Author response to referee comments in manuscript wcd-2020-5:

“The sensitivity of atmospheric blocking to changes in upstream

latent heating — numerical experiments”
by Daniel Steinfeld, Maxi Boettcher, Richard Forbes, and Stephan Pfahl

We would like to thank both reviewers, Oscar Martinez-Alvarado and Florian Pantillon, for
their positive, detailed and constructive feedback that helped us to improve the quality of our
manuscript. The major changes in the new version of the manuscript are the following:

1. The introduction am method section has been restructured: the motivation, scope and
objectives are explained more clearly.

2. A description of the synoptic evolution of the other three cases (in addition to Thor) is
included.

3. The figures and corresponding references in the text have been improved.

4. The description of the case-to-case variability has been improved, including a new
figure.

Our point-by-point responses follow below, in blue, with the original referee comments shown
in black. A marked-up manuscript version showing the changes made can be found after the
responses.

1 Response to Florian Pantillon

Referee comment

The paper investigates the contribution of latent heating during the onset phase of blocking in
four case studies spanning the North Hemisphere. The investigation is extended to the
maintenance phase for one case study, which is described more thoroughly. The contribution
of latent heating is quantified by switching off heating related to cloud processes in a region
located upstream of the blocking in sensitivity experiments with the global IFS model. The
impact is diagnosed using the potential vorticity anomaly and divergent wind at upper levels
mainly. The results show a clear contribution of latent heating, including periods of bursts, to
the intensity of blockings and their extent in space and time, with large case-to-case
variability that appears to depend on the flow configuration. The paper addresses an
important topic in atmospheric dynamics, is based on well-designed numerical experiments,
and is well written overall. However, as detailed in the general comments below, it contains
majors flaws related to a lack of assessment of the numerical experiments, a lack of balance
between one detailed case study and three quicker ones, and a general lack of consistency
between text and figures. Although the paper is definitely interesting and valuable, it gives a
feeling of subjectivity in the choice of case studies and interpretation. Considering that a
systematic analysis of all presented case studies would require much additional work, and as
the discussion at the end of Section 4 currently suggests that the impact of latent heating
depends on many parameters that cannot be properly covered here, | suggest to remove the
additional cases altogether and focus on the Thor case more thoroughly. For instance, with
less extra work, the additional sensitivity experiments with alpha=0.5 and 1.5 could be
included in Figs. 9-10 to discuss non-linearity, or the respective contribution of microphysics
and convection to latent heating could be quantified to contribute to the current discussion in
the NAWDEX community.

General and specific comments are listed below to help improving the paper.



General comments

1. An assessment of the quality of control simulations is lacking: Fig. 1 provides some
comparison with satellite observations for the Thor case but in an indirect fashion and
at short range only, while nothing is provided for the other cases. A 10-day run is not
expected to perfectly match observations but needs to capture the blocking at least.
The lack of predictability during the onset of blocking makes this questionable. An
easy solution would be to add panels for the analysis fields on Figs. 3—4 (and S1-S3)
and curves on Figs. 2 and 6.

Reply Thanks for the discussion about the quality of the control simulations. We
agree that an assessment of the performance of NWP models during blocking
situations is an important aspect, especially since blocking is notoriously difficult to
forecast (e.g. Tibaldi and Molteni, 1990; Pelly and Hoskins, 2003; Jung, 2014;
Matsueda, 2009, Quandt et al., 2017). There are recent studies focusing on the role
of WCBs in NWP forecasts during blocking onset (Grams et al., 2018, Maddison et
al., 2019 and 2020). However, the predictability and forecast performance (of the
control simulations) is not in the scope of this study, and a more detailed discussion
would dilute its focus. Our conclusions on the large-scale impact of LH on blocking
dynamics (comparison of CNTRL versus NOLH simulations) do not depend on the
realistic reproduction of the selected blocking cases in 10-day forecasts, as we
compare simulations to simulations. The only requirement is that the reference
simulations capture large-scale blocking conditions, which we have demonstrated
and quantified in the manuscript. Note that the role of LH for atmospheric blocking
has only been recently discussed (Pfahl et al., 2015), and its contribution is still
debated in the blocking community (Woolings et al., 2018; Voosen, 2020). Our results
contribute to the current debate.

In favour of keeping the paper focused, we decided not to include an assessment of
the forecast quality. We improve the explanation of the motivation, open questions
and scope of this study in the introduction.

As the other reviewer also asked about the forecast quality of the control simulations,
we still comment on this aspect here.

All control simulations are initialized during the intensification phase of the upstream
cyclone, which is typically 2 days prior to blocking onset. The IFS initialization is
based on two requirements: (1) LH has to be removed early enough to ensure that its
contribution to the ridge amplification is minimal and (2) the control simulation needs
to capture the development of a major block, thus the initiation time has to be close to
the onset. As an example, for “Thor onset” this is the 30 Sep 2016. This is in contrast
to Maddison et al. (2019, 2020), who initiated the ensemble forecast on 27 and 28
Sep 2016, which leads to considerable divergence of the ensemble members at the
time of blocking onset.

Figure AR1 compares upper-level PV between the control simulation (CNTRL) and
the operational analysis fields (ANA) for Thor onset. On 3 October 2016, 3 days into
the forecast evolution (Fig. AR1a) the ridge amplification (onset of Thor) is very well
represented. By 6 October, 6 days into the forecast, the anticyclonic wave breaking
and the intensity and spatial extent of Thor is generally well represented in CNTRL
(AR1b). However, there is an eastward shift of the block in CNTRL compared to ANA.
Nevertheless, the forecast evolution of the block in CNTRL is similar enough to reality
over the time of interest and captures an intense dipole block over Europe, and
therefore allows studying the impact of LH on the flow amplification in the IFS
sensitivity experiments.
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Figure AR1: Difference (CNTRL — ANA) in upper-level PV (shaded in pvu) and upper-level
2 pvu contour (solid for CNTRL, dashed for ANA) after a) 3 and b) 6 days model simulation
for Thor onset.

2. The organization is unbalanced: most of the paper is dedicated to the case study of

Thor but related contents are spread between Sections 3 (which contains a
subsection 3.1 without 3.2) and 4.1 with some repetitions in 4.2, while additional
cases are briefly introduced in 2.4 (without motivation) then discussed in Section 4.2
only (without prior description of their specific dynamics). Describing one case study
in details and several cases succinctly is a sound approach but in the present form |
do not clearly see what to learn from these additional cases.
Reply We realise that we failed to explain the motivation for the selection of the
different cases. The other blocking cases were selected because they were
associated with extreme weather events that had a strong socio-economic impact. In
addition, the 5 cases cover the typical range of different flow configuration (omega
versus dipole block) during different seasons and with different LH contribution:
- 2010 Russia (omega block, summer): Heat wave and forest fire in Russia
- 2016 Canada (omega block, spring): Heat wave and devastating wildfire in
Alberta
- 2018 Cold Spell (dipole block, winter): Cold spell over Europe, with heavy
snow in England (“beast from the east”)
- 2016 Thor (dipole block, autumn): during NAWDEX, onset and maintenance
phase

Of course, such a selection of a limited number of case studies is somewhat
subjective. Nevertheless, we think that the (briefer) analysis of additional blocking
cases is a key part of our study as it demonstrates the strong case-to-case variability
of the impact of latent heating on blocking, a point that the referee also mentions in
his introductory statement. As such, the paper goes beyond a single case study, but
having the same level of detail as for Thor would increase the length of the paper too
much.

We believe that a detailed analysis of Thor in the beginning is meaningful as an
illustrative example of blocking, its interaction with different weather systems, and as
a transition to the sensitivity experiments in section 4.2 (“sets of blocks”). For
clarification, we added a statement at the beginning of section 4 that case Thor will be
further discussed in the next section together with the other cases. We try to improve
the structure and avoid repetition between Section 4.1 and 4.2 as much as possible.

We included a paragraph in which we introduce the other cases with a short synoptic
description. We improved the discussion about the case-to-case variability, as it is a
key result, and tried to be more explicit about the differences (LH contribution,



sensitivity related to size and intensity) and similarities (intense cyclogenesis during
onset, development of a cut-off anticyclone in NOLH) between the cases. For that, we
will provide a new Figure 11, in which each case is shown as a dot (CNTRL and
NOLH during mature phase) in a phase space of intensity versus spatial extent
(similar to Figure 8 in Maddison et al., 2020).
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New Figure 11: Normalized difference in peak spatial extent and peak intensity of the NOLH
blocks compared to the CNTRL blocks. Values close to zero indicate weak sensitivity. The
size of the marker indicates the LH contribution in the CNTRL simulations (see Table 1).
Red open circles for Thor onset simulations with reduced LH (a= 0.5) and enhanced LH (a=
1.5).

3. All along the paper, features such as the upper-level jet stream are discussed but not
shown anywhere, while striking contrasts between case studies are not mentioned.
Please make sure you actually display what you describe and describe what you dis-
play. And please avoid wording such as “it is evident”, in particular for statements that
are not.

Reply Thanks for your suggestion. We adjusted the figures (added SLP to show
surface cyclones), revised the text and more explicitly refer to the figures in the
revised manuscript (including labels and locations of blocking center), which helps
identifying the discussed features. However, from our general understanding it is
sufficient to show upper-level PV (dynamical tropopause) and Z500 gradients to
gualitatively describe the large-scale flow / jet steam, as the region of strongest wind
follows the band of enhanced PV/Z500 gradient.

Specific comments

4. The title could be more specific: “changes” is vague
Reply One alternative is «The sensitivity of atmospheric blocking to upstream latent
heating - numerical experiments”. It emphasize the first-case importance of upstream
LH in blocking dynamics and highlights the novelty of this sensitivity study.

5. I. 3 “the causal relationship between latent heating and blocking formation has not yet
been fully elucidated”: what is the paper’s contribution to elucidating this causal
relationship? (which likely extends beyond blocking “formation” only)

Reply Previous studies based on (Lagrangian) diagnostics have established a
correlation between blocking and upstream LH. However, they are not able to directly
show whether LH has a causal effect and critically modifies the development of
blocking (Would a block still develop without LH?). Here, by removing upstream LH in
sensitivity experiments, we demonstrate, for the first time, the cause-and-effect
relationship between LH and blocking. The experiments contribute to the current
debate about the role of LH in blocking. The results may be extended to other



10.

situation of strong ridge amplification, as climatological studies have shown strong
WCB activity prior to Rossby wave initiation (Roéthlisberger et al., 2018) and wave
breaking (Zhang and Wang, 2018). We added the following regarding these
potentially broader implications to the manuscript: “While our experiments are limited
to blocking situations, which are associated with a very strong large-scale flow
amplification in the mid-latitudes, the diabatic formation of anticyclonic PV anomalies
can be observed in various synoptic situations in which Rossby waves (e.g., Grams et
al., 2011; Chagnon and Gray, 2015; Réthlisberger et al., 2018), PV streamers, cut-off
lows (Knippertz and Martin, 2007; Madonna et al., 2014) or wave breaking (Zhang
and Wang, 2018) play a role. LH may therefore be dynamically relevant, influencing
the jet stream and potentially the downstream flow evolution in all these situations,
which is likely to have important consequences for medium-range weather
prediction.”

I. 8-12 This does not reflect the contents of the paper: “the jet stream” is not shown
anywhere; “warm conveyor belt airstreams” are barely discussed; “an accurate
parameterization of microphysical processes” is not particularly supported by the
results.

Reply Thanks for the comment. We quantify and discuss more carefully WCB
trajectories. See also reply to general comment 3. Instead of «microphysical
processes», we put «moist processes in ascending airstreams» which is a bit wider
and covers convection, clouds and WCBs.

I. 31-33 please develop “the mechanism behind the classical view”

Reply The classical view describes the interaction between transient eddies and their
positive feedback on blocking maintenance. More specifically, it describes the thermal
and vorticity advection ahead of synoptic waves that experience straining and slow
down in a diffluent flow (Shutts, 1983; Yamazaki and Itho, 2013). From a Lagrangian
viewpoint, this is linked to the quasi-adiabatic advection of low-PV air polewards into
the blocking region, which is captured by our trajectory-based diagnostic (AB < 2K)
(see also Steinfeld and Pfahl, 2019).

In the revised manuscript, we put our results into perspective with these more
traditional blocking concepts.

I. 47-49 why are diagnostic methods not able to show a causal relationship?

Reply See our reply to comment 5. Previous trajectory analysis indicated that LH is
often present upstream of blocking, but this doesn't necessarily imply that it has a
strong causal impact on blocking dynamics.

I. 64—65 This is lower resolution than the operational version and previous studies
suggested that LH is sensitive to resolution: can you compare your control
simulations with the operational IFS forecast to estimate this sensitivity?

Reply We think that for the purpose of this study the chosen resolution is adequate,
as the simulations capture the development of a large-scale blocking flow, and our
main conclusions are based on the comparison of different model runs with the same
resolution. In principle, the effects of LH could be different when smaller-scale
convective motion was resolved, but running all our experiments with convection-
permitting resolution is not feasible (recall that also a large model domain is required).
See our reply to general comment 1 why we do not include an assessment of the
forecast quality in the revised manuscript.

I. 78 LH is turned off for both microphysics and convection schemes but convective
motions are not captured by back trajectories: what is their contribution?

Reply As also mentioned in our previous reply, it is a limitation of our study that
trajectories follow the resolved large-scale wind and do not directly capture



11.

12.

13.

14.

convective ascent. This might lead to an underestimation of the relevance of LH. We
discuss the limitations more carefully.

Latent heat release due to the convection scheme still contributes to the cross-
isentropic ascent of the trajectories. Figure AR2 shows the contribution of cloud
microphysics and convection integrated along each heated trajectory (A8 > 2K). Both
processes contribute with a median of ~5K (in 3 days) to the cross-isentropic flow.
Additionally, the heated trajectories also experience cooling (probably evaporation of
rain). By definition (A6 > 2K), the heating dominates. The convective contribution thus
leads to an amplified ascent. We mention the contribution in the revised manuscript.
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Figure AR2: Integrated temperature tendencies along heated trajectories (A8 > 2K) for the
cloud microphysics (ttcloud) and convection (ttconv) scheme in the IFS: The box shows the
median (orange), the 25-75% range and the bars the 5-95% percentiles.

[. 140 typo?
Reply We corrected this, thank you.

I. 154-160 It is unclear why these specific cases were selected
Reply See reply to general comment 2.

I. 165-167 For clarity, and because the nomenclature is used by Maddison et
al.(2019),“Stalactite Cyclone” should be mentioned here
Reply We corrected this, thank you.

I. 171-179 and Fig. 1 The paragraph needs improvement: (1) it is not “evident” to
recognize the mentioned features, esp. at mesoscale (please zoom in and/or mark
them);(2) a visual comparison between “upper-level” PV (defined as 500-150 hPa
mean, please remind in the caption) and cloud top pressure (which is not directly
“‘observed” by MSG) is not “quantitative”; (3) comparisons are for short lead times
(36h and 42h,which should be indicated) thus do not support that the evolution is
“well predicted” in the 10-day simulations and contradict the “large forecast
uncertainty” mentioned above.

Reply See reply to general comment 1. We changed the text and emphasized the
gualitative nature of Figure 1. We marked features on Figure 1 and indicate the short
forecast lead time to be more specific to that is shown in the figure.



15.1. 186 what is the APV “index” exactly?
Reply The APV index is the PV anomaly-based blocking index by Schwierz et al.,
2004. We improved the explanation in Section 2.3.1.

16.1. 190 “confirm”; is it expected?
Reply We added a reference to the climatological study by Steinfeld and Pfahl
(2019), in which we analysed more than 4000 blocking events and showed that a

block typically exhibits 2-3 bursts of LH, which are separated by periods of reduced
LH contribution.

17.1. 191 why are quasi-adiabatic processes associated with cooling?
Reply This is not explicitly shown; however, the quasi-adiabatic trajectories (A8 < 2K)
are upper-level air masses that travel close to the tropopause and experience week
cooling due to long-wave radiation along the flow. Figure AR3 shows the temporal
evolution of pressure (a), 8 (b) and the temperature tendency from radiation (c) along
trajectories from all control simulations that have been separated into heated
trajectories (yellow, AB > 2K) and quasi-adiabatic trajectories (blue, A6 < 2K). The
heated trajectories experience a median heating of ~10K and ascend by about
350hPa in 3 days, while the quasi-adiabatic trajectories are cooled by ~-3K in 3 days.
This cooling can be explained by integrating the temperature tendency from radiation
along the quasi-adiabatic trajectories, which results in ~-3K in 3 days.
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Figure AR3: Temporal evolution of a) pressure, b) 6 and c) temperature tendencies from radiation along the heated
(yellow, AB > 2K) and quasi-adiabatic (blue, AB < 2K) backwards trajectories initialized in the blocking region (black
dot at time 0). Lines show the median with 25-75% range (shaded) for trajectories from all control simulations (Thor
onset, Thor maintenance, Canada, Cold spell and Russia).
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18.1. 196-197 this is slightly below average compared to the climatology cited above
Reply Yes, the median LH Contribution for 4270 blocking in the global ERA-I
climatology is 45%. Thor has a slightly weaker LH contribution.

19.1. 207-208 is this shown somewhere? It is not obvious...
Reply The mature phase (stable dipolar configuration) of block Thor lasts from 5 Oct
(Figure 3c, Thor onset simulation) to 11 Oct (Figure 4a, Thor maintenance
simulation). We explain this more clearly in the revised manuscript. However, we
think that it is not necessary to show all time steps in between in the manuscript.

20.1. 210-219 The discussion is hard to follow, as the ingredients are not explicitly
shown(“jet splitting”, “deformation region”, “poleward transport”, “ex-tropical cyclone”,

“migra-tory ridge”). Either detail and add information on Fig. 4, or streamline.



21.

22.

23.

24,

25.

26.

27.

28.

Reply Thanks, these comments are all valuable to improve the text and figures. See
reply to general comment 3.

[. 226 how many is “many”?
Reply We replaced “many” with the fraction (~15%) of WCB trajectories in the
manuscript.

l. 230 “Fig. 3 a, ¢, e, g”: do you mean Figs. 3 a, cand 4 a, ¢c? Only 3a and 4a are
related to trajectories shown in Fig. 5a, c.

Reply Thanks for spotting this mistake, this is corrected in the revised manuscript.
Note that also Fig. 3c and 4c show latent heating and divergent outflow aloft, which
can be used as an indicator for WCB activity.

|. 241 see comment above
Reply Corrected.

I. 245, 247 “quasi-adiabatic”: did you explicitly check the 2K heating criterion or do
you refer to the stable pressure along trajectories?

Reply We explicitly calculate the changes in theta (heating and cooling) along the
trajectories. Trajectories are characterised as quasi-adiabatic if their A8 is < 2K. We
make this clearer in the revised manuscript. See also the temporal evolution of
pressure and 6 in Figure AR3a in reply to comment 17.

I. 256 “mid-level”: better lower-level in contrast with upper-level for 500-150 hPa?
Reply We replaced "mid-level” by "lower-level”

. 258 “initial time steps” is confusing for day 2: better early evolution?
Reply We replaced "initial time steps” by "early evolution”

I. 270 “cold front” and I. 272, 285 “jet stream”: are these features shown somewhere?
Reply See reply to general comment 3. Cold front (and lower-level temperature) is
not shown in the manuscript. However, diabatic heating in Figure 3 indicates the
position of the cold front.

I. 285 “as a consequence”: | am not sure this is due to R2 only as the wave pattern is
modified altogether (see I. 280)

Reply The analysis of the upper-level PV field with 3-hourly resolution allows for
tracing the evolution of large-scale PV features (ridges) and the corresponding air
masses (backward trajectories) and shows the contrasting evolution of R2 between
CNTRL and NOLH simulation (see Figure AR4). In the control simulation (Fig. AR4a),
R1 merges with the amplifying ridge R2, leading to a west- and equatorward
extension of the blocking region. Without LH (NOLH simulation in Fig. AR4b), R2
does not amplify and merge with R1, but is advected eastward by the westerly winds.
Instead, R1 is cut off from the tropospheric reservoir and surrounded by stratospheric
air with high PV, leading to the formation of a cut-off anticyclone.

However, we think that it is not necessary to show all time steps in the manuscript,
which would require a lot more panels.
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Figure AR4: Upper-level PV (gray shaded, pvu), backward trajectories (colors in pressure, hPa) and blocking
region (violet) for a) control and b) NOLH simulation at 00 UTC 6 Oct 2016. Black circles show the location of
the backward trajectories 3 days prior to arrival in the blocking.

29.

30.

31.

[. 291, 295 “deformation flow”, “diffluent flow”: not shown?

Reply See reply to general comment 3. Because we focus on the large-scale
dynamics, we use the z500 contours as a (geostrophic) approximation of the mid-
tropospheric stream function/streamlines to describe the flow.

I. 296-297 see I. 285
Reply See reply to |. 285

. 298 is cooling explicitly computed along trajectories?

Reply We indeed calculated cooling along the trajectories (this is mentioned in the
revised manuscript). Moreover, we attached a Figure showing the statistical
distributions of AB during the three-day backward trajectories for all five cases. The
distributions reveal that the flow is actually never perfectly adiabatic. Following
Steinfeld and Pfahl (2019), a threshold of AB = 2K is used to separate the blocking air
masses between heated (A8 > 2K) and quasi-adiabatic (A6 < 2K) trajectories. Most
guasi-adiabatic trajectories experience cooling of 3—4K in 3 days.

Percentages of blocking air parcels in the heated flow regimes is given for control
(gray) and NOLH (yellow) simulations.



32.

33.

34.

35.

36.

37.
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Figure AR5: Probability density distribution of maximum potential temperature change along
backward trajectories during three days before their arrival in the blocking region for control
(gray line) and NOLH (yellow line) simulations. Percentages of blocking air parcels in the
heated flow regimes defined by A8 = 2K are given.

I.301 Fig.4c,d
Reply Thanks for spotting the mistake.

[. 311-312 see |. 270, 291, 295,...
Reply See reply to general comment 3.

I. 322—-323 again, what is the motivation for selecting these specific cases?
Reply See reply to general comment 2

I. 331-332 not really: (1) there is substantial case-to-case variability and (2)
differences cannot be attributed to “the upstream cyclone” if it is neither showed nor
mentioned for the additional cases

Reply The location of the upstream cyclones are now indicated by showing SLP in
Figs. 3 and 4 and S1-S3. We also revised the discussion about the case-to-case
variability (see reply to general comment 2).

An example: “Despite differences in the large-scale configuration, all cases show that
the 2pvu contour is less amplified when LH is turned off. The biggest difference
between CNTRL and NOLH occurs in all cases at the downstream side of an
amplifying cyclone. The cases demonstrate that strong LH embedded in the upstream
cyclone is crucial for the initial ridge amplification.”

I. 339-342 is this all shown somewhere or suggested only?
Reply The divergent wind in the CNTRL simulations is not explicitly shown, but the
difference between CNTRL — NOLH.

Fig. S4 does not include the additional cases.
Reply We show now PV advection by the divergent wind for all cases in Figure 9.

I. 350 where is the dipole pattern? Please indicate (a), (b), (c), etc.

Reply We now also show the centre of mass of the tracked anticyclones in Figure 7
and 8, which helps to better identify the features of interest and +ve and -ve area. We
changed the wording “dipole pattern” to “positive and negative upper-level PV
difference in the upstream and downstream troughs indicate a shift in location...” and
reference to the Figure.



39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

I. 355361 this description (and the related panels) must be moved to the Thor
Section above.

Reply We agree that Section 4 repeats some discussion about Thor before
proceeding with a systematic analysis of all cases. We try to minimize repetition;
however, we decided to keep this analysis here as it is related to Figure 7 and 8.

I. 369—-376 That is certainly interesting but | do not know where to see all of it in Fig.
8.

Reply We now also show the centre of mass of the tracked anticyclones in Figure 7
and 8, which helps to better identify the discussed features (cut-off anticyclone versus
dipole block)

I. 380—382 Does the box move with the strongest ascent/divergence/advection?
Canyou show an example? On Fig. 8 in particular it is not obvious where it would
beplaced.

Reply Yes, the box is placed at the western edge of the tracked blocking region and
moves with the anticyclone. After consideration, we decided to replace Figure 9 with
maps showing PV advection by the divergent wind for all cases (similar to S4) during
onset / ridge amplification. Comparing the temporal evolution of
ascent/divergence/advection, which are noisy fields, is challenging because the flow
develops differently between CNTRL and NOLH (e.g. the box in CNTRL is not at the
same geographical location as the box in NOLH).

I. 383-385 again, there is substantial variability both between cases and between
lead times (weak signal beyond one week for instance)
Reply See reply to comment 41.

[. 385 “magenta”: rather violet?
Reply We replaced ” magenta” by ” violet”

I. 386—387 is this shown somewhere?
Reply We improved the discussion about case “Russia” (the anticyclone propagates
from Western Europe (day 2) to Russia (day 6).

I. 396 sorry to insist but there is again case-to-case variability: the Canada case does
not show bursts

Reply We improved the discussion about case Canada and highlight that in contrast
to the other cases, the Canada block is associated with only one (slowly moving)
upstream cyclone with the largest LH contribution during onset that gradually declines
to the lowest values when the block decays.

[. 396—409 the discussion is not supported by any material: cyclones are not shown in
the figures but for the case of Thor
Reply See reply to general comment 3.

I. 401 which trajectories exactly? Cooling is not explicitly shown in Fig. 5.

Reply Cooling is not explicitly shown in Figure 5, but in Figure 10b. We improved the
discussion about heating/cooling along trajectories. See also reply to comment 31.
Fig. 2 spatial “extent”; labels T1-T5 appear to refer to troughs rather than cyclones.
Reply Thanks for the suggestions; the figure was improved accordingly.



49. Figs. 7 why focus on day 3 here and not on day 2 as above?
Reply There is a temporal lag between the strongest difference in divergent outflow
(day 2) and distinct differences in the upper-level PV (day 3). We show the same time
step for all Figures in the revised manuscript. We also add a sentence stating the
motivation for this selection.

1 Response to Oscar Martinez-Alvarado

Referee comment

Building upon recent findings related to the importance of tropospheric latent heating on the
development of atmospheric blocking, this contribution investigates from a numerical
modelling point of view, the extent to which latent heating influences the development of
atmospheric blocking and the cause-and-effect relationship involved in this influence.
Understanding these processes in the atmosphere is critical due to the important effects that
blocking has at the surface and on human activities. Thus, these are without doubt relevant
scientific questions within the scope of WCD. For this investigation the researchers
performed sensitivity analysis by varying latent heating in ad-hoc regions in numerical
simulation of five cases, using the state-of-the-art ECMWF IFS and an advanced
methodology based on atmospheric blocking tracking and trajectory analysis. Through their
investigation they demonstrate in a convincing manner that atmospheric blocking features
such as intensity, spatial extent and lifetime depend strongly on latent heating. However,
they also showed that there is a large case-to-case variability. The paper is very well
structured and written, and, in my opinion, the description of the methodology is sufficiently
complete to allow their reproduction by fellow scientists. Therefore | recommend the article
for publication in Weather and Climate Dynamics. | include a list of minor comments that
could be considered by the authors to hopefully enhance the paper.

Specific comments

50. L66: How smooth are the physical temperature tendencies in the native resolution? |
fit is not a smooth field, is it properly represented after the interpolation to the 1-
degree horizontal resolution?

Reply We mention now more carefully that the temporal and spatial resolution of the
fields are an uncertainty in the trajectory analysis. We attached a Figure AR6, which
shows temperature tendencies from cloud microphysics and convection schemes
during the intensification phase of the Stalactite cyclone on 2 October 2019. Latent
heating indicates the position of the cold front and the bent-back front in the vicinity of
the cyclone's low centre. The panels show that there is some variability on small
scales in the heating and cooling tendencies.
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a) Temperature tendencies from cloud b) Temperature tendencies from
microphysics convection
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Figure ARG6: Vertically averaged (900 — 500hPa) temperature tendencies from (a) cloud
microphysics and (b) convection schemes (shading, K in 3h), upper-level 2 pvu contour
(black, pvu) and SLP (gray, hPa) at 00 UTC 2 Oct 2016 for the control simulation of Thor
onset.

L80-81: Please cite the previous studies that the methodology in this study is being
contrasted against? In which way is the new methodology different to the one in
previous studies? Did they dampened latent heating everywhere in their domain?
Reply We explain the novelty of our method more explicitly (modification in pre-
defined box) and refer to previous studies using a similar methodology (but applied in
the entire model domain) in the revised manuscript.

L105-106: How was the blocking event for which latent heating was reduced and in-
creased chosen? Is the case representative in any way especially after considering
that large case-to-case variability reported in this study?

Reply See reply to general comment 2 of referee 1. We tried to cover the typical
range of different blocking flow configuration (omega versus dipole) with different LH
contribution that represent the majority of observed blocking cases in the global ERA-
| climatology between 1970 — 2016 (Steinfeld and Pfahl, 2019), where 50% of all
blocking events had a LH contribution between 35 - 55%. However, we agree that
there are also blocking cases in the climatological analysis that show no LH
contribution (0%) or a contribution above 70%. It is just not possible to cover this
entire range with a limited number of case studies.

L279-280: Is there any indication of the extent of the influence of initial conditions on
the differences after 6 days? How would the differences found here compare to
differences between members in an ensemble simulation? This is discussed to a
certain extent in Maddison et al. (2020, doi:10.1002/gj.3739), which is in any case a
relevant reference that you might want to cite.

Reply We include a reference to this important study in the revised manuscript.
Evaluating the sensitivity to LH in ensemble simulations as performed by Maddison et
al. (2019; 2020) would definitely be interesting, but is beyond the scope of the present
study, which focuses on the causal effects of LH and not on predictability aspects. In
our simulations, the initiation time was chosen such that the block is well captured in
CNTRL, which is in contrast to Maddison et al. (2019; 2020). See also reply to
general comment 1 of referee 1.

Since the removal of LH in our experiments are very pronounced changes to the
simulations (in comparison also to differences in additional conditions and physical
parameters between different members in an ensemble forecast), we assume that



also the differences between our experiments are larger than typical differences
between ensemble members. Note that the differences presented in this study are
shown for vertically averaged PV and that differences on a single level (for example
PV@320K) are larger in magnitude.

54.1L385-389: The Russia block is very interesting, and the discussion could be
extended. If there is such a limited influence of latent heating in the evolution of the
block, what is then the source of the big differences in the evolution of the blocks in
the two simulations?
Reply We realized that we did not formulate this sentence carefully enough. The
differences are due to changes in LH (since this is the only difference between
CNTRL and NOLH). However, in both simulations the block propagates downstream,
away from the heating source over the North Atlantic, into a continental region with
weak LH contribution. Thus, the dynamics underlying the propagation of the Russia
anticyclone after its onset is mostly due to “dry” dynamics and may therefore be
understood with the help of the traditional concept of downstream development
(Nakamura et al., 1997).
We extended the corresponding discussion, also about the other blocking cases (see
reply to general comment 2 for referee 1).

55.L411: I've got a bit confused with this description, in which the authors talk about a
median heating of 3 K (dashed curves in Fig. 10a,b). What | can see is cooling in
those curves? I'm sure I’'m missing something. Can you clarify?

Reply We are sorry for the confusion. The median heating of 3K is calculated for the
entire blocking life cycle and only for those trajectories, which are classified as
heating trajectories (A8 > 2K). The dashed curves in Fig. 10a,b show the temporal
evolution of the median for all trajectories (quasi-adiabatic and heating trajectories).
We improve the explanation of the changes in Theta along the trajectories in the
revised manuscript (see also our reply to comment 31 of referee 1).

56. L435-436: Should the statement that the Thor onset and Cold spell block amplify
without the contribution of LH be qualified? The LH was eliminated only between 900
- 500hPa, and as the authors acknowledge in Section 2 there are diabatic processes
active above that layer.
Reply We agree that this statement is misleading. LH contribution is reduced, but it is
not zero (see dashed curves in Fig 10a). We now discuss the limitation of the box and
that diabatic processes still occur outside of the box in the NOLH simulations.

57.L464: Should the intensity of the upstream cyclone be included in the list of factors as
is done in L432-4337
Reply Yes, you are right. Thanks for the comment.

Technical corrections

58. L58-59: Delete ‘exemplarily’ or change it for ‘as an example’ after ‘introduces’
Reply Done

59. L65: In addition to the number of vertical levels, give details on the top of the atmo-
sphere and the typical separation between levels.
Reply Done
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65.

L115: Change ‘quasi-stationary’ for ‘quasi-stationarity’
Reply Thanks for spotting the mistake.

L123: Spatial extent is among the set of blocking characteristics calculated for each
blocking event. Even though the method to identify blocking considers an
atmosphere’s layer rather than a single level, the extent referred to here is horizontal
extent rather than a three-dimensional size. Is this so? It would be useful to add
details on the layer considered for the blocking identification. Is it the ‘upper-level’
layer, i.e. 500 - 150hPa? Is it possible to compute details on the vertical extent of the
blocking region?

Reply Yes, the blocking index uses vertically averaged (500 — 150hPa) PV as 2d
field, which tracks negative PV anomalies that have a quasi-barotropic structure in
the vertical. The spatial extent is then calculated as the horizontal extent of this 2d
field.

L230 and 241: There are references to Fig. 3e,g, but | cannot see those panels.
Reply Thanks for spotting the mistake.

L220-221: Where are the trajectories emanating from in the vertical direction? Are
they initially located between 500 hPa and 150 hPa? Or at a particular level?

Reply Yes, trajectories are started between 500 hPa and 150 hPa every 50 hPa, with
the additional criterion that PV must be smaller than 1 pvu (to exclude points located
in the stratosphere). We make this clearer in the revised manuscript.

L269: Are the divergent wind speeds quoted averages over a region? Please, specify.
Reply The quoted wind speeds are the average over 9 grid cells centred around the
strongest divergent wind found at the western flank of the block. We make sure this is
clear in the revised text. Note that we changed the discussion on divergent wind and
PV advection by the divergent wind (see reply to comment 41).

L392: Add ‘simulations’ after ‘... NOLH (dashed lines)'.
Reply Done
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Abstract. Recent

s-studies have pointed to an important role of latent
heating during cloud formation for the dynamics of anticyclonic circulation anomalies such as atmospheric blocking. However,

ton—effect of latent heating on blocking formation and

maintenance has not yet been fully elucidated. To explicitly study this eausal-cause-and-effect relationship, we perform

the causal re

sensitivity simulations of five selected blocking events with a-the IFS global weather prediction model in which we artificially
eliminate latent heating in clouds upstream of the blocking anticyclones. This elimination has substantial effects on the upper-
tropospheric circulation in all case studies, but there is also significant case-to-case variability: some blocking systems do not
develop at all without upstream latent heating, while for others the amplitude, size and lifetime of the blocking anticyclones
is-are merely reduced. This strong influence of latent heating on the jetstream-mid-latitude flow is due to the injection of air
masses with low potential vorticity (PV) into the upper troposphere in strongly ascending “warm conveyor belt" airstreams, and

the interaction of the associated divergent outflow with the upper-level PV structure. The important influence of diabatic heating
demonstrated with these experiments suggests that ¢
representation of moist processes in ascending airstreams in weather prediction and climate models is crucial for adeguately
representing-blocking dynamics.

Keywords: atmospheric blocking, atmospheric dynamics, jet stream, extratropical cyclone, mid-latitude weather, latent heating,

the accurate

diabatic processes, potential vorticity, numerical sensitivity simulation.

1 Introduction

The formation and maintenance of prolonged anticyclonic circulation anomalies, denoted as atmospheric blocking, represents an
important and challenging aspect of mid-latitude weather variability. Atmospheric blocking leads to persistent changes in the
large-scale circulation and blocks the westerly flow (Rex, 1950; Woollings et al., 2018), often causing anomalous, sometimes
extreme weather (Green, 1977) in a situation of increased forecast uncertainty in weather models (Pelly and Hoskins, 2003;
Rodwell et al., 2013).

Despite its importance, there is currently no comprehensive theory of blocking (for a review see Tyrlis and Hoskins, 2008). Sev-

eral dynamical processes have been identified to be conducive to blocking formation, such as planetary-scale wave dynamics (e.g.,
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Charney and DeVore, 1979; Hoskins and Valdes, 1989; Petoukhov et al., 2013), forcing by transient eddies (e.g., Shutts, 1983; Luo
et al., 2014) and Rossby wave breaking (Pelly and Hoskins, 2003; Altenhoff et al., 2008), with evidence that different processes

can dominate in different blocking cases {e-g

Nakamura et al., 1997; Drouard and Woollings, 2018; Steinfeld and Pfahl, 2019). Atmosphenc blocking occurs when an air

mass with anomalously low potential vorticity (PV) is advected poleward, related to a meridionally amplified flow (Naka-

mura and Huang, 2018), setting up a large-scale negative (anticyclonic) PV anomaly in the upper troposphere at the level
of the mid-latitude jet stream and a stable surface anticyclone underneath (Hoskins et al., 1985). Such large-scale ad-
vection of anticyclonic air masses into the blocking region occurs typically on the downstream side of developing baro-
clinic waves (e.g., Colucci, 1985; Mullen, 1987; Nakamura and Wallace, 1993; Yamazaki and Itoh, 2012), which is the
synoptic mechanism behind the classical ’eddy-mean flow’ view, i.e. the dynamical interaction between synoptic tran-
sient eddies and the large-scale 1 §3yblocked flow

Berggoren et al., 1949; Green, 1977; Shutts, 1983; Hoskins et al., 1983).

While these concepts focused on dry-adiabatic mechanisms and the isentropic advection of low PV air, recent case

{Croei-Maspeli-and-Davies; 2009)-(Croci-Maspoli and Davies, 2009; Lenggenhager et al., 2019; Maddison et al., 2019) and cli-

matological (Pfahl et al., 2015; Steinfeld and Pfahl, 2019) studies based on trajectory-ealenlations-tusing reanalysis-data-air
parcel trajectory calculations demonstrated that moist-diabatic processes, and in particular latent heating (LH) during cloud

formation in strongly ascending airstreams, play a significant role for the dynamics of blocking. The primary effect of
latent heat release on blocking is the diabatic generation and amplification of upper-level negative PV anomalies (Pfahl
et al., 2015). This amplification results from the injection of low PV into the upper troposphere in cross-isentropic ascend-
ing airstreams and the interaction of the diabatically enhanced divergent outflow with the upper-level PV structure at the
tropopause (Steinfeld and Pfahl, 2019). For example, these diagnostic studies have shown that LH occurs predominantly in
the warm conveyor belt (WEB)}(WCB; Wernli, 1997; Methven, 2015) of extratropical cyclones and is generally most impor-
tant during blocking onset and in more intense and larger blocks. In addition, the repeated injection of diabatically heated
tow-PV-low PV air during the blocking life cycle, associated with a series of transient cyclones approaching the block,
can act to maintain blocks against dissipation. These findings complement the large body of previous work that found LH
to be important for the development of mid-latitude weather systems, such as cyclones (Ahmadi-Givi et al., 2004; Binder
et al., 2016), anticyclones (Quinting-and-Reeder; 20647)(Quinting and Reeder, 2017; Zschenderlein et al., 2020), Rossby waves
{Grams-et-al;204)(Grams et al., 2011; Rothlisberger et al., 2018) and Rossby wave breaking (Zhang and Wang, 2018).
Nevertheless, as these previous studies have used diagnostic methods to determine statistical relationships between LH
and blocking, the-this does not necessarily mean that LH has a strong causal impact on blocking. The causal effect of LH on
blocking, and for the-Rossby wave dynamics at the tropopause in general, is still not completely understood. It is a challenge to
quantify this-the impact of LH, mainly because LH is strongly coupled to the dry dynamics of baroclinic waves and the associated
adiabatic advection of PV (e.g., Kuo et al., 1990; Teubler and Riemer, 2016). The question of whether LH critically modifies
the development of blocking, that is otherwise mostly affected by dry dynamics, and the investigation of the corresponding

cause-and-effect relationship is the focus of this study.
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The main objective of this paper is to study the sensitivity of atmospheric blocking to changes in upstream LH in numerical
model simulations. The effects of LH on the development (onset, maintenance and decay) of five different blocking events are
studied in detailed model-based sensitivity experiments, in which cloud-related LH is altered in the storm track region upstream
of the block, and compared to control simulations with unmodified upstream LH. In doing so, changes in the formation and
maintenance of blocking in these simulations can be attributed to altered LH upstream.

The sensitivity experiments are presented as follows. Section 2 describes the methodology, while section 3 exemplarily
introduces one blocking event as an example with a synoptic overview. The results of the sensitivity experiments are presented

in section 4 and our conclusions are summarized and discussed in section 5.

2 Methods
2.1 Model setup

This work is based on numerical simulations with ECMWEF’s global Integrated Forecast System (IFS) cycle 43R1, which
was operational between November 2016 and July 2017. The model is run at a cubic spectral truncation of TCo319, which
corresponds to roughly 32 km grid spacing, and with 91 vertical fevelshybrid pressure—sigma levels with a vertical resolution in
the upper troposphere of about 10-25 hPa (ECMWF, 2016a). ECMWF operational analysis fields are used for initial conditions.
3-hourly output fields, including physical temperature tendencies, are interpolated to a regular grid at 1° horizontal resolution.

In the IFS sub-grid scale processes are represented by various parametrization schemes (2 ECMWF, 2016b). The cloud
and large-scale precipitation microphysics scheme, based on Tiedtke (1993), includes five prognostic variables (cloud fraction,
cloud liquid water, cloud ice, rain and snow) with associated sources and sinks (Forbes et al., 2011; Ahlgrimm and Forbes,
2013; Forbes and Ahlgrimm, 2014). Convection is parametrized according to Tiedtke (1989) and Bechtold et al. (2008), with a
modified CAPE closure (Bechtold et al., 2013).

2.2 Sensitivity experiments

rthe-total-The causal effect of cloud-diabatic heating on atmospheric blocking is investigated with sensitivity experiments by

comparing the full-physics control simulation including LH (hereafter referred to as CNTRL) to the corresponding simulation
without LH (NOLH). LH is artificially turned off by multiplying the instantaneous temperature tendencies due to parameterized
cloud and convection processes with a factor a = 0.0, but still allowing for moisture changes due to cloud and precipitation
formation. Other non-conservative processes, such as radiative heating and turbulent mixing, which can also modify PV

(Spreitzer et al., 2019; Attinger et al., 2019), are not altered.

In contrast to previous studiesnumerical sensitivity studies that investigated cyclone dynamics and modified LH everywhere

in the model domain (e.g., Kuo et al., 1990; Stoelinga, 1996; Biieler and Pfahl, 2017), here LH is only modified in the region
that is identified to be directly relevant for the blocking system, which is typically the WCB ascent region associated with
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upstream extratropical cyclones (Steinfeld and Pfahl, 2019). In doing so, we can attribute the changes in the structure of the block-

ing in these simulations to the altered LH in the confined upstream region, while allowing for heating/cooling everywhere else in

the global domain. To define the heating region objectively, location and time of strongest increase in potential temperature are

determined along backward trajectories initiated in the upper-tropospheric blocking in the CNTRL simulation. Our experiment
aims to suppress strongly ascending airstreams like WCBs that lead to a strong divergent outflow and PV-medification-during

aseentdiabatic PV modification at the tropopause. Heating along the WCB by cloud microphysical processes and convection is
strongest in the lower and middle troposphere ¢ i; Joos and Wernli, 2012; Qertel et al., 2019). In order to

isolate the effect of this LH, a 3-dimensional box is placed over the main heating region, and LH is only modified in this box.

The box has a vertical extent between 900 - 500 hPa and a horizontal extent which is adjusted for each blocking case (see Table

kept in mind that other microphysical processes, such as ice-phase microphysics close to the outflow level, can also contribute to

the heating and PV modification along the WCB (Joos and Wernli, 2012). As these processes also occur above 500 hPa, our
approach does not fully remove all cloud-related LH, and there is still moderate heating/cooling outside of the box. Near the
edges of the box (in a zone of 5° horizontally and 50 hPa in the vertical), the temperature tendency multiplying factor alpha is
interpolated linearly to obtain a smooth transition from « = 0.0 to 1.0.

The sensitivity experiments are performed for five selected case studies of blocking events (see-Table 1). The simulations

are run for 10 days.

in-We chose the

initialization time for each case based on two requirements: (1) LH has to be removed early enough to ensure its contribution
to the initial ridge amplification is minimal and (2) the CNTRL simulation needs to adequately simulate the development of

the observed block, as verified visually against ECMWF analysis. For all cases, the simulations are initialized during the
intensification phase of an upstream cyclone, which is typically between 2-3-2 - 3 days prior to blocking onset. The blocking

decay is not always captured in the 10-day simulations, as many blocks persisted longer. Although a 10-day forecast simulation

does not perfectly match observations/analysis, such differences do not affect the conclusions obtained from the sensitivit

experiments, since we compare simulations with LH to simulations without LH.
LH in extratropical cyclones is coupled to and interacts with other processes, and hence, its artificial removal can af-

fect many aspects of the flow, such as the cyclone intensification and its baroclinic coupling to the upper-level trough
{e-g—Heskins-et-al51985)(e.g., Hoskins et al., 1985; Ahmadi-Givi et al., 2004). The role of LH in explosively developing cy-
clones has been studied in great detail, and thus, we focus on the evolution and structure of upper-level blocking here. However,
to better understand such non-linear interactions and their effect on the large-scale flow, we additionally conduct sensitivity

experiments with reduced LH (« = 0.5) and increased LH (« = 1.5) for one specific blocking event.
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2.3 Diagnostic methods

A combination of Eulerian and Lagrangian diagnostics is applied to study and quantify the processes involved in the development
of blocking, and in particular the role of latent heat release in ascending airstreams. The term “upper-level" is used hereafter to

describe the vertically averaged flow between 500 and 150 hPa.
2.3.1 Atmospheric blocking tracking

Following Schwierz et al. (2004a), blocking is identified and tracked as upper-level negative PV anomalies. The anomalies are
calculated with respect to the calendar-month averages over the ERA-Interim reanalysis period 1979-2016 (Dee et al., 2011)
and temporally smoothed with a 2-day running mean filter. Different thresholds for intensity, persistence and quasi-stationary
have been tested in order to track and compare upper-level negative PV anomalies in both CNTRL and NOLH simulations. In
all simulations, blocks are identified with a threshold of -1 pvu and a spatial overlap of 80 % between two consecutive time
steps. No persistence criterion is applied. The reason for this is that the tracked negative PV anomalies in the NOLH simulations
are weak (see below) and would not be classified as persistent blocks (see also Croci-Maspoli et al., 2007). Nevertheless, all
blocking events investigated here also fulfill the stricter blocking criteria used, e.g., by Steinfeld and Pfahl (2019) in the CNTRL
simulation. The advantage of the PV-anomaly-based (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. A number of relevant blocking characteristics and their evolution are calculated during the blocking
life cycle, such as location of the blocking center (center of mass)and-track, spatial extent, blocking intensity (area-averaged

upper-level negative PV anomaly) and lifetime. The calculated quantities are area-weighted with the cosine of latitude.
2.3.2 Effects of latent heating

To capture the full three-dimensional complexity of LH in ascending airstreams and to quantify its effect on blocking dynamics,
a combined Eulerian and Lagrangian perspective is adapted. The effects of LH on the upper-tropospheric PV distribution are

quantified as follows:

— Backward trajectories: To estimate the relative contributions of dry (adiabatie-quasi-adiabatic transport of mass) and
moist (cross-isentropic transport of mass) processes to upper-level negative PV anomalies that characterize blocking, we
compute kinematic 3-day backward air-parcel trajectories based on the three-dimensional wind using the Lagrangian
Analysis tool LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015). The trajectories are started from
an equidistant grid (Ax = 100 km horizontally and Ap = 50 hPa vertically between 500 and 150 hPa) in a-the blocking
region every three hours, with the additional criterion that PV must be smaller than 1 pvu to exclude points located in the
stratosphere. Since both PV and potential temperature 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. Following the method of Pfahl et al. (2015) and Steinfeld and Pfahl (2019), the effect of LH is



155

160

165

170

175

180

quantified by the percentage of blocking trajectories with a maximum heating (Lagrangian change of 6) of Af > 2K

during the three days prior to reaching the blocking region (in the following denoted as LH contribution).

considered-as-an-indireet-diabatie-impaetTrajectories with Af < 2K, which also comprises air masses that experience
net cooling along the flow, are classified as quasi-adiabatic trajectories. To define WCB trajectories, a slightly weaker
ascent criterion of 500 hPa in 48 h is applied than in Madonna et al. (2014b) with 600 hPa in 48 h.

— PV advection: Considered as an indirect diabatic effect of LH (Davis et al., 1993), the effect of the divergent outflow on
the structure and development of blocking is evaluated here by calculating the PV advection by the divergent (irrotational)
component (v, - VPV) of the full wind following Riemer et al. (2008) and Archambault et al. (2013). The divergent wind
is obtained via Helmholtz partitioning, using a successive overrelaxation method. In addition, the role of the rotational
(non-divergent) wind component (v,;) is investigated, which highlights the contribution of the balanced flow associated
with the upper-level PV distribution. PV advection by the divergent and rotational wind is averaged vertically between

500 - 150 hPa.

One limitation of this methodology is that the trajectories follow the resolved large-scale wind and do not capture fast
convective motions. This might introduce an underestimation of the contribution of LH from convection for the upper-level
flow evolution (Oertel et al., 2020).

2.4 Overview of the cases

Atmospheric blocking covers a variety of flow patterns, including 2-shaped or high-over-low dipole blocks, which can
occur all year round in different regions (Woolhngs et al., 2018) mipeffdﬁt—#detefﬁeﬁfheﬂmpefwneeﬁf—l:ﬁﬂwb}eekmg

in-There is a large case-to-case
and spatlal variability of the LH contribution to blOCklng(SfﬁﬂfeldﬁmFPf&kH@%m—fﬂediﬁfkﬁHeﬁrﬁbﬂﬁﬁﬁfﬁ%%
. ranging between 35 - 55 %

the majority of observed blocking cases in the global ERA-Interim climatolo
Steinfeld and Pfahl, 2019). To cover part of this variability we perform sensitivity experiments for five different blocking events,

which develop under different environmental conditions (different seasons, geographical locations and LH contribution), as

summarized in Table 1. Blocks are selected from the main blocking regions over the North Atlantic and North Pacific, but also
from a secondary region over Russia. Some of those blocks are associated with extreme weather events: the 2010 summer heat

wave in western Russia, the devastating wildfires in Alberta, Canada in May 2016 and the cold spell in Europe in February 2648~

"<

and-"Russta2018 (dubbed the “Beast from the East"shew-a-weaker-H-contribution).

One of these cases, Thor (onset and maintenance) in the year 2016, is used hereafter to introduce our method. Therefore, its

evolution is described in detail in the following section.
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3 Case Study: Block Thor

Block “Thor" occurred over the North Atlantic and Europe in the period 2—19 October 2016, during the North Atlantic Waveguide
and Downstream Impact Experiment (NAWDEX; Schéfler et al., 2018). The onset of Thor was associated with large-forecast
uncertainty, in particular the predictability of the upstream cyclone and its diabatic outflow was low (Maddisen-et-al-2049)-

Actha block ne ed formorethan 2 woe O tonc ara marfaraad haea ag o tha onoa L or oncat- 30 -Sap—10

The complex interaction between an
upstream cyclone, latent heating and the upper-level flow during the onset of Thor on 2 October 2016 is qualitatively illustrated
in Fig. 1a, with cloud top pressure from MSG satellite measurements (Fig—H-—Jtis-evidentfromFig—tathat-during blecking

oenset-a-overlaid over the IFS CNTRL simulation after 2 days lead time. An intensifying North Atlantic cyclone [named Stalac-
tite cyclone in Schifler et al. (2018)] is associated with increased diabatic heating in the WCB, indicated by an elongated band

of high-reaching cloudsalong-the-coldfront, and an upper-level trough that wraps cyclonically around the surface low (labelled
T1). The outflow of this ascending and cloud-producing airstream concurs with a streng-pronounced poleward displacement
of the upper-level PV contours (labelled R1). This ridge building marks the onset of block Thor. Ten days later on 11 October
2016, Fig. 1b shows the maintenance phase of block Thor;-which-. At this point in time, Thor (R2) is characterized by a region
of low upper-level PV, high surface pressure and subsidence with low or no clouds over Scandinavia;-and-, Further upstream

over the North Atlantic, two cyclonic systems with-high-clouds-over-the North-Atlantic(T3 and T4) are associated with strong

As the block persisted for more than 2 weeks, two simulations are performed here capturing the onset (Thor onset: 30 Sep~10
Oct) and the maintenance/decay (Thor maintenance: 10 Oct—20 Oct) phases. Note that only the second period was named
perspective, the entire episode can be described as one persistent blocking event.

3.1 Synoptic overview

The life cycle of Thor is characterized by a succession of multiple upstream triggers over the North Atlantic, i.e. synoptic-scale
baroclinic waves, their dynamic interaction with the jet stream and the subsequent formation and maintenance of a downstream
blocking anticyclone. Fig. 2 shows the temporal evolution of the LH contribution, mean diabatic heating along blocking air

masses, blocking intensity and spatial extent for Thor in the two CNTRL simulations (onset and maintenance), and Figs. 3a,c and

4a,b-¢ display aspects of the block’s evolution at upper levels (upper-level PV and 500 hPa geopotential height (Z500) giving an
indication of the large-scale upper-level flow with the jet stream following the band of enhanced PV/Z500 gradient) and lower
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levels (sea level pressure (SLP) and diabatic heating). On the basis of the APV-PV-anomaly index, block Thor is tracked from
2-9 October (onset simulation) and 11-19 October (maintenance simulation).

Thor shows typically observed blocking characteristics (e.g., Dole, 1986), such as the rapid onset (fast increase in intensity
and spatial extent, Fig. 2) on time scales consistent with synoptic-scale phenomena (2—4 October) and the fluctuation in intensity
and size during the blocking lifetime (mature phase: 5—17 October) until its decay (19 October). The episodic nature of the
LH contribution and the mean diabatic heating eenfirm-that-highlight the importance of LH changes throughout the life cycle,
alternating between times when either moist-diabatic (heating) processes or quasi-adiabatic (cooling mostly due to long-wave
radiation) processes dominate: the LH contribution is generally largest during onset (70 %) and then declines to the lowest value
(almost 0 %) when the block decays. However, there are multiple bursts of LH (local maxima of LH) during the life cycle,
which are followed by fluctuations in intensity and size. The block exhibits its most rapid amplification during such LH bursts,
suggesting that there is a linkage between moist-diabatic processes and the development of the block. Averaged over the entire
lifetime (onset and maintenance), Thor has a LH contribution of 41 %, that is almost half of the blocking air masses have been
diabatically heated by more than 2 K.

This episodic nature of LH emphasizes that a series of upstream transient cyclones, rather than a single primary cyclone,
contribute to block formation and maintenance. In this case, the upstream triggers (in total 5) include a rapidly intensifying
cyclone [denoted as Stalactite cyclone in Schifler et al. (2018) and Maddison et al. (2019)] ahead of an upper-level PV trough
(labeled T1 in Fig. 3a), which initiates downstream ridge building R1 and the subsequent onset of the block on 2 October 2016.
This is followed by a rapidly propagating surface cyclone T2 from the southwest along an intense baroclinic zone with strong
poleward transport of low-PV air in secondary ridge R2, which further intensifies and expands the initial blocking ridge formed
by R1 (outlined by the violet contour) and finally leads to anticyclonic wave breaking and the establishment of a stationary
dipole block over Europe (Fig. 3¢c), resembling the classic dipole blocking structure with a negative PV anomaly to the north of
a positive PV anomaly (or a positive geopotential anomaly north of a negative geopotential anomaly) described by Berggren
et al. (1949) and Rex (1950). Maximum intensity of the simulated blocking in terms of upper-level negative PV anomaly and
spatial extent occurs around 8 October (8 days into the Thor onset simulation)—The-bleek, see Fig. 2). During this mature phase,
mm&smys well established and stationary QXQLS/QW

for the next few days, as the dipolar configuration i

over Europe generates an easterly flow at the latitude of the jet (60°N), which counters the advection by the background westerly
flow. This is also the time when absolute reversal blocking indices (e.g., following Scherrer et al., 2006) -identify the block (not

shown).

torAt this point in time, the block is associated
with a barotropic signature with a surface high pressure system and a tropospheric-deep anticyclonic flow, splitting the jetstream
upper-level westerly flow into northern and southern branches, as indicated by the Z500 contours in Fig. 4a. The-deformation
In this split/diffluent flow region on the western side of Thorleads-to-the formation-of-, a meridionally-elongated PV filament

T3 assoctated-with-a-small-surface-eyelone-develops and is associated with cloud formation (see again Fig. 1b) and poleward
transport of low-PV air along its eastern flank in ridge R3. T3 is-and R3 are stretched meridionally between block Thor (R2)
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and a quickly amplifying ridge R4 to the west and the air masses in R3 are absorbed into the blocking anticyclone (Fig. 4a). R4,
associated with the-intense-divergent-outflowfrom-intense cloud formation in an ex-tropical cyclone T4 over the east coast of

North America (see again Fig. 1b), extends rapidly and replaces R2 and R3, thus maintaining a strong and large negative PV
anomaly over Northern Europe, contributing to the blocks’ persistence (not shown). There is a last absorption of low-PV air in
migratoryridge R5 before Thor finally decays (Fig. 4c). For this particular event, lysis is a comparatively slow process and is
characterized by a synchronous decrease in the intensity and spatial extent while the block slowly moves southeastward (not
shown

The trajectory analysis in Fig. 5 illustrates the origins and flow history of low-PV air in the blocking anticyclone. Shown are
backward trajectories emanating from the block during onset (Fig. 5a) and maintenance (Fig. 5c). It reveals two distinct types of
airstreams: The first type (marked with black triangles at day -3) consists of upper-level trajectories that either (i) originate from
the west and flow quasi-horizontally (and quasi-adiabatically, i.e. weak radiative cooling and small diabatic PV modification,
Fig. 5e) along the upper-level jet (around the upstream trough) into the block (most evident during onset) or (ii) are already
located in the blocking region at day -3 and recirculate anticyclonically within the block (evident during maintenance). The
second type (black circles at day -3) consists of trajectories that ascend rapidly from low levels (> 800 hPa) to higher levels (<
500 hPa) ahead of surface cyclones over the North Atlantic. Many-of-these-ascending-trajectoriesfulfil- the-WCB-eriterion-of
600-hPa-aseentin-48-hours(Madonna-et-al-2014b);- They are heated by ~10 K in the median, experience net diabatic reduction
of PV and reach the upper troposphere with very low PV values (< 0.3 pvu, Fig. 5¢), which corresponds to substantial negative

PV anomalies (of roughly -1 pvu in the median). This-Both cloud microphysics and convection scheme contribute roughl

5 K to the total diabatic heating along these ascending trajectories (not shown), pointing towards the importance of convective

rocesses for the generation of the negative PV anomaly (cf. Rodwell et al., 2013; Oertel et al., 2020). This cross-isentropic

ascent occurs primarily on the western flank of the block in regions of strong cloud activity (see again Fig. 1), intense latent
heat release and upper-level divergent outflow (FigFigs. 3a,c and 4a,c). 15 % of these ascending trajectories fulfil the WCB

criterion of 500 hPa ascent in 48 hours and are heated by more than 20 K in three days. The median evolution of # and PV
Fig. 5¢) along these two types of trajectories shows that the heated trajectories (A@ > 2K, yellow line) typically reach higher

isentropic) altitudes with lower PV values compared to quasi-adiabatic trajectories (A6 < 2 K, blue line

importance of LH to generate intense upper-level anticyclonic PV anomalies.

which underpins the

3.2 Synoptic overview for the other cases

Figures showing the synoptic evolution at 2 and 6 days lead time for the other three cases (Cold spell, Canada and Russia) can

be found in the supplement (Figs. S1,

strong-heating region-contributesto-S2 and S3).
Consistent with the horizontal-rearrangement-of-evolution of Thor, the other blocking cases are initiated by and interact with

upstream extratropical cyclones. For the Cold spell case (Fig. S2), two North Atlantic upstream cyclones are present durin
onset (day 2, labelled T1) and the second intensification phase (day 6, labelled T2). The Canada case (Fig. S1) is only affected

by one North Pacific upstream cyclone during onset (day 2, labelled T1), but this cyclone moves slowly and influences the



285 block for the next 4 days. The block in the Russia case (Fig. S3) is initiated by a North Atlantic cyclone during day 2 (labelled
T1). It then propagates further eastward and reaches its maximum amplitude over Western Russia at day 6.
Trajectory analysis for the cases Russia, Canada and Cold spell shows a flow behavior similar to Thor, with air masses that

either (i) flow quasi-adiabatically or (ii) ascend cross-isentropically into the blocking region ahead of a cyclone (not shown)
with the strongest LH contribution during onset. Case Canada has a mean LH contribution of 52 %, and case Russia and Cold

290  spell have a mean LH contribution of 42 % and 38 %, respectively (Table 1).
with rapid ridge amplification of transient waves into a large-amplitude block (Altenhoff et al., 2008), and reinforcement by
» resulting in large-amplitude upstream troughs and ridges and the subsequent replacement and/or absorption of “fresh’ low

295 PV air by the block (Yamazaki and Itoh, 2012; Luo et al., 2014; Steinfeld and Pfahl, 2019). While blocking patterns appear

stationary, the upper-level PV--flow is hence highly dynamic with old anticyclonic air masses being replaced by new ones.

4 Sensitivity experiments

300 relevant-forthe-evolution-of-bloeking(Hoskins-et-al-1985)In the synoptic evolution of Thor and the other cases, we observed
the presence of upstream LH during the life cycle of blocking. However. the extent to which the formation and maintenance of
blocking was forced by LH remains unclear. As noted earlier the advection of low PV into the core of a block often alternates
between moist-diabatic injection of air from the lower troposphere and guasi-adiabatic advection of upper-level air. To isolate

and assess the impact of LH on blocking, in the following we compare the NOLH simulations without LH to the CNTRL
305 simulations with LH.

We first provide a synoptic comparison between CNTRL and NOLH for Thor onset and maintenance, which helps iHuastrating

to illustrate the sensitivity experiments —Syneptic-comparison-of-the-other-blocking-ecases—ean-be-found-in-the-supplemen

{Figures-S1-S2Z-and-S3)before discussing all five cases as well as the case-to-case variability.

4.1 Thor: Synoptic differences with and without LH

310 Backward trajectories from Thor identify the North Atlantic storm track as the relevant diabatic heating region (see again Fig.
S5a,c). Across much of the basin the heating (gray contours in FigFigs. 3a,c se;gand 4a,c) occurs in the warm sector of traveling
cyclones. Therefore, the NOLH box is placed over [60°W - 0°, 35°N - 65°N], covering the entire North Atlantic basin, as
indicated by the black box in the right panels of FigFigs. 3 and 4.

is-evi ¢ ¢ aj 155 in-Fig-Figure 5b,d shows that no strongly ascending air masses contribute
315 to the ridge amplification in the NOLH simulations. During blocking onset (Fig. 5b), mostly quasi-adiabatic and quasi-horizontal

flow is associated with Thor. In the maintenance simulation, which is initialized with a mature dipole block (Fig. 5d), the block is

10
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associated with quasi-adiabatic upper-level trajectories that recirculate anticyclonically within the blocking anticyclone, without
the ascending airstreams linked to troughs T3 and T4 —in the CNTRL simulation.

Turning off LH over the North Atlantic thus effectively reduces cross-isentropic transport, and reduces the average LH contri-
bution from 41% (CNTRL) to 16.5 % (NOLH). Note that the remaining heated trajectories in NOLH experience considerably
less heating (median of ~2 K compared to ~10 K in CNTRL), Fig. 5e.f), but still with PV reduction along the flow, most likely
due to ice microphysical process (e.g., depositional growth of snow and ice, see Joos and Wernli, 2012) at higher altitudes above
the NOLH box (cf. method section). Overall, the non-heated quasi-adiabatic trajectories in NOLH show a similar behavior as in
the CNTRL simulations.

Given the changes in LH contribution and diabatic heating along the blocking trajectories, we now focus on the impact of
LH on the upper-level synoptic-scale flow evolution of Thor. Fig-Figures 3 and 4 eompares-compare upper-level PV, Z500,
upper-level divergent windand-mid-tevel-, SLP and lower-level cloud-diabatic heating from the NOLH simulations to the

corresponding results from the CNTRL simulations. Note that the differences between CNTRL and NOLH are initially weak

(after 2 days in the Thor onset and Thor maintenance simulations), but become more pronounced with lead time. Nevertheless,

these-initial-time-steps-highlight-the early evolution highlights the critical phase when the two simulations start to deviate.

4.1.1 Thor onset

After 2 days, shortly before the incipient block in the CNTRL simulation is identified, remarkable difference-differences in the
upper-level PV and Z500 between the CNTRL (Fig. 3a) and NOLH (Fig. 3b) simulations emerge in the region of ridge R1,
with the largest differences in the dynamically active regions associated with the latent heat release and divergent outflow of the
heated trajectories. A trough-ridge pattern evolves also in NOLH due to dry baroclinic development of T1, but, in the absence of
LH, the amplitudes of the upper-level PV and Z500 ridges and troughs, as well as the intensity of the upstream cyclone (see SLP
contours in Fig. 53a,b) are clearly reduced. This leads to a delayed onset of the block in NOLH compared to CNTRL by one day.

Differences in the upper-level divergent wind are substantial, indicating that diabatic heating significantly enhances the vertical
1

motion and divergent outflow. Moist dynamics account for roughly two thirds of the divergent outflow, which exceeds 10 ms™

on the western flank of R1 in CNTRL compared to < 3ms~! in NOLH. In the CNTRL simulation, a comma-shaped diabatic

heating pattern is co-located with the eold-frontand-divergent-outflow-divergent outflow aloft, which compares favorably with
the cloud patterns in the satellite observations (Fig. 1a) and the ascending heated trajectories (Fig. 5a). The divergent wind

above the cloud-diabatic heating maximum in CNTRL aids the westward expansion of ridge R1 through the westward advection

of air masses with low PV, shifting the jet-stream-tropopause in the same direction and considerably strengthening the PV

gradient —This-is-alse-eviden mtarge-differences-betweenr- ENTRE-and NOEH-in-the PV-adveetion-by-the-divergent-wind

see details on PV advection in Section 4.2.2). The
cyclonic wrap up of high- and low-PV in the upstream trough T1 (SupplementFig—S4e)does not occur in NOLH, suggesting

11
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that this cyclonic wave breaking and the horizontal rearrangement of upper-level PV depends essentially on intense LH;-sinee-it

Further into the model integration on day 6 (Fig. 3c,d), the differences between CNTRL and NOLH are considerably more
pronounced and it is clear that the large-scale flow develops substantially differently without LH. With the contribution of
LH in CNTRL, the secondary ridge R2 rapidly amplifies and low-PV air is transported a long way poleward, causing (i) a
south-westward extension of the initial blocking region and (ii) a reinforcement of the anticyclonic anomaly formed by ridge
R1 —Fhejetstreamover Scandinavia (Fig. 3c). The upper-level flow splits over central Europe with an accelerated southwest -
northeast tilted northern branch (jet stream), evident from the Z500 contours in Fig. 3c. When LH is turned off, however, the

ascent and outflow are significantly reduced and ridge R2 does not amplify (Fig. 3d). This is consistent with the position of T2
being too far south. Instead, R2 is deflected eastward by the westerly winds. As a consequence, the low-PV region of R1 is cut

off from the tropospheric reservoir and a zonally oriented jet stream establishes over western Europe. Without LH, PV values
inside R1 are higher, i.e. the upper-level negative PV anomaly is weaker, resulting in a less pronounced anticyclonic flow over
EuropeScandinavia, as also evident from the Z500 contours. The upper-level synoptic features in NOLH are displaced further

downstream, where the flow still splits with a weaker northern branch compared to CNTRL.
4.1.2 Thor maintenance

To better understand the role of LH for the persistence of a-blocking, we now focus on the Thor maintenance simulation. Both
CNTRL and NOLH simulations start with a well established dipole block over Europe and a large-scale deformation-flow-field
over-Buropediffluent flow field upstream (visible in the Z500 contours), where a large region with low upper-level PV values
covers most of Scandinavia on day 2 (R2 in Fig. 4a,b). However, first pronounced differences in the divergent outflow strength
and the upper-level PV structure occur in the region of upstream ridge R4 to the east of trough T4. In the absence of LH, ridge
R4 and consequently the PV streamer T3 are not as strongly extended in the meridional direction as they are in CNTRL, despite
being subject to a strong diffluent flow, suggesting that the (dry) eddy straining mechanism (Shutts, 1983) does not fully explain
the amplification of the incoming upstream waves. As a consequence, R4 in NOLH does not replace the initial negative PV
anomaly R2 over Scandinavia (cf. Fig. 4c,d). Without the diabatic contribution of *fresh’ low-PV air, and facilitated by the
radiative decay (cooling and net PV increase along upper-level trajectories) of the remaining air masses recirculating inside the
block (Fig. 5d,f), Thor weakens in the NOLH simulation and is no longer captured by the APV-blocking index on 15 October
(day 5). In contrast, the CNTRL block persists for another 4 days, also due to the additional absorption of anticyclonic air masses

in R5 on day 6 (Fig. 34c,d).
4.1.3 Non-linear effects of latent heating

In order to exemplify the non-linearity of the relationship between LH and blocking, Fig. 6 shows the 2 pvu tropopause at
day 2-3 and day 6 of Thor onset with and without LH, and also with reduced LH (« = 0.5) and increased LH (o = 1.5). The
evolution of the tropopause shows a crucial sensitivity to changes in LH with a non-monotonic behaviour of blocking to LH.

Note that the modifications of LH first become apparent in the region of the NOLH box over the North Atlantic and Europe
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and only spread out at longer lead times. During the onset phase (day 2, Fig. 6a), the ridge has a larger amplitude and extends
further to the west over Greenland with increasing LH, with cyclonic wrap up of high- and low-PV in the upstream trough
most evident in the simulation with enhanced LH (a = 1.5, red contour). Consequently, also the downstream trough is more
amplified and narrows into a PV streamer in the simulations with unchanged (CNTRL, yellow contour) and enhanced LH.
The northward and westward amplification of the ridge is underestimated in the simulations with reduced (green contour) and
removed (NOLH, blue contour) LH. During the mature phase (day 6, Fig. 6b), LH (o = 1 and « = 1.5) leads to anticyclonic
wave breaking and the formation of a stationary dipolar flow pattern that-generates-strong-easterlies-atthe latitude-of thejetover
Europe-over Europe with low-PV to the north of a cut-off high-PV anomaly. In addition, the eastward propagation and zonal
extent of the upstream trough is slowed down, an effect of LH also observed by Ahmadi-Givi et al. (2004). When LH is reduced
or switched off, the ascent and outflow are reduced (not shown), the ridge does not amplify as strongly and, in the absence of
wave breaking, blocking is not initiated. Instead, the low-PV region is cut off from the tropospheric reservoir, surrounded by

high-PV stratospheric air and located further north above Svalbard.
The comparison of block Thor with and without LH reveals some interesting differences and helps understanding the causal

relationship between LH and blocking during the initiation and maintenance/decay phases. This example illustrates how LH in
ascending airstreams embedded in upstream cyclones can play a crucial role in the initiation, but also in the maintenance of

blocking, contributing to a more rapid development and longer lifetime of the block. This strong sensitivity of block development

to changes in upstream latent heating further demonstrates that forecast uncertainty during blocking can arise from diabatic

heating from parametrized processes (e.g., Grams et al., 2018; Maddison et al., 2019). Moist-diabatic processes provide further
flow amplification in addition to dry-dynamical forcing, and repeated EH-bursts-diabatic injection of low PV can extend the

lifetime of a block and diminish the tendency for dissipation.
4.2 Set of blocks: Differences with and without LH

To evaluate the sensitivity experiments in a more robust and systematic way, we analyze a set of 5 historical blocks in total over

different regions and in different seasons (see again Table 1).
4.2.1 Differences in upper-level PV structure

Figure 7 shows the differences in the upper-level PV and upper-level divergent wind between the NOLH and CNTRL simulations
(CNTRL - NOLH) during onset at day 3 for the five blocking cases. Whereas synoptic Figures above (Figs. 3,4 and S1, S2 and
S3) show that CNTRL and NOLH simulations start to deviate at day 2, by day 3 there are distinct differences in the upper-level
PV field.

In all cases, the dynamical tropopause (2 pvu contour) is displaced much farther to the pole and west in the regions associated
with the divergent outflow in the CNTRL simulations, along with pronounced differences in the upper-level PV between the
CNTRL and NOLH. The absence of LH results in higher PV and thus in weaker anticyclonic anomalies in NOLH, which is
reflected in negative PV differences of more than -1 pvu between CNTRL and NOLH-Beeause-all-simulationsexhibitsimilar

displacements-of-the-tropopause, reaching -3 pvu in cases Thor onset and maintenance, Cold spell and Russia. At this time,
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the center of mass of the tracked blocks in the NOLH simulations corresponds well with the blocking centre in the CNTRL
simulations (crosses and pluses in Fig. 7).

Despite the difference in the synoptic environment between the five cases, it becomes evident that in each case strong LH
embedded in the upstream cyclone is-eraeial-for-substantially contributes to this initial ridge amplification and the onset of the

blocks. The most pronounced PV differences are co-located with the tropopause, i.e., the region of enhanced PV gradient, which
has important implications for the propagation of Rossby waves in the upper troposphere (Schwierz et al., 2004b; Martius et al.,
2010). The more pronounced ridge also results in a more amplified downstream flow pattern in CNTRL, with the downstream
trough penetrating further equatorward in all cases.

Differences in the upper-level divergent wind between CNTRL and NOLH are substantial in all cases (more than 5ms™1!,

see wind vectors in Fig. 7). Given that the total upper-level divergent wind in the CNTRL simulations is generally less than
10ms~! near the western flank of the ridges (see wind vectors in left panels of Figs. 3.4 and S1, S2 and S3), these differences

are considerable and it is clear that strong vertical motion (not shown) and upper-level divergence arise from LH. Atthese-time

The diabaticall
enhanced divergent outflow tends to facilitate its-the westward and poleward expansion of the ridge by advecting low PV in
these directions. The-divergent-diabatic-outflow-substantially-In addition to the diabatic injection of low PV air from the lower

troposphere in ascending airstreams (shown as an example for case Thor in Fig. Se,f), the divergent outflow contributes to
the pronounced upper-level PV differences along the western flank of the ridges through this effect (see againFigure-S4-in

e P

A few days later during the mature phase (6 days into the simulations), Fig. 8 shows substantial differences in the upper-level
PV and upper-level rotational wind between the CNTRL and NOLH simulations. The initial PV differences confined to the
north-western flank of the ridges during onset, i.e. early phase of the simulations, have amplified and propagated up- and
downstream, leading to distinctively different evetution-evolutions of the upper-level flow with strongly displaced ridges and
troughs and marked differences in the upper-level PV pattern. In all cases, the intensity and spatial extent of the blocks are
reduced in NOLH, which is reflected in negative PV differences between CNTRL and NOLH. Largest differences (APV <
-3 pvu) are found inside the blocking region, especially in the core (close to the center of mass in Thor onset, Thor maintenance,
Canada and Russia) and around the flanks of the block (Cold spell). Earge-Positive and negative upper-level PV differences are

also found aleng-in the upstream and downstream troughs and resemble-a-dipele-patteraridges, indicating a shift in pesition—
location. The diabatic intensification of the blocks in CNTRL goes along with an amplified upper-level anticyclonic circu-

lation (see wind vectors in Fig. 8). The differences in the
upper-level rotational wind clearly reveal the intensified anticyclonic flow associated with the intense negative PV anomalies
of the €FNRE-CNTRL simulations, especially on the flanks around the negative PV differences with substantial wind speed
differences of up to 40 ms~! between EFNRE-and-NOEH(see-wind-veetorsin-Fig-8)CNTRL and NOLH.

In the following, we have-take a closer look at the individual cases. In Thor onset (Fig. 8a), negative PV differences inside the

block and positive differences south of it indicate the anticyclonic wrap-up-wrap up of low- over high-PV air and the formation
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of a dipole block with easterly winds in CNTRL, while in NOLH the negative PV anomaly is detached further north above
Svalbard as a tropospheric cut-off.

In Thor maintenance (Fig. 8b), the block is still present in CNTRL while it is already too weak to be detected in NOLH. The
poleward elongation of the CNTRL block is reflected in the negative PV difference (APV up to -4 pvu) with an anticyclonic
flow centered over Iceland. In NOLH, the decaying blocking ridge over Europe and the cut-off PV anomaly east of Greenland
do not merge —(see discussion above).

For the case Canada (Fig. 8c), the omega-shaped structure of the block with tilted upstream and downstream troughs is not
reproduced without LH, and the NOLH block develops as an open ridge embedded in a Rossby wave with a weak anticyclonic
circulation over western Canada.

In the case of Russia (Fig. 8e), the initial PV differences over western Europe have propagated eastward and reach values of
-5 pvu further downstream over western Russia at day 6, with a strong anticyclonic flow only present when LH is included.

In contrast to the other cases, the PV values inside the block’s core are similar in CNTRL and NOLH for the Cold spell case
(Fig. 8d). Largest negative PV differences are found along the edge of the block, i.e. the block is smaller in spatial extent in
NOLH, and further south over the Azores, where the NOLH block detaches from the tropospheric reservoir.

Interestingly, a common feature in several NOLH simulations (Thor onset, Thor maintenance, Cold spell and Russia) is the
formation of a low-PV anomaly in-the-northern-part-of-the-domain-that is cut off from its tropospheric source and surrounded by
high-PV stratospheric air (closed dashed contours in Fig. 8a,b,d,e). These cut-off anomalies are formed when the jet stream is
retreating back to a more zonal flow. In contrast to the CNTRL simulations, they are not accompanied by a cyclonic anomaly to
the south, and therefore do not constitute a stationary dipolar flow pattern that generates stronger easterlies at the primary latitude
of the jet. The typical inverse-S shape of the 2 pvu contour during overturning Rossby waves, which is used to describe blocking
in association with wave breaking (e.g., Pelly and Hoskins, 2003) is only simulated with the inclusion of LH. The formation of
in Steinfeld and Pfahl (2019). This again highlights the role of LH in effectively displacing the jet stream far to the north and
promoting persistent anticyclonic Rossby wave breaking.

4.2.2 Differences in PV advection by the divergent outflow

For a quantitative analysis of the indirect effect of LH on Vefﬁeal—meﬁeﬂ—&ndrupper—level PV advee&eﬂ—by—fheflfvefgeﬂt—eﬁfﬂe’v\f

(VX) and associated PV advection by the dlvergent wind (Vx VPV) af&éefeﬁmneé%rfegieﬁeﬁfhewveﬁemﬂaﬂ{ee#fhe

strong enhancement in divergent outflow aloft by LH is accompanied by a stronger negative upper-level PV advection on the
north-western flank of the individus i ip ; ;
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9a)-is-reducedtocally-byup-to-75blocking ridge, locally with differences of -0.3 %;-aceompanied-by—a-strongreduction—in
divergent-outlow-aleft-(Fie-9b)pvu h ! between CNTRL and NOLH. CensequentlyGiven that the upper-level PV advection

by the divergent wind in the CNTRL simulations reaches absolute minimum values of -0.4 pvuh—! at this time (not shown

these differences are considerable. Thus, the negative PV advection on the western flank is almost absent in NOLH(Fig-5¢)-

It is important to note that, while the upper-level i
NOEHdivergent wind is generally one order of magnitude smaller than the upper-level rotational wind, the PV _advection by
the two wind components is of much more similar magnitude since the divergent wind is typically parallel to the upper-level
PV gradient (Steinfeld and Pfahl, 2019). For all cases, the negative PV advection by the divergent wind counteracts the positive
PV advection by the rotational wind on the north-western flank during onset, resulting in a reduced positive (for cases Thor
maintenance and Canada) or even in a net negative (for cases Thor onset, Cold spell and Russia) PV advection by the total
wind ((vy £ vy) VPV, not shown). This negative PV advection by the divergent wind on the western flank contributes to
the initial negative PV differences seen in Fig. 7 and therefore contributes to the westward extension and quasi-stationary
(slower eastward progression) behavior of blocking (Mullen, 1987; Steinfeld and Pfahl, 2019), an effect of LH on upper-level

waves also observed in the sensitivity studies by Davis et al. (1993) and Stoelinga (1996). Since forecast uncertainties durin

blocking onset often manifest on the western flank of the ridge (Matsueda, 2011; Quandt et al., 2018), we hypothesize that this

is associated with the divergent outflow.

4.2.3 Differences in blocking characteristics and case-to-case variabilit

Figure 10 shows a quantitative comparison of the temporal evolution of blocking characteristics (LH contribution, mean diabatic
heating along all blocking trajectories, intensity and spatial extent) obtained from the CNTRL (solid lines) and NOLH (dashed
lines) as a function of simulation lead time. Note that the individual curves start as soon as a block is identified with the APV
PV-anomaly index (see section 2) in the corresponding simulation. Characteristics based on 3-day backward trajectories (LH
contribution and diabatic heating) can only be obtained after at least 3 days of model integration time.

The episodic nature of LH contribution and diabatic heating (Fig. 10a,b) during the blocking life cycle in the different
CNTRL simulations (solid lines) is associated with the passage of synoptic cyclones and the associated cross-isentropic
transport of low-PV air in WCBs. LH bursts (local maxima of LH contribution and diabatic heating) typically indicate the
time of strongest interaction between the block and the approaching upstream cyclones (see also Steinfeld and Pfahl, 2019).
The periods between such LH bursts are dominated by a median cooling of -3 to -4 K and predominantly quasi-horizontal

transport of near-tropopause air masses (see again quasi-adiabatic trajectories in Fig. 5). The relative importance of LH varies

the lifetime of the CNTRL blocks and from system to system-—Consistent-with-previous-observational-work

strongly during s i o i
oo o : 10K5- ro-and-Srith—1009 ockin anm coenecic—Acdi ad o
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decay. In contrast to the cases with multiple LH bursts (Thor onset and Cold spell) or with a prolonged strong LH contribution
from one slowly moving upstream cyclone (Canada), cases Thor maintenance (blue solid line) and Russia (violet solid line)
&WWWMLW and &Fe%fh&@e%d—spellrea%wwem%ﬂaﬂﬂe

safter day 5
mostly quasi-adiabatic advection of low PV. i.e. cooling along upper-level air masses, dominates the evolution of the blocks.
Considering all the blocks in the CNTRL simulations, 43 % of their air masses experience heating of more than 2K in 3
dayswith-a-median-heating-of-, and the median heating along the heated trajectories is 11 Kand-, with a wide range of Af up to
45 K for individual trajectories (not shown). 10 % of the heated trajectories are classified as WCBs. In the NOLH simulations,
the LH contribution is not entirely removed (cf. method section), but reduced to 15 % with-a-median-heating-ef3and a net
10a;b). The other-85remaining 15 % of the-air-masses-experience-diabatic-cooling-of~4heated trajectories experience only

weak heating of 3 K in the median (Fig—0b)not shown), and only 2 % fulfill the WCB criterion.
Comparing the evolution of block intensity and spatial extent between CNTRL and NOLH in Fig. 10c.d shows that LH leads to

more intense and larger blocks (in all cases) with an extended lifetime (Fig—0e;dThor maintenance). In the CNTRL simulations,

blocking ridges intensify more rapidly and-during their early growth phase (days 1 - 4) and upper-level PV anomalies are
thus stronger and spatially more extended compared to their counterparts without LH. Genera}}yuﬂaedrfferenee%mﬁmen%&y

the-mature-phase-However, the experiments indicate a large case-to-case variability with respect to the sensitivity of the block to
LH. Without LH, the Thor onset (red lines) and Cold spell (yellow lines) blocks develop later with a delay of about 1 and 4 days

srespectively, because the first ridge amplification is too weak&nd—on}yL . Only, later, when a Seeoﬂekwsgg()vn%upstream cyclone

is approaching ;-the-anems

to CNTRL (around day 7), though smaller in extent. Likewise, the Russia block (violet lines) has a delayed onset and a slower
amplification without LH, and-dissipates-4-days-earlier-than-but has a similar intensity at day 7 as the CNTRL block-—, which
begins to decay after attaining peak intensity around day 4. The Canada block has its onset at the same time in both CNTRL and

NOLH simulations N(grvegnvlyrevs) however the ridge does not further amplify in NOLH ‘]:rkem%e—the—l%ussra—b}oek—has—a—de}ayed
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6)-and differences in intensity and spatial extent

speeial-as-a-block-with-similar-intensity-develops-between NOLH and CNTRL increase with model integration time. The Thor
maintenance block (blue lines), which starts as an intense and large-scale anticyclonic anomaly in both CNTRL and NOLH

Since the characteristics of the block can develop differently, it is difficult to quantify which event is most sensitive to changes
in upstream LH. The relative differences in peak intensity and size between the NOLH simulations and each corresponding
NOLH block is too weak to be identified by the blocking index). Blocks with a small sensitivity to changes in upstream LH
will have values close to zero (i.e. no large differences between NOLH block and CNTRL block). A value of -0.5 represents
a reduction by a factor of 2. This figure shows again that all NOLH simulations exhibit a reduction in peak intensity and

spatial extent. The reduction is largest for Canada (around -0.3 for intensity and -0.7 for extent) and smallest for Thor onset,

Cold spell and Russia (around -0.1 for intensity and -0.4 for extent). The Canada block also has a large LH contribution in its
CNTRL simulation (52 %). However, Thor onset with a similar LH contribution shows less sensitivity and a weaker reduction

in intensity/spatial extent, the latter being more similar to Cold spell with a smaller LH contribution of 38 %. In addition, the

Thor onset simulations with reduced LH (a = 0.5) and enhanced LH (« = 1.5) are shown, for which o = 1.5 shows a stronger

sensitivity with an increase in blocking area by a value of 0.7.
The effect of LH on blocking intensity and extent thus appears to depend er-not only on the LH contribution, but also on other

environmental features such as the phase of the blocking life cycle, on-the-intensity-of-the-upstream-cyelonethe number and
strength of LH bursts/upstream cyclones, and the state of the background flow. During the early growth phase with an initially

zonal and intense upper-level jet stream, cloud diabatic heating intensifies the upstream cyclone and facilitates a faster growth

of the ridgesincipient ridge. Since case Canada interacts with only one upstream cyclone with particularly large and prolonged
LH contribution, the generation of the upper-level PV anomaly strongly depends on LH and its removal has profound effects on
phase (after 4 days lead time) when the large-scale flow is already in an amplified state, the ridges in Thor onset and Cold spell
blocks-amplify-without the- contribution-of Hinteract with downstream propagating waves and amplify in NOLH, and thus they
appear less sensitive to changes in LH. The presence of an amplified ridge with a large-scale upper-level diffluent flow is known
to provide a favorable environment for blocking initiation and maintenance (Colucci, 1985; Pelly and Hoskins, 2003), which
supports the meridional amplification of the upstream waves [eddy straining mechanism, Shutts (1983)] and the (isentropic)
poleward transport of air with low PV (Yamazaki and Itoh, 2012; Steinfeld and Pfahl, 2019), and the block can thus also ferm

develop in the absence of intense LH-Hewever;, though smaller in extent. Dry-dynamical forcing alone, however, is not able
to maintain the Thor block in the absence of LH, and after 5 days lead time in the Thor enset-ease-maintenance simulation
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the blocked region is reduced by -0.7 (approx. by a factor 3). In contrast to the other cases, the blocking ridge in case Russia
ropagates downstream over Russia and further away from the storm track region over the North Atlantic ocean basin in both

simulations (see Fig. 8d), and therefore away from the influence of direct diabatic injection of low-PV air. Thus, evolution of

the Russia block after its onset is mostl

lines in Fig. 10a,b after day 5). It may be related to downstream propagating wave trains emanating from the North Atlantic that

interact with topographically-forced planetary waves (see Nakamura et al., 1997; Luo et al., 2016). Climatologically, blocks
over Russia typically form with small LH contribution (below 20 %, see Fig. 5 in Steinfeld and Pfahl (2019)) which ma
explain the small sensitivity of the Russia case. However, despite similar sensitivities of blocking intensities in the Thor onset,
Cold spell, Russia and Thor maintenance cases, there is still a big difference in the large-scale flow evolution between the
simulations (dipole block in CNTRL vs cut-off low-PV anomaly in NOLH>; te-stni g i

. 8a,b,d,e). Generall

suggesting that comparing blocks based on their intensity only might hide some of the synoptic differences.
Despite the strong case-to-case variability in the LH contribution and in the sensitivity of the blocks to changes in LH,

is smaller than the sensitivity of spatial extent,

6—, see again Fi

the experiments demonstrate that LH can have a profound causal effect on blocking intensity, spatial extent and lifetime. As

mentioned above, in all cases, except for Cold spell, the tracked negative PV anomalies are not classified as blocking in the
NOLH simulations when using the original blocking index of Schwierz et al. (2004a), because the PV anomalies are too weak,
do not persist for more than 5 days, and/or are too mobile.

5 Conclusions

The relative roles of different processes for the formation and maintenance of atmospheric blocking have been debated for a
long time (Woollings et al., 2018). While classical blocking theories are based on dry-adiabatic interactions of waves (e.g.,
Charney and DeVore, 1979; Shutts, 1983), the importance of moist-diabatic processes, in particular the release of latent heat in
ascending airstreams, has recently been recognized to play a significant role in the dynamics of the upper-level large-scale flow,
including Rossby waves (e.g., Pomroy and Thorpe, 2000; Grams et al., 2011; Wirth et al., 2018) and blocking (Croci-Maspoli
and Davies, 2009; Pfahl et al., 2015; Steinfeld and Pfahl, 2019; Miiller and Névir, 2019). Motivated by this recent finding, the
present study explores the causal effect of tatentheating-LH on the development of five different blocking cases with the help of

sensitivity experiments with a-globalnumericalmedelthe ECMWEF’s global numerical weather prediction model IFS, in which
cloud-related LH is altered in the storm track region upstream of the block.

A key finding of the numerical sensitivity experiments is that the intensity, spatial extent and lifetime of all simulated blocking
events depends strongly on latent heating. In some cases (in 4 of 5 cases), the presence of LH even determines whether or not
blocking (according to the blocking index of Schwierz et al. (2004a)) occurs at all. Consistent with the findings of previous
studies (Davis et al., 1993; Stoelinga, 1996; Pauley and Smith, 1988; Pomroy and Thorpe, 2000), the primary effects of latent
heating on the tropopause arise from the diabatic reduction of PV and the associated enhancement of the divergent outflow

aloft. Latent heating enhanees-accelerates the vertical motion and divergent outflow on the western flank of the block, locally by
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a factor of 4, and the succeeding interaction with the upper-level PV distribution modifies the amplification and propagation
of upper-level waves and blocking compared to the simulations without latent heating. These processes act to slow down the
eastward propagation and amplify the intensity and extent of the negative PV anomaly in all cases.

625 A comparison between the five cases reveals a large case-to-case variability of the effect of latent heating on blocking, which
depends strongly on the phase of the blocking life cycle and the state of the background flow. During the early growth phase,
latent heating contributes to the initial ridge amplification and facilitates a faster growth of the incipient ridge. During the mature
phase, on the other hand, the large-scale flow can further amplify also without the contribution of LH and thus appears to be
less sensitive to changes in LH. This amplification is related to the state of the background flow: In the cases with a more

630 meridional flow and a pre-existing large-scale ridge, a block also develops in the absence of latent heating, though weaker and
less extended. The presence of this pre-existing ridge induces large-scale upper-level defermation-(diffluent-low)diffluent flow,
which supports the meridional amplification of arriving synoptic-scale waves (eddy straining mechanism Shutts, 1983; Mullen,
1987) and the poleward quasi-adiabatic transport of low-PV air from lower latitudes ahead of baroclinic disturbances (e.g.,
Colucci, 1985). Nevertheless, as demonstrated in the case study of the maintenance of block Thor, the absence of latent heating

635 can also lead to a more rapid decay of blocking. In this case, the dry-adiabatic forcing due to eddy straining in the diffluent

region upstream of the block is not strong enough to sustain the system against dissipation.

TFhese-different-casestadies While our experiments are limited to blocking situations, which are associated with a very stron

large-scale flow amplification in the mid-latitudes, the diabatic formation of anticyclonic PV anomalies can be observed in
Grams et al., 2011; Chagnon and Gray, 2015; Rothlisberger et al., 2018

640 , cut-off lows and PV streamers (Knippertz and Martin, 2007; Madonna et al., 2014a) and Rossby wave breaking (Zhang and Wang, 2018)

play a role. While in this study large changes, e.g., removal of LH, have been made to quantify the total effect of LH on
blocking dynamics, previous studies demonstrated that also small changes to various parametrization schemes had an impact
on a downstream ridge building (Joos and Forbes, 2016; Maddison et al., 2020). LH may therefore be dynamically relevant,
influencing the jet stream and potentially the downstream flow evolution in all these situations, which is likely to have important

645 consequences for medium-range weather prediction.
The sensitivity experiments demonstrate that blocking is the result of a constructive interaction between diabatic heat-

various synoptic situations in which Rossby waves (e.

3

ing and dry baroclinic processes. Intense latent heating occurs predominantly in the warm conveyor belt of extratropical
cyclones (Wernli, 1997) and is thus in phase with and strongly coupled to the secondary circulation associated with dry
adiabatic forcing (Kuo et al., 1990). Our sensitivity experiments corroborate earlier studies that the interaction between
650 mobile synoptic-scale eddies and planetary-scale flow anomalies plays an important role for blocking formation and mainte-
nance (Nakamura et al., 1997; Luo et al., 2014; Nakamura and Huang, 2018), and show that diabatic processes can provide
the required flow amplification in addition to dry-dynamical forcing. In order to properly represent blocking dynamics,
numerical weather prediction and climate models thus have to correctly account for this coupling between dry and moist
processes, including the details of microphyical processes that shape the spatial distribution of latent heating in clouds

655 —(e.g., Joos and We
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Figure 1. Synoptic situation over the North Atlantic at a) 18 UTC 01 Oct 2016 and b) 9 UTC 11 Oct 2016. SLP (gray contours, every 10 hPa,
solid to dashed contours at 1015 hPa) and upper-level PV (blue contours, 2 (solid) and 3 (dashed) pvu) from the IFS CNTRL run after 2 days

lead time for a) Thor onset and b) Thor maintenance. Labels “T1 - T4" mark troughs (cyclones) and “R1 - R4" mark ridges (anticyclones

and are described in the text. Cloud top heights (hPa, shading) from satellite imagery based on EUMETSAT MSG-SEVIRI data (EUMETSAT,
2017).
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Figure 2. Percentage of trajectories with Af > 2K in 3 days (red, %), mean diabatic heating along the blocking trajectories (yellow, K,

calculated as the mean change in 6§ along all (heated and non-heated) trajectories), blocking intensity (blue, right axis, pvu), and spatial extene
extent (green, 2nd right axis, 10*2m?) as a function of time (simulation lead time and date) for Thor onset and maintenance. Note that 3-day
backward trajectories can only be calculated after day 3. Labels “T1 - T5" and “R1 - R5" refer to the eyelones-troughs and ridges during time

of their interaction with block Thor. Note that no block is detected between 9—11 October as a result of the 2-day temporal smoothing of the

upper-level PV anomaly field.
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Thor onset
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Figure 3. Upper-level PV (in pvu, shaded), upper-level divergent wind (black vectors according to reference vector, only shown for wind
speed larger than 2 ms ™), geopotential height at 500 hPa (white contours every 100 gpm), cloud-diabatic (cloud microphysics and convection)
heating (1 and 3 K (3h)™" in gray contours, vertically integrated between 900 - 500 hPa), SLP (solid black contours from 1000 hPa every
-10 hPa, dashed contours from 1020 hPa every +10hPa), and blocking region (magenta-violet contour for PV anomaly of -1 pvu) in (left)
CNTRL and (right) NOLH simulation at (a,b) 00 UTC 2 October 2016 (day 2) and (c,d) 15 UTC 5 October 2016 (day 6). Labels “T1 - T5"
mark troughs (cyclones) and “R1 - R5" mark ridges (anticyclones) as described in the text. Black box in NOLH indicates region where LH is

turned off.
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(b) Day 2
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Figure 4. Same as Fig. 3, but at (a,b) 9 UTC 11 October 2016 (day 2) and (c,d) 9 UTC 16 October 2016 (day 6).

30



CNTRL

Thor onset

(c) Day 3 (d) Day 3

200 300 400 500 600 700 800 900
pressure [hPa]

(e) (f)
- - i
5 0.41 ‘\A\u £ 0.4+ TA—A
& NA B
7 0.3 2 0.3-
308 310 312 314 316 318 320 308 310 312 314 316 318 320
6 [K] 6 [K]

Figure 5. Upper-level 2 pvu contour (black line), SLP (green-gray contours, from 1000 hPa every —+6-5 hPa) and blocking region (magenta
violet contour for upper-level PV anomaly of -1 pvu) for (a,c) CNTRL and (b,d) NOLH simulation for case Thor onset (upper panel) and
Thor maintenance (fewer-middle panel). 72-h backward trajectories started in the blocking region at 00 UTC 4 October 2016 in the onset

simulations and at 00 UTC 13 October 2016 in the maintenance simulations are shown as colored lines, with color indicating pressure

(hPa). The black circles and triangles show the location of the baekward-heated (A > 2 K) and quasi-adiabatic (A8 < 2K) trajectories 3
days prior to arrival in the blocking, respectively. (e.f) Median temporal evolution of # and PV along heated (yellow) and quasi-adiabatic
blocking lifetime of Thor onset and Thor maintenance cases. Filled markers show the median for each airstream at the time of the arrival in
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(a) Day 3 (b) Day 6

Figure 6. Dynamical tropopause (upper-level 2 pvu contour) for Thor onset during (a) 2 October 2016 (day 23) and (b) 6 October 2016 (day 6)
for different o values (blue for oo = 0 (NOLH), green for a = 0.5, yellow for o = 1 (CNTRL), and red for o = 1.5).
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Figure 7. Difference (CNTRL - NOLH) in upper-level PV (shaded in pvu), difference in upper-level divergent wind (vectors only shown for
wind speed larger than 1 ms ™), and upper-level 2 pvu contour (solid for CNTRL, dashed for NOLH) after 3 days model simulation for (a)

Thor onset, (b) Thor maintenance, (c) Canada, (d) Cold Spell, and (¢) Russia. “x" and “+" show locations of blocking centers for CNTRL and
NOLH, respectively.
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Figure 8. Difference (CNTRL - NOLH) in upper-level PV (shaded in pvu), difference in upper-level rotational wind (vectors only shown for
differences larger than 1 ms~!), and upper-level 2 pvu contour (solid for CNTRL, dashed for NOLH) after 6 days model simulation for (a)

Thor onset, (b) Thor maintenance, (c) Canada, (d) Cold spell, and (e) Russia. “x" and “+" show locations of blocking centers for CNTRL and
NOLH, respectively.
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Figure 9. 4 Difference (¢CNTRL - NOLH) in upper-level PV

advection by the divergent (irrotational) wind (v, - VPV, shaded in pvuh™ Dyas-afanction-of-simulationlead-time—Values-are-averaged
over-a-nine-grid-point-box—, difference in the-upper-level on-the-western—flank-of-the-block-ecentered-around-the-strongest-divergent wind
/PV-adveetion-magnitades—Solid-Jines-(vectors only shown for wind speed larger than 1 ms™ '), and upper-level 2 pvu contour (solid for
CNTRLsimutations, dashed tines-for NOLHst i indivi s-) W
(abloek-is-tdentified-with-the APV-index) Thor onset, (b) Thor maintenance, (c) Canada, (d) Cold Spell, and (e) Russia. “x" and “+" show

locations of blocking centers for CNTRL and NOLH, respectively.
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Figure 10. (a) Percentage of blocking trajectories with Af > 2 K in 3 days (%), (b) mean diabatic heating (K, calculated as the mean change
in 0 along all (heated and non-heated) trajectories), (c) blocking intensity (upper-level PV anomaly), (d) spatial extent (10'2m?) as a function

of simulation lead time. Solid lines for CNTRL simulations, dashed lines for NOLH simulations. Note that the individual curves start as soon

as a block is identified with the PV-anomaly index, and 3-day backward trajectories can only be calculated after day 3.
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Figure 11. Normalized difference in peak spatial extent and peak intensity of the NOLH blocks compared to the CNTRL blocks. Values

close to zero indicate weak sensitivit

. The size of the marker indicates the LH contribution in the CNTRL simulations (see Table 1). Red
open circles for Thor onset simulations with reduced LH (a = 0.5) and enhanced LH (« = 1.5).
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Table 1. Selected historical blocking events. The LH contribution has been determined from backward trajectory calculations. The initialization
time is the same for both CNTRL and NOLH simulations. Note that "Thor onset" and "Thor maintenance" are different phases of the same

blocking event.

LH contribution

Experiment Flow pattern Initiation time Region NOLH box
CNTRL NOLH
Russia omega 29 June 2010  Western Russia [60°W - 0°, 35°N - 65°N] 42 % 29 %
Canada omega 27 Apr2016  Pacific-America  [180°W - 120°W, 35°N - 65°N] 52 % 20 %
Thor onset dipole 30 Sep 2016  Atlantic-Europe [60°W -0°, 35°N - 65°N] 47 % 16 %
Thor maintenance dipole 10 Oct 2016  Atlantic-Europe [60°W - 0°, 35°N - 65°N] 34 9% 12 %
Cold spell dipole 18 Feb 2018  Atlantic-Europe [60°W - 0°, 35°N - 65°N] 38 % 3%
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