in the no-heating regime (see Fig. S7 in Pfahl
et al. 2015), which is important since PV anomalies are only
generated when air with tropospheric PV can reach regions
with stratospheric PV values. If A8 is evaluated along an
extended period of seven days (dashed lines in Fig. 3), latent
heating is even more important. On this timescale, 67.4%
(58.4% for AGP) of the blocking air masses experience LH
of AB > 2 K with a median heating of 12.3 K.

The no-heating regime (A0 < 2 K) comprises 54% (68.9%
for AGP) of the blocking air masses. Most trajectories in the
no-heating regime experience diabatic cooling of median
—3.7 K before arriving in the blocking region, most probably
caused by long-wave radiative cooling (Ferreira et al. 2016),
which is in agreement with the trajectories’ weak descent in
the upper troposphere (not shown). They remain exposed to
radiative cooling at a fairly constant rate of about 1 K day ™,
which is the expected value experienced by near-tropopause
air masses (Hoskins et al. 1985). Interestingly, 21% of the air
masses in the no-heating regime (and 9.5% of all blocking
trajectories) are already located in the blocking region at day
—3 and are thus upper-level air masses that recirculate within
the blocking anticyclones. Although the trajectories in the
no-heating regime are cooled between day —3 and day 0, a
large fraction (50%) is actually heated diabatically (median
heating of 11.9 K) between day —7 and day —3 in remote
regions and then advected with the upper-level westerlies
into the blocking anticyclones during the final 3 days, which
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explains the substantial increase in the number of heated
trajectories for a time period of seven days.

9.7% (4.3%) of all bocking trajectories are identified as
warm conveyor belts (WCB) that ascend more than 600 hPa
within 48 h (Madonna et al. 2014) during 7 (3) days before
reaching the blocking region, and thus experience even
stronger LH of AB= 25.1 K in the median. However, the
distribution in Fig. 3 shows that the main contribution to
blocking comes from shallower ascents.

When using the AGP index to identify blocking, the num-
ber of heated trajectories is lower on a three-day timescale,
but more comparable to the APV index for a seven-day time-
scale, which can be explained by the typical temporal and
spatial configuration: AGP blocks are detected later in the
blocking life cycle compared to APV blocks and are mostly
located near the exit region of the storm tracks (see Fig. 1),
and thus further downstream from the region where, clima-
tologically, latent heat release is largest (see Sect. 4.3).

In summary, this analysis highlights the contributions of
both moist-diabatic processes (cross-isentropic mass trans-
port) and quasi-adiabatic (weak cooling) processes (quasi-
isentropic mass transport) for upper-level anticyclonic PV
anomalies that characterize blocking. In the following sec-
tions, we focus on the role of LH in ascending airstreams for
the seasonal and spatial variation as well as the life cycle of
blocking events. A detailed investigation of the origins of
quasi-isentropic blocking trajectories has been provided by
Yamazaki and Itoh (2012a, b) and Pfahl et al. (2015). The

Fig.4 Contribution of diabati- (a)
cally heated trajectories [%] for

Northern Hemisphere

role of diabatic cooling in the upper troposphere, which typi-
cally weakens the anticyclonic PV near the tropopause (by ~
0.02 pvu in 3 days along no-heating trajectories, not shown),
is not investigated here.

4.2 Case-to-case and spatio-temporal variability

Despite the relatively large contribution of diabatically
heated air masses to blocking, the question remains if tem-
poral and spatial variability of blocking occurrence can be
linked to cloud-diabatic activity. Hence, we now examine the
seasonal, regional and case-to-case variability of the impor-
tance of LH for blocking.

Figure 4 shows the averaged LH contribution (% trajecto-
ries heated by more than 2 K averaged over the entire block-
ing life span) for all 4270 blocking events for the NH and
SH. The distributions reveal that the case-to-case variabil-
ity in the strength of the LH contribution between blocking
events is substantial and that moist-diabatic processes are
thus not equally important for all blocks. While for most
blocks between 35 and 55% (with a median value of 45%)
of their air masses have been heated diabatically during the
last 3 days, some blocks have a very small LH contribu-
tion (minimum is 0%, meaning that no blocking air mass
was diabatically heated by more than 2 K during the last 3
days, which is the case for 5 high-latitude blocks), and oth-
ers have a larger LH contribution, sometimes even exceed-
ing 70% (maximum is 87%). If LH is evaluated along an
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extended time period of seven days along the trajectories
(right boxplots in Fig. 4), diabatic heating is more important
for almost all blocks with a median value of 67%. This large
case-to-case variability in the LH contribution shows that
different (dry- or moist-) dynamical processes can dominate
for individual blocking events.

The importance of LH does not vary substantially
between the NH and SH. The NH distributions show a
slightly larger case-to-case variability. Seasonal variations
(averaged over a hemisphere) are on the order of a few %
(not shown). However, regional differences (ocean vs conti-
nent) can be substantial, as discussed in the following.

The global distribution of the mean LH contribution for
DJF and JJA is shown in Fig. 5a, b. In addition, markers
in Fig. 4 show the median LH contribution for different
regions. There are distinct regions where diabatic heating is
particularly important (yellow to reddish shading in Fig. 5a,
b). In general, the lowest LH contributions, and thus regions
where dry dynamics (quasi-adiabatic mass transport) domi-
nate, are typically found at very high (polar) latitudes. In
the NH, there are pronounced changes between the seasons
(largest differences are between DJF and JJA) and a strong
land - sea contrast. Blocks over the oceans typically exhibit
high LH contribution throughout the year (average values
> 50%), while continental blocks exhibit strong seasonal-
ity, which is most pronounced over the Asian continent (see
upright triangle in Fig. 4a), with low values in winter and
high values in summer. During DJF, the LH contribution
peaks over the western part of the North Atlantic and over

Fig.5 Spatial distribution of a,
b the mean LH contribution (%,
calculated as the mean percent-
age of trajectories with AQ >

2 K) and ¢, d mean A0 (K, cal-
culated as the mean change in 0
along all blocking trajectories)
for all blocking events at the
respective location along their
track during DJF (left) and JJA

the entire North Pacific extending eastward to North Amer-
ica, and reduces to a minimum (< 30%) over the Eurasian
continent. The spatial patterns shift in JJA, when maximum
LH contribution are also found over land, particularly over
northern Asia and eastern North America, and still over the
North Pacific. Regions of low LH contributions in JJA are
Europe and western North America. Blocks located over
Europe typically experience low to moderate LH contribu-
tion throughout the year, but the values increase drastically
when considering LH along 7-day blocking trajectories
(around 60%, Fig. 4a). Likewise, for Arctic blocks the LH
contribution is low when considering a 3-day period and
strongly increase for a 7-day period. This indicates that air
masses that quasi-adiabatically enter these blocks experi-
enced diabatic heating more than 3 days before and further
upstream over the subtropical or mid-latitude oceans, and
are then advected with the upper-level westerlies into the
blocking region.

In the SH, the zonal and seasonal variations are less pro-
nounced, with the greatest LH contributions over the eastern
South Pacific, South Atlantic and South Indian Ocean, and
regions of low LH contribution in the Australia-New Zea-
land region, southeast of South America and at very high lat-
itudes. Again, LH contributions increase substantially when
considering diabatic heating along 7-day period (Fig. 4b),
pointing to the importance of LH over remote regions.

Figure 5c,d show the mean change in 0 along all trajecto-
ries at the respective blocking location, highlighting regions
where blocking air masses are generally affected by stronger

(right). Only regions where the
blocking frequency exceeds 1%
are displayed. White contours
show blocking intensification
frequency (2 and 4%, relative

| ——
10 15 20 25 30 35 40 45 50 55 60 65 70 75

mean LH contribution [%]

(d)

to the total number of days per
season, smoothed with a 2°
averaging radius). Black (gray)
crosses show the locations of
blocking centers during strong-
est intensification for the 5%
blocks with strongest (weakest)
LH contribution
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or weaker heating. It shows a similar spatial and seasonal
pattern as the mean LH contribution. Over the oceans, where
the LH contribution is high, mean heating can be very strong
(up to 8 K), but also in other regions, where the LH contribu-
tion is below 45% and thus the majority of the trajectories
are cooled, the net effect of all trajectories is a heating. This
is due to the strong diabatic heating along the ascending
trajectories.

In general, LH contribution and heating are maximum
along the mid-latitude baroclinic zone in the major storm
track regions of the North Pacific, North Atlantic and South-
ern Ocean, and located slightly upstream of the maxima in
blocking occurrence (Fig. 1).

The spatial relationship between LH and blocking intensi-
fication is shown in Fig. 5a,b, with the help of the spatial dis-
tribution of the location of strongest blocking intensification
(white contours), as well as the intensification location of
the 5% blocks with strongest (black crosses; ‘moist’” blocks)
and weakest (gray crosses; ‘dry’ blocks) LH contribution
[5% cases in the top (bottom) percentile of Fig. 4]. The loca-
tion of maximum intensification of a block is defined as the
point where the blocks upper-level anticyclonic PV anomaly
(averaged over the blocking area) intensifies the most within
a 12-h period along its track. It should be noted that the
strongest intensification occurs for most blocks during onset:
during the first 24 hours for 60% of all blocks, and during the
first 48 h for 75% of all blocks. In general, preferred regions
of blocking intensification are found off the east coast of
North America extending into the North Atlantic and in the
western and eastern North Pacific. Another confined maxi-
mum is found downstream of the Ural Mountains. In addi-
tion, blocks intensify over Northeast America and northern
Asia in summer. In the SH, blocks intensify over the South
Atlantic throughout the year and over the entire longitudinal
band between 60°W to 90°E in DJF. Intensification frequen-
cies are, however, low in the western South Pacific in JJA.

The spatial distribution and the seasonal progression of
blocking intensification are in accordance with Rossby wave
initiation climatology (Ré&thlisberger et al. 2018), again high-
lighting the dynamical link between blocking and transient
eddies: Blocks preferably form over the ocean within the
storm tracks in regions of strong LH contribution, pointing
to an important influence of LH for the spatial distribution of
blocking intensification and thus also genesis as most blocks
intensify early in their life cycle. This influences the typical
life cycle of blocks: They form in regions of strong LH (for
example over the North Atlantic basin) and reach their maxi-
mum amplitude further downstream (over Europe), where
wave breaking can occur. Subsequently, blocks typically
propagate downstream into regions with weak LH contri-
bution, where they decay. Exception is the confined region in
the lee of the Ural mountains in DJF, where blocks intensify
with minimum LH contribution. The interaction between

topography-forced planetary waves and downstream propa-
gating wave trains emanating from the North Atlantic may
contribute to the formation of blocking in this region with
little diabatic heating (e.g., Luo et al. 2016). Some blocks
over Europe and Australia during JJA can form with very
small LH contribution (gray crosses in Fig. 5b). This is
surprising considering that these regions are located at the
eastern end of the ocean basins in the proximity of the clima-
tological storm tracks. However, it has been shown by Naka-
mura et al. (1997), Michel and Riviére (2011) and Drouard
and Woollings (2018) that blocking onset over Europe is fre-
quently supported by an incoming quasi-stationary Rossby
wave train extending from the subtropical western Atlan-
tic. Likewise, blocking over Australia can be preceded by
a Rossby wave train over the Indian Ocean (Risbey et al.
2018). This is consistent with our trajectory analysis that
shows a substantial increase in LH contribution along an
extended period of seven days for these regions (Fig. 4), sug-
gesting that LH can initiate waves that propagate in regions
with weaker LH contribution where blocking forms due to
dry dynamics.

4.3 Evolution of latent heating during the blocking
life cycle

The temporal tracking of individual blocking anticyclones
gives further insight into the influence of LH on blocking
during the different phases of the life cycle: onset (first day),
decay (last day) and mature (days in between) phases. Fig-
ure 6 shows the median temporal evolution of the LH contri-
bution, blocking intensity (average upper-level anticyclonic
PV anomaly) and spatial extend for all 4270 blocks as a
function of the blocking lifetime. The first (last) time step
is defined as blocking genesis (decay). The temporal evolu-
tion of blocks typically follows a distinctive life cycle with
onset (fast increase in size and intensity), mature (stabiliza-
tion, almost constant size and intensity) and decay (relatively
fast decrease in size and intensity) phases. A comparison
of blocking size and intensity (Fig. 6b, c) indicates a rela-
tionship between these two characteristics with a Spearman
rank correlation coefficient of — 0.68, i.e. more intense
blocks (i.e., more pronounced upper-level PV anomalies)
are typically also larger. The temporal development shows
that the onset of blocks is characterized by a fast amplifica-
tion of transient synoptic-scale waves into persistent large-
amplitude blocks. The evolution of the median LH contribu-
tion (Fig. 6a) confirms that the importance of LH changes
throughout the life cycle: it is largest during onset (60%)
and than gradually declines to the lowest value (20%) when
a block decays. This trend is associated with the (eastward)
propagation of the blocks away from the localized heating
source, where the strongest intensification during onset
occurs, into regions with smaller LH contribution (see again
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Fig.6 a Percentage of trajec-
tories with A@ > 2 K (%), b
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the medians for all 4270 block-
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Fig. 5). At decay, 75% of all blocking trajectories have expe-
rienced a net cooling, and 10% of all blocking trajectories
have already been recirculating in the blocking anticyclone
for at least 3 days (not shown). A reduced LH contribution,
the radiative decay of upper-level anticyclonic PV anomalies
(Hoskins et al. 1985), and the equatorward migration of the
system can lead to the dissipation of the blocking.

It has been shown in Sect. 4.2 that blocks can form with
different LH contribution and that blocks dominated by
moist-diabatic processes develop in different regions than
those that are dominated by dry-adiabatic processes. Fig-
ure 6 shows that there are distinct differences also in other
properties of the moist (5% blocks with strongest LH) and
dry (5% with weakest LH) blocks. Moist blocks for which
LH contribution is particularly strong throughout the devel-
opment (yellow lines in Fig. 6) are on average more intense
and larger than dry blocks (blue lines). In addition, moist
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blocks are amplified more strongly during onset. However,
also the dry blocks experience distinct LH contributions (>
20%) during genesis, highlighting the overall importance of
LH for blocking onset.

The distributions (gray shading in Fig. 6) show that the
variability between individual blocking events is substan-
tial throughout the lifetime. While the median of many
blocking events is characterized by a gradual evolution,
individual blocking events experience multiple intensifica-
tion phases and a fluctuation in size and intensity during
their life cycle, as illustrated by two examples of blocking
events over the North Atlantic and Europe (dipole block
between 2 and 10 October 2016 with averaged LH contri-
bution of 30.6%: gray dashed lines) and the North Pacific
and North America (omega block between 28 April-5 May
2016 with averaged LH contribution of 57%: gray dotted
lines). These fluctuations in intensity and size are often
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preceded by bursts of LH (local maxima of LH contribu-
tion, see magenta dots in Fig. 6a). Note that these fluctua-
tions in LH and blocking intensity/size do not correlate
perfectly also owing to the lagged response of blocking to
LH bursts. However, the examples illustrate that a block
typically exhibits its most rapid amplification during a LH
burst, and this intensification can be significantly magni-
fied by an accumulation of such LH events (or a particu-
larly large one). The examples show the episodic nature
of LH during the blocking life cycle. Typically, a blocking
event exhibits 2-3 LH bursts (average over all blocking
events: 2.3 LH bursts), which are separated by periods
of reduced LH contribution. Since the LH contribution
varies strongly in time, the average LH contribution and
the blocking lifetime are not correlated (Spearman rank
correlation coefficient of — 0.07). However, for long-lived
blocks with a lifetime of > 10 days, the number of LH
bursts increases to 3—4 (in comparison to 1-2 LH bursts
for short-lived blocks with < 10 days), which suggests
that multiple LH bursts can extend the lifetime of a block.

The diabatic injection of (new) anticyclonic air during
such LH bursts contributes not only to blocking onset,
but also to the reinforcement and thus maintenance of the
blocking anticyclone, which diminishes the tendency for
dissipation. In the following, it is shown that these fluctua-
tions in blocking characteristics are associated with the
passage of synoptic-scale migratory eddies.

Fig.7 Spatial densities of
blocking trajectories with AQ >

4.4 Origin of heating trajectories: the role
of upstream cyclones

In the following, conditions during ascent and latent heat
release in blocking air masses are analyzed in more detail.
Fig. 7 shows the spatial distributions of trajectories affected
by LH at the time of maximum heating (maximum positive
AO in 6 h along the trajectories), highlighting the regions
where the strongest LH occurs. From these regions, the tra-
jectories ascend into the blocking anticyclones, leading to a
strong linkage between the spatial patterns shown in Fig. 7
and the mean LH contribution to blocking (Fig. 5). The tra-
jectory densities for both blocking indices (Fig. 7a, b, for
APV and Fig. 7c, d for AGP) are shown, but only discussed
for APV, as similar spatial patterns are obtained with the
AGP blocking index.

In boreal winter over the NH, the blocking trajectories
are heated diabatically and ascend mainly over the ocean,
in particular over the North Pacific and the western part of
the North Atlantic, whereas very few trajectories are heated
over land. In summer, the LH occurs at all longitudes, also
over continental areas, most prominently North America and
Eurasia. In the SH, there is much less zonal and seasonal
variability than in the NH, with a local maximum over the
South Pacific during JJA, and weaker maxima over the South
Atlantic and the South Indian Ocean. A small maximum of
LH over land is found over Patagonia in austral summer.
In both hemispheres, the strongest LH typically occurs at

2 K at the location of maximum
latent heat release (maximum
positive AO in 6 h) before arriv-
ing in a blocking region for a,

b APV blocks and ¢, d AGP
blocks during DJF (left) and JJA
(right). Units are % (10° km?

)~! and normalized for each

hemisphere separately such
that the spatial integral over
each hemisphere yields 1. a—d
Regions where the total APV
(AGP) blocking frequency (~
main blocking trajectory start-
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contours (see also Fig. 1)
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higher latitudes in summer than in winter, in line with the
poleward contraction of the storm tracks in summer.
Overall, LH is highest along the mid-latitude baroclinic
zone in the storm track regions. During winter, over the
warm ocean currents (for example the warm Gulf stream
in the western North Atlantic), the strong ocean-to-atmos-
phere heat fluxes (Aemisegger and Papritz 2018) and the
enhanced storm track activity favor ascent of low-level moist
air masses and latent heat release (Dacre and Gray 2009;
Binder et al. 2016), whereas over land and at higher lati-
tudes moisture supply is limited due to colder environmental
conditions, leading to general weaker LH contribution to
blocking. Over the eastern parts of the Atlantic and Pacific
Oceans, the cyclones are located farther north (Fig. 1a),
where moisture availability is limited (Pfahl et al. 2014),
leading to less LH. The small local maximum in DJF in
the southeastern United States is likely associated with lee
cyclones (Wernli and Schwierz 2006) and moisture from
the Gulf of Mexico. The spatial shift of the regions with
high LH contribution towards the continents in summer is in
good agreement with increased cyclone activity and surface
evaporation, and thus moisture availability and uptake over
land (see Fig. 2 in Pfahl et al. 2014). In summer, extratropi-
cal cyclones are typically weaker and less frequent compared
to other seasons, which explains the lower LH contribution
and blocking frequency over the North Atlantic and North
Pacific during summer (Fig. 1b), despite increased tempera-
ture and atmospheric moisture content. In the SH, the sea-
sonal cycle is not as clear as in the NH, as the mid-latitude
storm track maintains its strength throughout the year. Also
Quinting and Reeder (2017) have identified the mid-latitudes
between South America and Australia as trajectory source
regions of upper-level anticyclones over Australia. The equa-
torward shift of the LH regions (and blocking, see Fig. 1d) in
the South Pacific during austral winter (JJA) is in line with
the presence of a split jet east of Australia (Trenberth 1985).
Temporally, the strongest heating occurs at a median time
between 1 and 2 days prior to the arrival in the block and at
a location upstream and equatorward of the main blocking
regions (magenta contours in Fig. 7a, b). For AGP blocks,
which are located further away from the main LH regions
(Fig. 7c, d), the time of strongest heating occurs at a median
time between 2 and 3 days prior to the arrival in the block.
These locations relative to the block are consistent with the
findings of Lupo and Smith (1995), who found strongest
cyclone deepening rates 36 h before blocking occurrence,
that is when LH in the cyclone is at its peak intensity (see
also Binder et al. 2016). As quantified in previous studies
(Hawcroft et al. 2017), most of the latent heat release in
the mid-latitudes occurs in association with extratropical
cyclones in the WCB. Many aspects of the spatial and sea-
sonal distribution in Fig. 7 is in good agreement with the cli-
matological distribution of WCB ascent regions (Madonna
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et al. 2014). For the blocking air masses in the heating
regime, LH is strongest in the mid-troposphere at a median
of 520 hPa, which is comparable to the level of strongest
heating in WCB trajectories (Madonna et al. 2014). Interest-
ingly, this typically happens when liquid cloud water freezes
and water vapor is deposited onto ice crystals (see Fig.7b in
Madonna et al. 2014).

In order to further investigate the mechanism leading to
diabatic heating and the cross-isentropic transport of the
blocking air masses, the trajectories are used to identify
environmental conditions during the time of strongest dia-
batic heating. Figure 8 shows composite maps of blocking
trajectories with A > 5 K at the time of strongest diabatic
heating along the trajectories for the NH. The coordinates
are defined relative to the position of each individual block-
ing trajectory (yellow star at 0° longitude and latitude). Note
that qualitatively similar composites are obtained for the SH
and if all trajectories with AB > 2 K are considered. When
comparing the seasonal composites for NH blocking trajec-
tories, it should be kept in mind that most LH occurs over
sea at a median latitude of 40° N in DJF, but over land at a
median latitude of 50° N in JJA (see Fig. 7).

The composites show that the ascent and LH of the
air masses prior to reaching the block are related to an
approaching mid-latitude upper-level PV trough and a sur-
face cyclone (negative SLP anomaly at the leading edge of
the trough) that typically occur prior to (temporal lag of 1-2
days) and upstream of blocking. This configuration corre-
sponds to the classic picture of baroclinic development with
a westward tilt with height between the low-level cyclone
and the positive upper-level PV trough (e.g., Martin 2006).
The low-level wind at 850 hPa indicates cyclonic circulation
around the SLP minimum and a strong poleward low-level
flow ahead of the cyclone, particularly in the transition zone
between cyclonic and anticyclonic anomalies. This circu-
lation contributes to the poleward advection of warm and
moist air towards the mid-latitude baroclinic zone, where
the air ascends along the poleward-sloping isentropes until
condensation occurs, releasing latent heat. The location of
the trajectories during maximum latent heat release lies in
a region of anomalous high 6, east of the cyclone center
in the warm sector, just ahead of the upper-level trough,
and hence in a region of upper-level forcing for ascent (see
also Binder et al. 2016). 0, values of the air masses affected
by LH are substantially higher than in the surrounding air,
with a median anomaly of 7.5 K compared to the monthly
climatology at the same location. The 850-hPa 0, patterns
also indicate the existence of weak (as a result of the com-
positing) surface cold and warm fronts, denoting enhanced
thermal advection.

The location of the trajectories also coincides with
the peak precipitation near the cyclone center, where the
air masses ascend over the surface warm front. Vertical
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Fig.8 Composite maps of NH blocking trajectories with A6 > 5 K at
the time of maximum latent heat release along the trajectories for a
DIJF and b JJA. The yellow star indicates the position of the trajecto-
ries that is used as the center point for the composites. SLP anomaly
(shading, hPa), upper-level PV (thick black contours for 2 and 3 pvu),

velocities are also at their maximum in this diabatic region
of the composites (not shown). The south-westward exten-
sion of the precipitation band from the cyclone center is
co-located with the location of the composite cold front. The
large-scale precipitation (as obtained from the micophys-
ics parameterization) band extends more to the north, while
especially in JJA, convective precipitation (as obtained from
the convection scheme) is also found in the southern part
of the composite, probably formed in convective weather
systems over the continents. In quantitative terms, large-
scale precipitation is the dominant term with rates of up to
20mmday~" in DJF and 13 mmday~' in JJA. The convec-
tive precipitation does not exceed 8 mm day ™', however the
relative contribution differs between winter (where trajecto-
ries are mostly located over sea) and summer (mostly over
land): While in winter the majority of the precipitation is
produced by the large-scale scheme, in summer ~ 40% of
the total mean precipitation is contributed by convection.
The mean rain rates shown here are consistent with cyclone-
centered composites in Booth et al. (2018). These findings
indicate that convective processes ahead of an approach-
ing upper-level trough, facilitated by the lower static stabil-
ity underneath the trough (cf. Hoskins et al. 1985), could
also represent a source of diabatically-heated blocking air
masses. While the role of convective weather systems cannot
be quantified with our trajectory-based approach, previous
studies (Rodwell et al. 2013; Magnusson 2017) also point
towards the importance of convective processes for errors in
blocking predictions over Europe.

Downstream of the cloud-diabatically active region the
composites indicate the development of the incipient block
with an upper-level ridge and a high-pressure signature

0, on 850 hPa (black dashed contours every 10 K), wind on 850 hPa
(black arrows, ms~!), convective and large-scale precipitation (yel-
low and blue contours starting from 2mmday~' with interval of
4mmday™!)

at the surface. The cyclonic circulation transports the air
masses towards the upper troposphere to the north and east
of the cyclone. The resulting anticyclonic PV anomaly near
the jet stream contributes to the subsequent blocking forma-
tion or maintenance.

The trajectory-centered composites used here are con-
sistent with cyclone-centered composites shown in previous
studies (e.g., Tamarin and Kaspi 2016; Binder et al. 2016),
and main features of developing extratropical cyclones can
be identified. The features are more pronounced in the DJF
composite, because winter cyclones over sea are typically
stronger. Note that our composites do also include cases of
extratropical transition of recurving tropical cyclones (e.g.,
Riboldi et al. 2018) and low-level cyclonic PV anomalies
that develop in the absence of upper-level forcing (Boettcher
and Wernli 2013), both of which are known to modify the
mid-latitude upper-level flow.

The trajectory analysis provides a synoptic perspec-
tive on the dynamical link between blocking and upstream
baroclinic eddies in the storm track regions [the classical
‘eddy-mean flow’ interaction, e.g., Hoskins et al. (1983)].
The diabatic (and quasi-adiabatic) poleward transport of
anticyclonic air masses into the blocking region occurs pri-
marily on the eastward side of developing cyclones. Recall-
ing the episodic nature of the LH contribution during the
blocking life cycle described in Sect. 4.2 (see again Fig. 6),
it should be emphasized that a series of transient cyclones
and their associated cloud-diabatic processes, rather than a
single primary cyclone, typically contribute to block for-
mation and maintenance. For instance, in the case of the
dipole block (gray dashed lines in Fig. 6), a rapidly inten-
sifying cyclone initiated downstream ridge building and
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the subsequent onset of the block (magenta dot at genesis),
followed by a surface cyclone (Diabatic rossby wave, see
again Boettcher and Wernli 2013) which further amplified
the block (magenta dot at blocking age 3.5 days) and led to
anticyclonic wave breaking over Europe. While blocking is
a long-lived phenomena, the surrounding weather systems
have usually a much more transient character. This cumula-
tive action of groups of synoptic eddies in blocking forma-
tion, intensification and maintenance was also discussed in
previous studies (Hoskins and Sardeshmukh 1987; Naka-
mura and Wallace 1993; Lupo and Smith 1995; Yamazaki
and Itoh 2012a; Raveh-Rubin and Flaounas 2017; Maddison
et al. 2019).

5 The impact of LH on blocking structure

In addition to the direct diabatic PV modification and the
net cross-isentropic transport of anticyclonic PV air to the
upper troposphere, LH can also have an indirect effect on the
upper-level PV structure by amplifying the vertical motion,
which results in an enhanced divergent outflow along the
strong upper-level PV gradient associated with the tropo-
pause and jet stream. When strong vertical and divergent
motion impinges on the jet stream, a downstream Rossby
wave amplification can be triggered (Davis et al. 1993; Teu-
bler and Riemer 2016).

The effect of the divergent outflow associated with LH
on the structure and development of blocking is evaluated
here by calculating the PV advection by the divergent (irro-
tational) component (v, - VPV) of the full wind following
Riemer et al. (2008), Archambault et al. (2013). The diver-
gent wind is obtained via Helmholtz partitioning, using a
successive overrelaxation method. In addition, the role of
the non-divergent (rotational) wind component (v,,) is inves-
tigated, which highlights the contribution of the balanced
flow associated with the upper-level PV distribution. PV
advection by the divergent and non-divergent wind is aver-
aged vertically between 500 and 150 hPa to assess the flow
component along the PV gradient at upper levels. The sum
of these two flow components gives the PV advection by the
total wind (v, +v,,)-VPV.

Blocking-centered composites are then constructed to
reveal the relationship between blocking, surface cyclone,
latent heating and upper-tropospheric divergence. The
composites are averaged over the genesis (first day after the
blocking onset), mature (one day centered on the time of
peak intensity) and decay (last day before blocking decay)
phases (Figs. 9, 10). For each block, a domain of approxi-
mately 40° around the block’s center of mass (yellow star)
is used. Note that these averages incorporate all 4270 blocks
detected in the climatology, including mid-latitude and high-
latitude blocks in both hemispheres. Hence, there is a high
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Fig.9 Blocking-centered composite maps during a onset (first day
after the blocking onset), b mature (one day centered on the time of
peak intensity) and ¢ decay (last day before blocking decay) phases.
Upper-level PV (pvu, black contours), upper-level divergent wind
vectors of the full wind (ms~!; reference vector in upper right),
upper-level PV advection by the divergent component of the full
wind (pvuday™', shading), frequency of trajectories with A > 2 K
in three days at the time of maximum heating (yellow contours from
0.06 to 0.2% every 0.02; note that there is a time lag of median —1.5
days between maximum LH and the time of the composites), upper-
level PV anomaly [pvu, red contours for — 0.5 (dashed) and 0.5] and
SLP (hPa, blue contours). All blocking composites in this study are
presented in poleward-oriented format, meaning that SH blocks are
flipped meridionally. PV values in the SH have been multiplied by —1
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Fig. 10 Blocking-centered composite maps during a onset, b mature
and ¢ decay phases. Z500 geopotential height (m, blue contours),
upper-level wind vectors (ms~!; reference vector in upper right),
cyclone frequency (%, shading), APV blocking frequency (black con-
tours, 10-90% every 20) and AGP blocking frequency (yellow con-
tours, starting from 2% every 2)

case-to-case variability (different blocking sizes and shapes)
and finer structures are smoothed out due to disparate loca-
tions relative to the blocking center. The position of extrat-
ropical cyclones and AGP blocks relative to the APV block-
ing is shown in the composites in Fig. 10.

Generally, the composites show the main characteristics
of blocking, i.e. a marked poleward displacement of upper-
level PV (black contours in Fig. 9) and Z500 (blue contours
in Fig. 10) contours around the blocking center (yellow
star) with an anticyclonic rotation (Fig. 10). Note that these
signals are vertically extended (averaged between 150 and
500 hPa) and include omega-shaped (more frequent in the
North Pacific and SH) and dipole-shaped (more frequent
in the North Atlantic) blocks. The composite structure is
similar to a large-scale ridge during genesis, and the pole-
ward intrusion of low-PV air that is surrounded by high-
PV air becomes more pronounced in the mature and lysis
composites where the 2-pvu contour (and Z500 contours)
overturns (closed 2-pvu contours), resulting in an inversion
of the meridional PV gradient south of the blocking center, a
signal of wave breaking. The negative PV anomalies (Fig. 9)
and the APV blocking frequency (Fig. 10) show that the
spatial extent of the block is largest during the mature phase.

The evolution of the block shows a more baroclinic struc-
ture during onset with a westward tilt between the SLP max-
imum and the upper-level PV ridge (Fig. 9). The compos-
ites become more barotropic with blocking age. The surface
anticyclone (closed SLP contours) located below the nega-
tive PV anomaly is strongest as the block reaches maximum
intensity (mature phase, Fig. 9b). Most evident during the
mature phase, the block is most intense and locally deceler-
ates and reverses the mean westerly flow and splits the jet
stream with a strong northerly (maximum wind speeds up
to 30m s~!) and a weaker southerly branch around the block
(Fig. 10b), contributing to a large-scale deformation flow
to the southwest where Z500 (and PV) contours deviate,
which follows the original description of Rex (1950). AGP
blocking frequencies are small during onset, but increase
drastically when the block reaches maturity and wave break-
ing occurs. AGP blocks are located southeast of the APV
blocking during onset, where anticyclonic overturning and
flow reversal is expected (Altenhoff et al. 2008), and south
of the APV block during the mature phase. The rather low
values of AGP blocking frequencies are due to averaging
over many regions where AGP blocks are rare, including the
SH and mid-latitude North Pacific.

On both sides of the block, PV troughs are present (see
again Fig. 9), which is indicative of wave activity. Upstream
of the blocking, a SLP minimum below the trough indicates
the presence of cyclones, most prominently during onset,
highlighting the role of upstream cyclones as precursor to
blocking. During onset, the cyclone frequency maximum
(Fig. 10a) is located to the northwest of the block, and the
area of enhanced cyclone frequency extends to the north
and southwest of the block. The vast majority of blocks are
accompanied by one or more cyclones during their lifetime,
and the large standard deviation of the cyclone frequency
in the composites is an indication of a strong case-to-case
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variability in the exact location and occurrence of these
upstream cyclones (not shown). While most cyclones are
located upstream of the block during strongest interaction,
i.e., during a LH burst, this frequency pattern indicates that
some cyclones have already propagated pole- and equator-
ward around the block. Upstream cyclone frequency gradu-
ally declines during the blocking lifecycle, a development
consistent with the temporal evolution of the LH contri-
bution (Fig. 6a). According to Berggren et al. (1949) and
Shutts (1983), a diffluent flow can slow down and amplify
approaching synoptic-scale waves, which provides favorable
conditions for large-scale poleward transport of anticyclonic
air masses into the block (so-called eddy-straining mecha-
nism, see Shutts 1983). The synoptic setup shown here in the
composite maps is consistent with previous work that found
synoptic eddies embedded in a diffluent flow to strengthen
the blocking. Downstream cyclones, not further discussed
in this study, are present during the entire blocking lifetime,
and their frequency slightly increases with blocking age, a
sign of downstream wave development.

Independent of blocking age, the ascending air masses
affected by LH (yellow contours in Fig. 9) are located below
the western flank of the blocking, just below the leading
edge of the upstream trough (cf. Sect. 4.3). Accordingly,
intense divergent outflow (Fig. 9) is located above the cloud-
diabatic region on the western flank of the blocking, where
the strongly ascending air masses reach the upper tropo-
sphere and spread out horizontally. The divergent outflow
is strongest during onset and weakens with blocking age,
in line with the temporal evolution of the LH contribution
(Fig. 6a). A region of convergence is found on the eastern
flank of the blocking ridge, where subsidence is expected.
The divergent outflow is located on the equatorward side of
the jet and has a component along the PV gradient towards
the pole. Therefore, it advects anticyclonic PV poleward.
The jet stream is shifted in the same direction and locally
accelerates.

This negative PV advection by the divergent wind (Fig. 9)
on the western flank leads to a westward (and poleward)

Fig. 11 Same as Fig. 9abut a (a)
PV advection by the divergent

expansion of the blocking anomaly. Conversely, posi-
tive PV advection opposes ridge building on the eastern
flank. The magnitude of the negative PV advection in the
composites is similar during the onset and mature phases
(—=0.35pvuday™"), whereas the positive PV advection on
the eastern flank is weaker throughout the blocking lifecycle
(+0.1 pvuday™). This asymmetric configuration between
negative and positive PV advection during onset and mature
phase promotes the amplification and zonal widening of the
blocking region. The pattern of the PV advection changes
substantially during the decay stage, with a much weaker
negative PV advection on the western flank of roughly the
same magnitude as the positive PV advection on the eastern
flank, resembling a more symmetric configuration. This is
a result of the reduced divergent outflow during the decay
of the block. Note that, in addition to LH, the PV advec-
tion by the divergent wind is also related to the strength of
the upper-level PV gradient, which explains the compara-
ble magnitude of negative PV advection in spite of reduced
divergent wind (and LH) during the mature phase compared
to onset. The ongoing advection of low-PV air during the
onset and mature phases extends the ridge not only pole-
ward, but even more to the west. This contributes to the
amplification and quasi-stationary behavior of blocking, as
it counteracts the dissipation and eastward movement due
to the mean westerly flow. This westerly flow manifests
itself in a positive PV advection by the non-divergent wind
(Fig. 11b; with maximum values of + 1.25 pvuday™), i.e.
it advects the block eastward, which overcompensates the
negative PV advection by the divergent wind. In general,
the divergent wind is one order of magnitude smaller than
the non-divergent wind, however, the PV advection by the
two wind components is of much more comparable mag-
nitude since the divergent wind projects directly onto the
PV gradient. The total (rotational plus divergent) wind still
advects the block downstream, albeit with a reduced velocity
compared to the mean flow (see again Fig. 2). The role of
the divergent wind for keeping blocks stationary was also
noted by Mullen (1987).

wind based on diagnostically
calculated vertical motion from
the quasi-geostrophic omega
equation and b PV advection by
the non-divergent (rotational)
component of the full wind
during blocking onset. Note the
different ranges of the colorbar

20 1

pseudo lat

pseudo lon

pseudo lon

[ S m— -

-0.3 -0.2 -0.1 0.0

@ Springer

0.1 0.2 0.3
PV advection [pvu d~1]

-15 -1.0 -0.5 0.0 05 1.0 1.5
PV advection [pvu d1]



The role of latent heating in atmospheric blocking dynamics: a global climatology 6175

The Helmholtz partitioning used here to decompose the
wind into divergent and non-divergent wind components
does not provide information on the cause of the divergent
outflow, that is, whether it is an indirect effect of LH or
related to the dry, ageostrophic circulation of the large-scale
balanced flow (e.g., Martin 2006). Following Graf et al.
(2016), we employ the quasigeostrophic (QG) framework,
based on the QG w-equation in Trenberth (1978), to estimate
the dry-dynamical adiabatic large-scale forcing for vertical
motion and the associated upper-level divergence as com-
pared to the diabatically driven outflow. We compute the
divergence related to the QG w via the continuity equation
on pressure levels between 500 and 150 hPa. Figure 11a
shows the blocking-centered composite during onset with
the upper-level divergent wind obtained from the QG w
-equation. The QG forced divergent wind and its PV advec-
tion on the western flank are much weaker than the negative
PV advection by the divergent outflow of the full wind. Dry
QG dynamics account for roughly one third of the negative
PV advection observed in the composites with the full verti-
cal motion. Convergence and PV advection on the eastern
flank of the block and ahead of the downstream trough are,
however, not substantially reduced. The results are consist-
ent with the findings of Quinting and Jones (2016) for the
diabatic outflow of recurving tropical cyclones. Given the
strong divergent outflow and the observed asymmetry in
the PV advection by the divergent wind between western
and eastern flank in the full wind composites (Fig. 9), it is
clear that LH in the upstream cyclone significantly enhances
the divergent outflow. While the large-scale dry-dynamical
forcing from the upstream trough is essential for the ascent
of the air masses into the blocking region (see Sect. 4.3),
it does not explain the strong divergent outflow of the full
wind and its impact on the blocking. We hence conclude
that moist-diabatic processes and the associated LH in the
mid troposphere strongly enhance the divergent outflow, and
the succeeding interaction with the upper-level PV gradi-
ent modifies the amplification and propagation of blocking
compared to the behavior expected from a purely dry QG
perspective.

5.1 Difference between moist and dry blocks

Since blocks can form with different LH contributions
(Sect. 4.2) and show significant differences in their devel-
opment (Sect. 4.3), composite maps are compiled separately
for the 5% blocks with strongest (moist blocks) and weak-
est (dry blocks) LH contribution in Fig. 12. Interestingly,
the composites indicate a distinct structural difference. In
the moist block composites (Fig. 12a, c, e), the PV pat-
tern has a Q-shape structure with a northwest-southeast
tilt, in particular during the latter stages of development,
which promotes cyclonic wrap up of the upstream trough,

suggesting that the intense LH and diabatic outflow in these
blocks may favor cyclonic wave breaking. In addition, the
cross-isentropic transport of low-PV within ascending air-
streams reduces the upper-level PV in the center of the block
and strengthens its anticyclonic anomaly (in comparison to
the dry block composites), which peaks during the mature
phase. For the dry blocks (Fig. 12b, d, f), the composite
shows a cut-off low-PV anomaly already during onset, which
is cut off from its tropospheric source and surrounded by
high-PV stratospheric air. Anticyclonic wave breaking at
the downstream flank becomes visible during the mature
phase, setting up a dipolar configuration with a low-over-
high PV anomaly during the mature phase of the develop-
ment. This dipolar pattern counters the (weak) background
westerly flow, keeping the block quasi-stationary without the
diabatic outflow. Interestingly, without strong cloud-related
LH and diabatic PV modification, the upper-level PV in the
center of the dry blocks does not decrease during the life
cycle. The cut-off blocks are likely to be residues of Rossby
wave breaking (Pelly and Hoskins 2003a). Although Rossby
wave breaking can evolve due to dry baroclinic dynamics
alone (MclIntyre and Palmer 1983), Zhang and Wang (2018)
showed that upstream diabatic heating can help to amplify
the upper-level ridge and subsequent wave breaking. This
is consistent with our trajectory analysis, which shows a
moderate LH contribution of 20% during onset for the dry
blocks (Fig. 6a) and a substantial increase in LH contribu-
tion along an extended period of seven days (not shown).
Again, this significant differences in the upper-level outflow
and PV advection between the moist and dry blocks points to
the importance of LH for vertical motion and the associated
modification of the blocking structure.

In addition to the role of LH for the blocking structure,
general statements about the geographical background flow
can be made because the location of these blocks are in well-
defined areas. It has been shown in Fig. 5a, b that blocks
with maximum LH contribution typically develop in differ-
ent regions compared to those with minimum LH contribu-
tion. Moist blocks are typically found within the main storm
track regions of the North Pacific, western North Atlantic
and eastern South Pacific, whereas dry blocks are located
downstream, or on the equatorward flank, of the storm tracks
over Europe, Asia and Australia. In this regard, our results
are consistent with previous studies (Berrisford et al. 2007,
Tyrlis and Hoskins 2008a; Altenhoff et al. 2008; Masato
et al. 2012) who showed that a block’s location relative to
the climatological storm tracks is also important for the
structure of the blocking, with mostly cyclonic wave break-
ing occurring on the poleward flank, and anticyclonic wave
breaking on the equatorward flank of the storm track. The
upstream and downstream zone of enhanced PV gradient
in the moist block composites indicates that moist blocks
from in a region of strong westerly winds. Our findings
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Fig. 12 Blocking-centered
composite maps during a, b
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onset, ¢, d mature and e, f decay
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with strongest LH contribu-
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thus suggest that intense diabatic outflow provides the
required flow amplification for perturbing the strong zonal
jet and for keeping the blocks quasi-stationary. In contrast,
dry blocks develop in regions where the zonal winds are
weaker (reduced upstream and downstream PV gradients),
which provides a more favourable environment for blocking
initiation.

6 Conclusions

The present study explores the variability and dynamics of
atmospheric blocking with a special focus on the role of
moist-diabatic processes, in particular the release of latent
heat in ascending airstreams, and discusses the importance
of diabatic processes for the formation and maintenance of
blocking in comparison to classical (dry-dynamical) block-
ing theories. We have compiled a comprehensive global
climatology of blocking from the ERA-Interim dataset for
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the period 1979-2016 to examine the seasonal and regional
relationship between atmospheric blocking, extratropical
cyclones, latent heating (LH) and the associated dynami-
cal processes from a combined Eulerian (composites) and
Lagrangian (air parcel trajectories) perspective. In order
to capture a representative sample of different blocking
flow patterns, blocking has been identified using two dif-
ferent blocking indices based on upper-level anticyclonic
PV anomalies (Schwierz et al. 2004) and the reversal of the
7500 gradient (Scherrer et al. 2006).

The climatological trajectory analysis reveals that two
different processes contribute to a block’s anticyclonic PV
anomalies: moist-diabatic processes with cross-isentropic
transport of anticyclonic PV air (heating regime) and quasi-
adiabatic processes with nearly isentropic transport of
mostly anticyclonic PV air (no-heating “cooling” regime).
Between 31 and 46% (58-67%) of all blocking air masses
have been heated by more than 2 K, with a median heating
of 8.5 K (12.5 K), during the final 3 (7) days before entering
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the blocking anticyclone. These results corroborate earlier
studies (Pfahl et al. 2015; Quinting and Reeder 2017) and
highlight the fundamental importance of moist-diabatic pro-
cesses for atmospheric blocking.

In agreement with classical blocking theories, the no-
heating regime corresponds (i) to the mechanism proposed
by Yamazaki and Itoh (2012a), according to which the block-
ing anomaly is maintained by selectively absorbing other
synoptic-scale transient anticyclones or (ii) to the poleward
quasi-adiabatic transport of (subtropical) air from lower
latitudes ahead of extratropical cyclones (e.g., Shutts 1983;
Colucci 1985) or during Rossby wave breaking (Pelly and
Hoskins 2003a). These air masses experience weak diabatic
cooling of a few K, probably caused by long-wave radiation,
which may weaken the upper-level anticyclone (Hoskins
et al. 1985). Further investigation is needed to quantify the
role of long-wave radiation for blocking dissipation.

Temporal and spatial variability of blocking occurrence
and intensification can be linked to cloud-diabatic activity.
Blocking over the ocean, linked to strong ocean-to-atmos-
phere heat fluxes and enhanced storm track activity, is typi-
cally dominated by moist-diabatic processes throughout the
year, whereas continental blocks exhibit strong seasonal-
ity with a minimum in diabatic contribution during winter,
when moisture supply is limited. In general, moist-diabatic
blocks develop faster than dry-adiabatic blocks, and are
more intense and larger in extent. However, the large case-
to-case variability of the diabatic contribution demonstrates
that some blocks can also amplify in the absence of LH, and
that different mechanism can dominate in different cases.

Futhermore, moist-diabatic processes are more impor-
tant during blocking onset, which is characterized by rapid
amplification of synoptic-scale ridges, and reduce to a
minimum during the decay phase. Multiple episodes of
increased LH contribution (LH bursts) during the blocking
life cycle systematically precede blocking (re-)intensification
and growth. This indicates that LH can contribute to both
the high- (fast onset and fluctuation in intensity and size)
and low-frequency (persistence and quasi-stationarity dur-
ing maturation phase) properties of blocking anticyclones
through the episodic injection of anticyclonic PV air and
the reinforcement of the anticyclonic PV anomalies in the
upper troposphere.

With the help of detailed composite and trajectory anal-
yses, we have elucidated the chain of synoptic-scale pro-
cesses involved in blocking formation and the specific role
of LH. Air masses typically ascend into the blocking region
ahead of an extratropical cyclone over a mid-latitude baro-
clinic zone. Forcing for ascent is incipiently provided by an
approaching upper-level through, and if there is sufficient
supply of moisture, this upper-level forcing triggers strong
latent heat release that enhances the upward motion. This
diabatically amplified ascent (often called warm conveyor

belt) injects anticyclonic PV air into the upper troposphere
and creates strong divergent outflow on the western flank
of the block. Negative PV advection by the divergent out-
flow extends the blocking ridge westward, anchoring the
block in place and slowing down its eastward progression.
As a consequence, upstream cyclones are also slowed down
and amplify meridionally when approaching the large-scale
deformation flow to the southwest of the block, which allows
subtropical air masses with anticyclonic PV values to travel a
long way polewards within the blocking region, as described
by Berggren et al. (1949) and Shutts (1983), among others.
Hence, moist-diabatic processes do not operate in isolation
but instead the interplay of a strong baroclinic wave, upper-
level QG forcing for ascent and an intense, diabatically pro-
duced outflow highlights the importance of both dry and
moist dynamics for blocking. Our findings thus complement
the large body of previous work that found synoptic eddies
to strengthen blocking.

As cyclones occur more frequently than blocking, a ques-
tion that is still open is which cyclones initiate a blocking
and which do not, and it is not clear whether cyclones with
stronger diabatic heating are more likely to cause blocking.
Pelly and Hoskins (2003a) have shown that an anomalous
blocked flow is easier to maintain than to initiate, which
points to an important role of the large-scale flow to provide
a favourable environment to be prone to blocking initiation.
Our blocking-centered composites show that the dynamical
tropopause and the large-scale flow are already in an ampli-
fied state during blocking onset, which indicates that a large-
scale open ridge was present prior to blocking onset. An
anomalously diffluent flow prior to blocking onset was also
pointed out by Colucci (2001), and recently Rothlisberger
et al. (2018) highlighted the general relevance of a preex-
isting ridge for the initiation and growth of synoptic-scale
waves. These findings reveal that the interaction between
and phasing of planetary-scale flow anomalies and mobile
synoptic-scale eddies plays an important role for blocking
formation (Nakamura et al. 1997; Luo et al. 2014), and dia-
batic processes can provide the required flow amplification
in addition to dry-dynamical forcing.
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