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ABSTRACT: To better understand the dynamics and impacts of blocking events, their 3D structure needs to be further
investigated. We present a comprehensive composite analysis of the 3D structure of blocks and its response to future climate
change over the North Pacific, the North Atlantic, and Russia in summers and winters using reanalysis and two large-
ensemble datasets from CESM1 and GFDL-CM3. In reanalysis, over both ocean and land, the anomalous winds are equivalent-
barotropic in the troposphere and stratosphere, and temperature anomalies are positive throughout the troposphere and negative
in the lower stratosphere. The main seasonal and regional differences are that blocks are larger and/or stronger in winters; over
oceans, the temperature anomaly is shifted westward due to latent heating. Analyzing the temperature tendency equation shows
that in all three sectors, adiabatic warming due to subsidence is the main driver of the positive temperature anomaly; however,
depending on season and region, meridional thermal advection and latent heating might have leading-order contributions too.
Both GCMs are found to reproduce the climatological 3D structure remarkably well, but sometimes disagree on future changes.
Overall, the future summertime response is weakening of all fields (except for specific humidity), although the impact on near-
surface temperature is not necessarily weakened; for example, the blocking-driven near-surface warming over Russia intensifies.
The wintertime response is strengthening of all fields, except for temperature in some cases. Responses of geopotential height and
temperature are shifted westward in winters, most likely due to latent heating. Results highlight the importance of process-level
analyses of blocks’ 3D structure for improved understanding of the resulting temperature extremes and their future changes.
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1. Introduction

Blocking events are anomalous large-scale, quasi-stationary,
high pressure (anticyclonic) systems that last beyond the syn-
optic time scales (sometimes for weeks) and block or divert the
midlatitude westerlies (Rex 1950; Green 1977; Hoskins and
James 2014; Woollings et al. 2018). Due to their persistence
and size, depending on the season and the region, blocking
events can cause, or contribute to, various types of extreme
events such as heat waves, cold spells, droughts, and heavy
rainfall episodes (e.g., Barriopedro et al. 2011; Dole et al. 2011;
Pfahl and Wernli 2012; Brunner et al. 2017, 2018; Schaller et al.
2018; Zschenderlein et al. 2019; Rothlisberger and Martius
2019; Wehrli et al. 2019; Lenggenhager et al. 2019; Chan et al.
2019). Despite much effort, the dynamical mechanisms re-
sponsible for the generation and maintenance of the blocking
events are still not well understood (Hoskins and James 2014;
Hassanzadeh and Kuang 2015; Schubert and Lucarini 2016;
Nakamura and Huang 2018; Woollings et al. 2018; Lucarini and
Gritsun 2020). For example, while past studies have often
considered blocking dynamics to be dominantly governed by
dry processes, most notably through eddy-blocking feedbacks
(e.g., Shutts 1983; Illari and Marshall 1983; Nakamura et al.
1997; Cash and Lee 2000; Yamazaki and Itoh 2013; Luo et al.
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2019), a few recent studies have used Lagrangian trajectory
tracking and shown a leading-order contribution from latent
heating to blocking dynamics in some cases (Pfahl et al. 2015;
Steinfeld and Pfahl 2019; Steinfeld et al. 2020).

There has been extensive research in the past two decades
on how blocking events might change as the climate warms
(Woollings et al. 2018). Most studies have focused on effects of
climate change on the frequency of the blocking events and the
corresponding weather extremes (e.g., Wiedenmann et al.
2002; Barnes et al. 2014; Hassanzadeh et al. 2014; Barnes and
Polvani 2015; Horton et al. 2015; Kennedy et al. 2016; Peings
et al. 2017; Coumou et al. 2018; Patterson et al. 2019;
Narinesingh et al. 2020; Davini and D’ Andrea 2020; Lackmann
et al. 2021), while a few studies have investigated the effects on
the average duration of blocking events (Barnes et al. 2012;
Huguenin et al. 2020; Narinesingh et al. 2020; Lackmann et al.
2021) or their size (i.e., spatial extent; Nabizadeh et al. 2019).

Another aspect of blocking events that needs to be studied
to better understand their dynamics and impacts (e.g., on
surface weather) is their three-dimensional (3D) structure.
Blocking events are often identified and examined on a single
level (mainly at 500 hPa) with their signature in the surface
temperature sometimes considered as well. That said, there
are a few exceptions, such as the indices that identify blocking
events on higher levels (e.g., Hoskins et al. 1985; Brunner et al.
2016) or the index introduced by Schwierz et al. (2004), which
identifies blocks based on the integrated potential vorticity (PV)
between 500 and 150 hPa. A few case studies analyzed blocking
events on more than one level and found equivalent-barotropic
structures throughout the troposphere (Green 1977; Tsou and
Smith 1990; Mak 1991; Lupo and Smith 1995; Ma and Liang 2017).
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Using several reanalysis datasets and one decade of global posi-
tioning system (GPS) radio occultation data, Brunner and Steiner
(2017) studied, among other things, the vertical structure of
composited temperature (7) and specific humidity (SP) of
winter and summer blocking events over three ocean basins: the
North Atlantic, North Pacific, and eastern Pacific (Southern
Hemisphere). They found relatively height-independent
anomalous positive T structures in the troposphere, with a re-
versal to negative anomaly above the tropopause, which was also
reported by Green (1977) in his case study. Brunner and
Steiner (2017) found a more complex 3D structure for SP
(discussed later).

Motivated by understanding the dynamics of blocking-
driven heat waves and their future changes, some studies
have investigated the physics of the positive temperature
anomaly throughout the troposphere and/or near the surface
(e.g., Bieli et al. 2015; Kennedy et al. 2016; Wehrli et al. 2019;
Zschenderlein et al. 2019, 2020). For example, Zschenderlein
et al. (2019) used Lagrangian trajectory analysis and Eulerian
calculations of horizontal temperature advection to quantify
the role of different physical processes in European heat waves.
They found that temperature increases adiabatically due to the
subsidence of air throughout the troposphere with negligible
contribution from horizontal thermal advection, and that dia-
batic heating intensifies the amplitude of this increase just near
the surface, where vertical advection is negligible.

Building on the aforementioned studies and motivated by
questions about the dynamics and impacts of blocking events
in a changing climate, in this paper we present a comprehen-
sive analysis of the climatology of the 3D structure of blocking
events and its response to climate change in summer and winter
in Northern Hampshire (NH) over two ocean basins (North
Atlantic and North Pacific) and one land sector (Russia). Using
the composite analysis of the 3D velocity (1, v, w), geopotential
height (Z), T, and SP fields in data from ER A-Interim, two sets
of large-ensemble comprehensive GCM simulations, and ide-
alized dry and moist GCMs, we aim to address the following
specific questions:

1) What does the climatological 3D structure of NH blocking
events look like in reanalysis? Are there differences be-
tween the structures of blocking events in summer versus
winter, and over land versus ocean?

2) What is the physics of the temperature anomaly under the
blocking anticyclone? What are the relative roles of adia-
batic processes (horizontal and vertical thermal advection)
and latent heating?

3) Do comprehensive GCMs faithfully reproduce the clima-
tological 3D structure of NH blocking events?

4) How will the 3D structure of blocking events change in the
future under the RCP8.5 radiative forcing scenario?

The remainder of this paper is structured as follows. In
section 2, models, data, and methods are presented. The cli-
matological 3D structure of blocking events and the physics
of the temperature anomaly in reanalysis (questions 1 and 2)
and the 3D structure of blocking events in GCMs (question 3)
are discussed in section 3. Response of the blocking events’
3D structure to climate change (question 4) is analyzed in
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section 4. The paper ends with a summary of the findings and
discussions in section 5.

2. Models, data, and methods
a. Reanalysis data

We use the 6-hourly u, v, w, Z, T, and SP on various levels
from 1979 to 2019 from the ERA-Interim dataset (Dee et al.
2011). This dataset has a resolution of 0.75° X 0.75°. For each
variable, daily anomalies are calculated by removing the cli-
matological mean, defined as the 31-day running mean cen-
tered around that calendar date and averaged over all 40 years
of ERA-Interim data (Chan et al. 2019; Nabizadeh et al. 2019).

b. Large-ensemble comprehensive GCM simulations

We use daily data from NCAR’s CESM1 Large-Ensemble
Project (LENS; Kay et al. 2015) and the GFDL CM3 large-
ensemble project (GFDL-LE; Donner et al. 2011; Sun et al.
2018). These two datasets consist of data from fully coupled
GCM simulations at the horizontal resolution of ~1° (LENS)
and ~2.5° (GFDL-LE). The LENS and GFDL-LE ensembles
have, respectively, 40 and 20 members for the “‘current cli-
mate” (1920-2005) based on the historical radiative forcing,
and the same number of members for the “future climate”
(2006-2100) based on the RCP8.5 radiative forcing scenario.
The large number of ensemble members and the availability of
daily variables in these two datasets are helpful in obtaining
a high signal-to-noise ratio for climate change response of
blocking events, which are infrequent (Schaller et al. 2018;
Brunner et al. 2018; Nabizadeh et al. 2019).

We use the last 25 years of each period to investigate the
effects of climate change on the 3D structure of blocking
events. From each dataset, we use the same variables as in
section 2a on three levels (850, 500, and 200 hPa), except for w,
which was not provided in either dataset and SP, that was not
provided in GFDL-LE. From LENS, we also use the 2-m air
temperature (72m). For each variable in each time period,
daily anomalies are calculated by removing the climatological
mean, defined as the 31-day running mean centered around
that calendar date and averaged over all years and ensemble
members (Nabizadeh et al. 2019).

c. Idealized dry and moist GCMs

Two idealized GCMs are used to investigate the role of la-
tent heating on the structure of blocking events. One is the
GFDL spectral dry dynamical core GCM with the physics
configuration of Held and Suarez (1994). The setup is identical
to that of Hassanzadeh and Kuang (2016, 2019), in which the
model has flat lower boundaries and is forced by Newtonian re-
laxation of temperature to a prescribed equinoctial radiative-
equilibrium state. The second model is an idealized moist GCM
[model of an idealized moist atmosphere (MiMA)], which has a
uniform slab ocean with a mixed-layer depth of 7.5 m, seasonal
cycle, and a full radiative transfer scheme (Jucker and Gerber
2017; Garfinkel et al. 2020). Both models are run with a T63
spectral resolution with 40 vertical levels for 100000 days, with
the first 500 days in the dry GCM and first 5 years in MiMA
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discarded as spinup. Anomalies in the dry GCM are computed by
removing the long-term mean whereas in MiMA the anomalies
are computed by removing the climatological mean, defined as
the 31-day running mean centered around that date and averaged
over all years (Nabizadeh et al. 2019).

d. Blocking index

In ERA-Interim and all GCMs (except for the dry GCM,
which is at equinox), we identify and analyze the blocking
events separately in summers [June-August (JJA)] and winters
[December—February (DJF)]. Furthermore, in ERA-Interim
and comprehensive GCMs, we identify and analyze the
blocking events separately over three sectors of the NH be-
tween 40° and 60°N: North Atlantic (60°W-30°E), North
Pacific (125°E-130°W), and Russia (31.25°E-123.75°E). Note
that these three sectors are the main regions of blocking
activity in the NH (e.g., Dole and Gordon 1983; Woollings
et al. 2018). The climatology of the blocking frequency over
these regions in reanalysis datasets and climate models has
been comprehensively investigated in previous studies (e.g.,
Barriopedro et al. 2006; Dunn-Sigouin and Son 2013; Small
et al. 2013; Barnes et al. 2014; Woollings et al. 2018; Simpson
et al.2020; Wazneh et al. 2021). Furthermore, the response of
blocking frequency under climate change in these regions
has been well explored in LENS (e.g., Peings et al. 2017,
Kwon et al. 2018) and in models from phase 5 of the Coupled
Model Intercomparison Project (CMIP5) (Masato et al.
2013; Barnes and Polvani 2015; Cattiaux et al. 2016; Brunner
et al. 2018).

To identify the blocking events, we employ the index of Dole
and Gordon (1983), which is based on finding strong, station-
ary, and persistent positive daily geopotential height at 500 hPa
(Z500) anomalies (to be quantified below). In a recent study by
Chan et al. (2019), this index was found to perform better in
identifying the heat wave—causing weather patterns compared
to a few other Z500-based indices. In this index, the Z500
anomalies are first scaled by the sine of latitude following Dole
and Gordon (1983) and then their standard deviation at each
grid point is computed. The maximum standard deviation over
latitudes 40°-60°N is used to normalize the Z500 anomalies. It
should be highlighted that the standard deviations used for
normalizing the anomalies are calculated separately for each
sector, season, time period, and GCM/dataset. In this index,
any fixed grid points with normalized anomalies larger than 1.5
and persisting for at least 5 consecutive days are identified as
blocking episodes [for more details, see Nabizadeh et al.
(2019)]. Note that any two blocking episodes that are separated
by only one nonblocked day are counted as one blocking event.
Moreover, we ignore any blocking events shorter than 5 days in
the period of 1 December—28 February or 1 June-31 August.

e. Composite analysis

For each blocking event, we use the average of the first
5 days of their lifetime as their representative. This is the
blocking events’” mature phase, which is the most relevant
phase to the resulting weather extremes. Following Nabizadeh
etal. (2019), we identify the center of each block by finding the
centroid of the 5-day averaged normalized Z500 anomaly
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inside the closed contour line of one standard deviation
around the blocked grid point (Nabizadeh et al. 2019). Then
all these centers are shifted to one position (in latitude and
longitude, referred to herein as the ‘““center” of blocks) and
the anomalies of each variable of interest (v, T, etc.) are
composited. The number of snapshots that are averaged for
composite analysis is in the order of 500, 20 000, and 10 000 for
ERA-Interim, LENS, and GFDL-LE, respectively.

3. The 3D structure of blocking events: Climatology

In this section, given our focus on three sectors, two seasons,
and several variables, we will often only show the results of one
or two representative sector(s) in the paper and highlight and
discuss the similarities or differences among all seasons/sectors.
Results for the rest of the sectors are presented in the online
supplemental material.

a. ERA-Interim: 1979-2019

Figure 1 shows the composites of Z and v anomalies for the
wintertime and summertime North Pacific blocking events.
Figures S1 and S2 in the supplemental material show similar
plots but for blocks in the North Atlantic and Russian sectors,
respectively. Consistent among the three sectors and two sea-
sons, blocking events have an equivalent-barotropic anticyclonic
pattern throughout the troposphere and lower stratosphere with
strong positive Z500 anomalies and a dipolar structure in the
v anomalies during winter and summer. One noticeable differ-
ence is that wintertime blocks are larger and stronger than the
summertime blocks, consistent with previous findings (Brunner
and Steiner 2017; Lupo et al. 2019; Nabizadeh et al. 2019; Hwang
et al. 2020).

Next, we will first describe some of the main features of the
3D structure of the 7, o, and SP anomalies during blocking
events, and will then analyze the adiabatic and diabatic pro-
cesses in the temperature tendency equation to explain some of
these features and the relative importance of these processes.

Figures 2 and 3 show the composites of 7, w, and SP
anomalies for the North Pacific blocks in winters and summers,
respectively. Figures S3—-S6 show similar plots but over the
North Atlantic and Russian sectors. Again, consistent among
sectors and seasons, temperature has a warm anomaly throughout
the troposphere under the anticyclone and then a cold anomaly in
the lower stratosphere, consistent with previous findings of Green
(1977) and Brunner and Steiner (2017). In winters, there is a cold
temperature anomaly to the east and/or southeast side of the
blocking center at 500 and 850 hPa. Furthermore, in the winters of
North Pacific and North Atlantic (Figs. 2d,h; see also Figs. S3d,h),
there is a noticeable westward shift of the temperature
anomaly in the troposphere with respect to the blocking
center, which was also reported by Brunner and Steiner (2017).
We will come back to explaining the underlying mechanism of
this shift shortly.

The anomalous vertical velocity (w) has a maximum
around 500 hPa (Figs. 2e and 3e; see also Figs. S3-S6), and
while its structure always consists of a descending branch
(subsidence) around or to the east of the blocking center, in
some cases—such as the North Pacific (both seasons), the North
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FIG. 1. Composites of anomalous geopotential height (Z) and meridional wind (v) of blocking events in the ERA-
Interim (1979-2019) over the North Pacific sector. Rows show (top) 200-, (middle) 500-, and (bottom) 850-hPa
levels. The columns are for (left) winter (DJF) blocks and (right) summer (JJA) blocks. In all panels, anomalies are
first centered and then composited. The intersection of the dashed lines shows the center, and the latitudes and
longitudes are relative to the center. All shown anomalies are significant at 95% level based on a one-sample  test.

Atlantic (winter), and Russia (summer)—its structure also
consists of an equally strong ascending branch to the west in
the midtroposphere. Mak (1991) reported a similar dipolar
structure in w of a 3-week-long wintertime North Atlantic
blocking event. The ascending flow on the western flank of
blocking events was also shown in the results of Steinfeld
et al. (2020) where they used backward air-parcel trajectories
and showed correlations between the ascent on the western
flank to the region of intense latent heat release. Mak (1991) also
highlighted a broad region of ascending flow on the southeast
side of the blocking event in their case study, which is consistent
with the results of our composite analysis in the winter of both
ocean basins (Fig. 2e; see also Fig. S3e).

The anomalous SP field also has some degree of seasonal
and regional dependencies. The maximum of SP anomaly oc-
curs around 850 hPa [panel (j) of Figs 2, 3, and S3-S6]. In all

cases except for summertime Russia (see Fig. S6j), there is a
dipolar structure of positive (negative) anomaly to the west
(east) of the blocking center, consistent with the northward
(southward) transport of moist (dry) air for the low (high)
latitudes by the anticyclonic circulation.

To further explore the physics of the temperature anomalies
(including the westward shift) and also the potential role of
moisture, we start with the temperature tendency equation
(Yanai et al. 1973; Yanai and Tomita 1998):

aT

prch(_“h VT +wo)+Q,, 1)
where ¢, is heat capacity and u, = (u, v). Static stability o is
defined as o = —(7/6)(96/9p) where p is pressure and 6 is po-
tential temperature. The first term on the right-hand side of

Eq. (1) represents horizontal and vertical thermal advection,
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FIG. 2. Composites of anomalous temperature (7, vertical wind (), and specific humidity (SP) of blocking events in the ERA-Interim
(1979-2019) over the North Pacific sector during winters (DJF). Rows show the (top) 200-, (middle) 500-, and (bottom) 850-hPa levels.
Columns show (left) 7, (center) w, and (right) SP. In all panels, anomalies are first centered and then composited. The intersection of the
dashed lines shows the center, and the latitudes and longitudes are relative to the center. All shown anomalies are significant at 95% level
based on a one-sample ¢ test.
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FIG. 3. As in Fig. 2, but for summers (JJA).
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and the second term, O, represents heating due to radiation
and latent heating due to net condensation. To better under-
stand the role of moisture, the latter component of Q; (which
itself is unavailable) can be quantified by calculating the ap-
parent moisture sink Q»:

aSP aSP
01 wseal). )

where L is the specific latent heating (Yanai et al. 1973; Yanai
and Tomita 1998). The term Q, represents latent heating due
to net condensation (Yanai et al. 1973). Composites of anom-
alous horizontal and vertical components of thermal advection
and of anomalous Q»/c,, for winter and summer blocks over the
North Pacific and Russia at 500 and 850 hPa are shown in Fig. 4
(winter) and Fig. 5 (summer). Results for the North Atlantic
sector are shown in Fig. S7. Note that in Figs. 4 and 5 and
Fig. S7, we first calculate each term using the 6-hourly® full-
field variables and then remove each term’s climatology using a
31-day centered moving average to calculate the correspond-
ing anomalous field (Ueda et al. 2003; Hsu and Li 2011; Li et al.
2017). Finally, the anomalous fields are centered and com-
posited as described in section 2.

Consistent among both seasons and three sectors, there is
substantial adiabatic warming around the blocking centers,
with a major contribution from vertical advection (i.e., the cw
term); see the first three columns of Figs. 4 and 5 and Fig. S7.
This warming by descending flow in some cases (e.g., both
seasons of the North Pacific and North Atlantic sectors) is
slightly shifted to the east, due to the dipolar pattern of
o mentioned earlier. The contribution of horizontal advection
has some seasonal and regional dependencies: either it is small
or it consists of warming on the western and cooling on the
eastern side of the blocking event (dominated by meridional
advection). Using the maximum amplitude of the warming
anomaly as a measure of strength, for all three regions, the total
adiabatic warming is overall stronger around 850 hPa (com-
pared to 500 hPa) in winters, particularly over ocean basins, but
slightly stronger around 500 hPa over summers, particularly
over Russia (see the captions of Figs. 4 and 5 and Fig. S7 for
the values).

The anomalous O, pattern also shows some seasonal and
regional dependencies: it is either dipolar with a negative
anomaly on the eastern and a positive anomaly on the western
side of the blocks, or it is monopolar with a negative anomaly
around the blocking center. Note that all these figures show the
0, anomaly; therefore, negative values mean anomalously
below-normal latent heating. Also, examining the contribu-
tions from different terms of Eq. (2) shows that overall, O, is
mainly dominated by vertical advection of SP (i.e., the wdSP/dp
term). Using the maximum amplitude of the negative anomaly
as a measure of strength, O, is always stronger around 850 hPa
(compared to 500 hPa) and at this level is overall as strong as
total adiabatic warming in summers but weaker than total

!'We have also repeated this analysis with daily-averaged vari-
ables and found very similar results.
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adiabatic warming in winters, particularly over the ocean ba-
sins (see the captions of Figs. 4 and 5 and Fig. S7 for the values).
Below we further discuss some of the seasonal and regional
dependencies of the adiabatic warming and latent heating.

In winters of North Pacific and North Atlantic, in addition to
the warming around the center mentioned above, there is
cooling (warming) on the southern/eastern (western) side of
the blocks; see Figs. 2d,h and Figs. S3d,h. The anomalous
cooling on the southern/eastern side is due to a combination of
horizontal thermal advection (dominated by meridional ad-
vection from higher latitudes), vertical advection, and the east—
west dipolar structure of anomalous Q, (Figs. 4a-h and
Figs. S7a-h). The anomalous warming on the western side of
these blocks is due to latent heating, that is, the anomalously
positive Q, on the western side (Figs. 4d,h and Figs. S7d,h).
Using an alternative approach to quantifying the contribution
of latent heating based on the parameterization in Lackmann
(2002) leads to (qualitatively) the same conclusion about the
role of latent heating in the anomalous warming on the western
side of these blocking events (not shown).

These findings are also consistent with those of Steinfeld and
Pfahl (2019), where the contribution of latent heating (up-
stream) is found to be large for blocks over the oceans during
NH winters. Our analysis suggests that the westward shift of 7'
(which we noted earlier), particularly in the winter of North
Pacific, is due to latent heating. This is further confirmed
using idealized modeling experiments. Figure S8 shows the
longitude—pressure (as well as latitude—pressure) composites
of T anomalies for blocking events simulated in the idealized
dry GCM (Fig. S8a) and the summer (Fig. S8b) and winter
(Fig. S8c) of the idealized moist GCM. The structure of T
anomaly is aligned with the blocking center in the dry case
while there is a westward shift in the moist case, most notably
in winters when latent heating has a stronger effect.

In winters over Russia, horizontal thermal advection has a
small contribution compared to vertical advection except in the
southeast side of the blocks, where it leads to cooling partic-
ularly around 850 hPa (Figs. 4m,0), consistent with the cold
anomaly in Fig. S5h. Furthermore, the O, anomaly is negative
and has a monopolar structure around the center (Figs. 4i—p),
canceling out the adiabatic warming due to vertical advection.
As aresult, the structure of 7'is a positive anomaly around the
center and a negative anomaly on the southeast side of blocks.
Due to monopolar structure of Q,, the 7" anomaly does not
have the westward shift.

During summer, in addition to the adiabatic warming
around the blocking centers due to vertical advection in all the
three sectors, there is anomalously weak cooling on the eastern
side due to meridional advection and an anomalously negative
O, pattern around the center and to the east. Contribution of
upstream latent heating is larger over Russia during summer
compared to winter, where latent heating is insignificant
(Figs. 51,p). This is in agreement with the results of Steinfeld
and Pfahl (2019) and Zschenderlein et al. (2019), who found
that in summers there are some contributions from latent
heating in the up-stream regions of continental blocks.

In short, aside from the dominant role of adiabatic warm-
ing by vertical advection in all sectors and both seasons,
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FIG. 4. Composites of (first column),(second column) anomalous wintertime horizontal and vertical components of adiabatic warming,
(third column) total adiabatic warming, and (fourth column) latent heating of blocking events over the North Pacific and Russia in the
ERA-Interim (1979-2019). All shown anomalies are significant at 95% level based on a one-sample ¢ test. The maximum amplitude of
total adiabatic warming over North Pacific is 1.68 K day ' (500 hPa) and 3.32 K day ' (850 hPa) and over Russia is 1.34 K day ' (500 hPa)
and 22K day ™' (850 hPa). The maximum amplitude of negative Q, anomaly (i.e., below-normal latent heating) over North Pacific is
—0.86K day ' (500 hPa) and —1.62K day ™! (850 hPa) and over Russia is —0.69 K day ' (500 hPa) and —1.68 K day ' (850 hPa).
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FIG. 5. Composites of (first column),(second column) anomalous summertime horizontal and vertical components of adiabatic
warming, (third column) total adiabatic warming, and (fourth column) latent heating over the North Pacific and Russia in the ERA-
Interim (1979-2019). All shown anomalies are significant at 95% level based on a one-sample ¢ test. The maximum amplitude of total
adiabatic warming over North Pacific is 1.69 K day ! (500 hPa) and 1.15 K day ' (850 hPa) and over Russia is 1.94 K day ' (500 hPa) and
1.20K day ™! (850 hPa). The maximum amplitude of negative Q, anomaly (i.e., below-normal latent heating) over the North Pacific is
—0.90K day ! (500 hPa) and —1.02K day ' (850 hPa) and over Russia is —0.80 K day ' (500 hPa) and —1.22K day ' (850 hPa).
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contributions of horizontal adiabatic warming and latent
heating vary by region and season. Understanding the rea-
sons behind these dependencies require further analysis of
the regional and seasonal background flows and temperature
fields as well as the physics giving rise to dipolar versus
monopolar blocks’ o structure (which is associated with the
0, and adiabatic warming patterns). While such analysis is
beyond the scope of this paper, we hope that our findings
motivate future work.

Finally, the cold anomaly in lower stratosphere that is seen
in all cases (also clearly seen in the idealized dry and moist
GCMs; Fig. S8) is a natural consequence of the lifted tropo-
pause associated with the negative PV anomaly and is consis-
tent with the blocks’ wind anomalies through the thermal wind
balance. For example, on the poleward and eastern sides of the
block, anomalous u# and v are, respectively, eastward and
southward and increase in magnitude from the surface to near
the tropopause, above which the magnitude declines. As a result,
du/dp < 0and dv/dp > 0in the troposphere, leading to 9 7/dy and
9T/ox that are negative, thus a positive 7" anomaly under the
anticyclone. In the lower stratosphere, ou/dp > 0 and dv/dp > 0,
leading to positive d7/dy and 97/dx, thus a negative 7 anomaly
above the anticyclone (examining the wind anomalies and ther-
mal wind balance on the equatorward and western sides of the
block leads to the same results). For the same reason, a similar
cold anomaly in the lower stratosphere above a warm anomaly
in the troposphere is seen in the pattern of the temperature
anomaly associated with the leading EOF of zonal-mean zonal
wind (i.e., the annular mode) in both hemispheres (Thompson
and Li 2015; Ma et al. 2017; Hassanzadeh and Kuang 2019).

b. Large-ensemble fully coupled GCM simulations

Before using the simulations in the LENS and GFDL-LE
datasets to understand how the 3D structure of blocking events
might respond to climate change, here we aim to examine how
well these models reproduce the climatology of the blocking
events’ 3D structure. Figures 6 and 7 show the 1981-2005 cli-
matology of the 3D structure of wintertime and summertime
North Pacific blocking events in LENS using the same vari-
ables used from reanalysis (except for w, Z200, and Z850,
which were not available). Figures S9-S12 show similar results
but for the North Atlantic and Russian sectors. Comparing
these results with those from reanalysis (Figs. 1-3 and S1-S6)
shows that the NCAR’s CESM1 model reproduces the patterns
and amplitudes associated with the 3D structure of blocking
events faithfully over all three sectors and in both summers and
winters. In particular, the complex patterns of 7" and SP
anomalies and the regional and seasonal dependencies dis-
cussed earlier (e.g., the westward shift of 7) are well repro-
duced by the model. One exception might appear to be the
pattern of 7" in summers at 500 and 850 hPa over all regions,
which includes broad cooling regions around the central
warming region of the blocks in the model but not in reanalysis.
However, a closer examination of the reanalysis data shows
that similar broad cooling exists but not at the 95% level used
for statistical significance here.

Analysis of the GFDL-LE dataset (no shown) demonstrates
that the GFDL CM3 model reproduces the climatology of the
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blocking events’ 3D structure similarly well (note that the daily
SP and w fields were not available for examination).

The above findings, namely that CEMS1 and GFDL CM3
fully coupled models reproduce the climatology of the 3D
structure of blocking event very well, are interesting given that
these models are known to have biases in reproducing the
climatological NH large-scale circulation (Kwon et al. 2018;
Athanasiadis et al. 2020) and are known to underestimate
blocking frequency (Lee and Ahn 2017; Kwon et al. 2018;
Athanasiadis et al. 2020), which is a persistent bias in genera-
tions of comprehensive climate models (Barnes et al. 2012;
Davini and Cagnazzo 2014; Lee and Ahn 2017; Matsueda and
Endo 2017; Jiang et al. 2019; Simpson et al. 2020). This issue
will be further discussed in the next section.

4. Response of the blocking events’ 3D structure to
climate change

In this section, we study the response of the 3D structure of
blocking events to climate change using the two large-
ensemble datasets. To compute the response of each vari-
able, we first calculate the composited anomaly in the current
and future climates, separately, and then calculate the dif-
ference (as future minus current). This approach has been
used recently in some studies of Euro-Atlantic blocking
events (Masato et al. 2014; Kennedy et al. 2016). We start
with the response in summers and then discuss the response in
winters.

a. Summer (JJA)

The responses of the blocking events’ Z500 field over the
three sectors in summers are shown in Fig. 8 (the two left
columns). Both models predict a weakening of Z500 around
the blocking center over all three regions, although the decline
is much stronger in the GFDL CM3 model (and in LENS over
North Atlantic, there is small strengthening of Z500 on the
sides). Examining the tropospheric u response (Fig. S13)
demonstrates a robust weakening at both 850 and 500 hPa in
both models and all regions, consistent with the overall de-
crease in Z500. Figures 9 and 10 show responses of temperature
anomalies in the LENS and GFDL-LE datasets, respectively.
At 200 hPa, consistent among models and regions, there is a
positive response (i.e., weakening of the blocking events’ cold
temperature anomaly in the lower stratosphere). Both models
also predict cooling in the troposphere (i.e., weakening of the
blocks’ temperature anomaly) with three exceptions: the re-
sponse of 7" at 850 hPa over the North Atlantic and Russia in
LENS is positive while over North Atlantic in GFDL-LE it is
near zero around the blocking center (Figs. 9h,i and 10h,i).

To understand what causes this discrepancy between the
model predictions, we analyze the results of self-organizing
map (SOM; Kohonen 2012) clustering of blocking events over
the North Atlantic and Russian sectors in the reanalysis and in
the two models. Here, we have clustered Z500 anomalies associ-
ated with blocking events in the current climate into two distin-
guishable clusters using a map of 2 X 1 nodes [the SOM algorithm
and details are the same as those described in Hassanzadeh et al.
(2020)]. As shown in Fig. S15, the GFDL CM3 model accurately
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FIG. 6. Composites of anomalous (left to right) Z500, meridional wind (v), temperature 7, and specific humidity SP of wintertime (DJF)
blocking events in LENS over the North Pacific sector from 1981 to 2005. Rows show (top) 200-, (middle) 500-, and (bottom) 850-hPa
levels. Daily Z200 and Z850 are not available in the LENS dataset. In all panels, anomalies are first centered in and then composited. The
intersection of the dashed lines shows the center, and the latitudes and longitudes are relative to the center. All shown anomalies are

significant at 95% level based on a one-sample ¢ test.

captures the frequencies and locations/patterns of clusters over
Scandinavia and the Atlantic Ocean. However, the CESM1
model does not capture the frequencies of these two separate
classes, and the locations/patterns are not entirely the same as
those in the reanalysis. Further analysis (not shown) shows that
cluster 1 in the LENS dataset, which is overestimated, has a
strongly positive T response at the low levels, resembling the
total positive response in Fig. 9h. A similar clustering analysis
has been performed over Russia. Although both models are
relatively able to capture the frequencies and patterns of
blocking events in the current over this sector, their future

locations/patterns are entirely different (Fig. S16), which
leads to different responses in 7 (and other fields). Overall,
the temperature anomalies associated with summertime
blocking events are projected to weaken under climate change,
except over Russia where there is disagreement among the
two models.

It should be noted that these apparent weakenings of the
7500 and T anomalies do not necessarily mean weakening of
the impact of blocking events in the future. While the response
of blocking events over North Atlantic (and perhaps Russia)
seems less trustworthy in LENS, this dataset provides daily
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F1G. 7. As in Fig. 6, but for summers (JJA).

near-surface air temperature (T2m). With this caveat in mind,
Fig. 11 shows the response of T2m associated with blocking
events. Over Russia (Fig. 11e), where the T2m anomaly is al-
ready the largest (and positive), the predicted response is
positive near the blocking center, further amplifying the im-
pact of future heat waves over this region, which is consistent
with the results of Galfi and Lucarini (2021) over land. The
response over the ocean basins is more complex, but there are
both anomalous cooling and warming under the block. Note
that the sign of the response in the near-surface temperature
depends on factors beyond just the change in the strength of
the blocking events; examples of other factors are changes in
the large-scale background zonal and meridional temperature
gradients (Schneider et al. 2015; Holmes et al. 2016) and over
land, changes in the soil-moisture feedback (Fischer et al.

2007; Hauser et al. 2016; Rasmijn et al. 2018). To gain a deeper
understanding, further analyses in the future studies, particu-
larly using large-ensemble model outputs that include daily (or
subdaily) w and SP, are needed.

In contrast to other variables discussed so far, the SP
anomaly associated with the blocking events is projected to
strengthen in future summers (Fig. 12; only for LENS, in which
daily SP was available). Over the two ocean basins, and
particularly at 850 hPa over North Pacific, the response of
SP is generally positive (negative) on the western (eastern)
side, reinforcing the SP anomaly associated with the blocking
events. Over Russia, the response is mainly negative on the
eastern side and around the center and to a lesser degree
positive on the western side, but again strengthening the SP
anomaly.
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FI1G. 8. Response of the blocking events’ Z500 in (left) summer (JJA) and (right) winter (DJF) in the LENS and GFDL-LE datasets, for
the (a)—(d) North Pacific sector, (e)—(h) North Atlantic sector, and (i)—(1) Russian sector. All shown anomalies are significant at 95% level
based on a two-tailed ¢ test. Contour lines represent the climatology of Z500 anomalies with the interval of 50 m.

To summarize, the response of summertime blocking events
to climate change is, overall, weakening of Z500, wind, and T
anomalies and strengthening of SP anomalies, although the
responses are much stronger in GFDL-LE, and the two models
disagree over the sign of the low-level T response over Russia.

b. Winter (DJF)

The responses of the blocking events’ Z500 field over the
three sectors in winters are shown in Fig. 8 (the two right col-
umns). Both models agree on the strengthening of Z500 over
North Pacific (first row). Over North Atlantic and Russia,
GFDL CM3 predicts strengthening of Z500 while CESM1

predicts small responses (although positive and statistically
significant). Overall, the responses in Z500 are positive but,
unlike in summer, spatially nonuniform, and often shifted
westward (more discussion to follow). These results are con-
sistent with those of Kennedy et al. (2016), who found that the
7500 anomalies of European blocks nonuniformly strengthen in
the future. Consistent with the Z500 responses, examining the
tropospheric u response (Fig. S14) shows clear strengthening in
all three sectors in GFDL-LE and in North Pacific in LENS,
but a more complicated response in the other two sectors.
Figures 13 and 14 show responses of temperature anomalies
in the LENS and GFDL-LE datasets, respectively. Like
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FI1G. 9. Response of summertime (JJA) temperature 7 associated with blocking events in the LENS dataset. Rows show the (top) 200-,
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F1G. 10. As in Fig. 9, but for the GFDL-LE dataset.
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summertime responses, both models predict warming at 200 hPa,
which weakens the cold 7" anomaly associated with blocking
events in lower stratosphere (Figs. 13a—c and 14a—c). Over
North Pacific, both models agree on substantial cooling at
850 hPa and some cooling at 500 hPa, although there is also
weak warming on the western sides on both levels (Figs. 13d,g
and 14d,g). Over Russia, both models predict westward-shifted
warming at 500 hPa and cooling near the center and warming
on the western side at 850 hPa (Figs. 13f,i and 14f,i). Finally,
over the North Atlantic, while both models show warming
around the center and western side at 500 hPa, they do not
agree on the sign of the response at 850 hPa (Figs. 13h and 14h).

The response of SP anomaly associated with blocking events
shows strengthening over all three sectors, especially over the
North Pacific and North Atlantic (Fig. 12). Over these two
ocean sectors, there is positive (negative) SP response on the
western (eastern) side of the blocking center. These results
suggest that increased latent heating, due to increased low-
level moisture, is likely responsible for the positive T response
on the western side, which is associated with the noticeable
westward-shifted strengthening of Z500 mentioned earlier
(Fig. 8). Confirming this connection requires future work using
large-ensemble model outputs (including w and SP) with sub-
daily sampling such that the temperature tendency equation
could be thoroughly analyzed (as done in section 3).

Finally, the weakening of the low-level T anomalies in
winter is also manifested in the weakening of T2m associated
with blocks over North Pacific, Russia, and even North
Atlantic (Fig. 11). The latter is consistent with the results of
Kennedy et al. (2016) and Masato et al. (2014).

5. Discussion and summary

In this paper, we present a composite analysis of current and
future NH blocking events’ 3D structure by analyzing geo-
potential height, 3D velocity field, temperature, and specific
humidity, and in some cases their connections, at three levels:
200, 500, and 850 hPa. We aim to answer four specific ques-
tions, which are listed in the introduction.

With regard to question 1, which is about the climatology of
blocking events, the reanalysis data show that over both ocean
and land and in both seasons, the anomalous anticyclonic winds
are equivalent-barotropic in the troposphere and stratosphere,
and the temperature anomalies are positive throughout the
troposphere and negative in the lower stratosphere. The main
seasonal and regional differences are that blocks are larger and
stronger in winters, and over oceans, the temperature anomaly
is shifted westward, most noticeably in winters. Further anal-
ysis shows that this westward shift, which is reproduced even in
an idealized moist GCM, is due to latent heating on the up-
stream region of blocking events. Overall, there is subsidence
near the blocking center, although in some cases (e.g., over
North Pacific) this descending branch is shifted eastward and
accompanied by an equally strong ascending branch to the
west, creating a dipolar structure for w. In general, the findings
about the climatology (including the westward shift and role of
latent heating) are consistent with those reported in various
earlier papers, which were mainly focused on case studies or
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composites of blocking events over ocean (e.g., Mak 1991;
Brunner and Steiner 2017; Steinfeld and Pfahl 2019).

To address question 2, which is about the physics driving
the positive temperature anomaly under the anticyclone, we
quantify the contributions of horizontal and vertical thermal
advection and latent heating due to net condensation (Q,) in
the temperature tendency equation using reanalysis data.
Consistent among both seasons and three sectors, we find
adiabatic warming due to subsidence as a major contributor
to warming near the center of blocking events, although the
warming could be slightly shifted eastward when w has a di-
polar structure. Depending on the season, region, and level,
meridional advection and Q) can also have leading-order
contributions to the thermal budget under the anticyclone.
For example, for wintertime North Pacific blocks, at 850 hPa,
the total adiabatic warming (due to both vertical and meridi-
onal advection) is much stronger than Q,, but the upstream
latent heating still leads to the noticeable westward shift of T
anomaly. As another example, in summertime Russian blocks,
the 850-hPa total adiabatic warming (dominated by vertical
advection) and anomalously negative Q, (i.e., below-normal
latent heating) around the center and anomalously positive O,
(i.e., above-normal latent heating) on the west have compa-
rable magnitudes. Overall, these findings, particularly on the
dominant role of adiabatic warming due to subsidence and the
importance of latent heating, are consistent with those re-
cently reported for European blocks/heat waves and/or using
Lagrangian trajectory analysis (e.g., Steinfeld and Pfahl 2019;
Zschenderlein et al. 2019).

With regard to question 3, we find that both CESM1 and
GFDL CM3 can reproduce the climatological 3D structure of
blocking events, including the patterns of temperature and
specific humidity anomalies, over all three sectors and in both
seasons remarkably well. That said, we also find through
clustering analysis that CESM1 (unlike GFDL CM3) does not
reproduce the relative frequency and location of blocks over
Atlantic Ocean versus Scandinavia well, leading to disagree-
ments with GFDL-CM3 on the future response over the North
Atlantic sector.

To address question 4, about the response of the 3D struc-
ture to climate change, we examine the difference in the
composites of the anomalies at the end of the twenty-first
century versus the end of the twentieth century under RCP8.5.
We find both models to overall agree on the sign of the re-
sponse, although there are a few disagreements, and responses
are generally stronger in GFDL-LE compared to LENS. In
summers, we find a general weakening of all anomalous fields,
except for the specific humidity anomaly, which becomes
stronger. However, in LENS, which provides daily 2-m air
temperature, we find that this weakening does not necessarily
translate to a weakening of the impact on near-surface tem-
perature extremes. Most notably, the warm temperature
anomaly associated with Russian blocking events is projected
to intensify. Note that this increase in near-surface positive
temperature anomaly, in spite of the apparent weakening of
the block, is not because of the increase in the mean surface
temperature due to climate change (since anomalies in each
time period are computed with respect to the climatology of
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that period). Rather, this increase is likely due to changes in the
large-scale background temperature gradients and potentially
land feedbacks. Given the implications of this increase in near-
surface warming for future heat waves in Russia, future studies
should further examine the robustness of this projection in
more models and investigate the underlying mechanism.

In winters, there is a general spatially nonuniform strength-
ening of all fields, with the exception of temperature anomalies.
The stratospheric temperature anomalies in all cases and tro-
pospheric temperature anomalies in some cases, particularly at
850 hPa, are projected to weaken, leading to responses of op-
posite signs at 850 and 500 hPa in some sectors, for example,
over Russia. Furthermore, the response of Z500 is noticeably
westward shifted, which is due to the anomalously positive
temperature response on the western side of the blocks (even
when there is cooling around the center at that level, e.g.,
over North Pacific). Based on the analysis of the temper-
ature tendency equation performed for reanalysis data, this
positive temperature anomaly is attributed to increased up-
stream latent heating, but this could not be confirmed due
to the unavailability of subdaily (or even daily) w. Based
on the LENS dataset alone, in winters, unlike summers,
there is substantial weakening of the near-surface warm
anomaly under the anticyclone, particularly over North Pacific
and Russia.

To summarize, our analysis suggests that latent heating plays
an important role in setting the blocking events’ 3D structure
and its response to climate change, in both seasons and over
both land and ocean. These findings add to the growing body of
evidence on the importance of latent heating for blocking dy-
namics that has emerged from a number of recent studies,
particularly from pioneering work by Pfahl and collaborators
(e.g., Pfahl et al. 2015; Steinfeld and Pfahl 2019; Steinfeld
et al. 2020). Our work also shows that to understand the ef-
fects of climate change on blocking events and their impact on
surface temperature extremes, in particular in summers,
further process-level analysis focused on each region, and
even with each region separated into at least two clusters, is
needed. A thorough analysis requires multimodel, large-
ensemble simulation outputs that include subdaily (or at
least daily) horizontal and vertical velocity, temperature, and
specific humidity, some of which were not available at this
point through LENS and GFDL-LE datasets. Such analyses
might shed light on the relation between the strength of the
blocks and their impact on surface temperature extremes, and
the reasons behind the increased near-surface warming in
summers and height-dependent response of tropospheric
temperature in winters. Additional analysis of changes in
synoptic eddy forcings and energetic of blocking events will
be needed to investigate the reason(s) for the general
strengthening and weakening of most anomalous fields in
winters and summers, respectively, and the larger amplitudes
of GFDL CM3 responses. That said, the lack of a complete
mechanistic understanding of blocking events, and the po-
tential of different mechanisms dominating blocking dy-
namics in different regions (Drouard and Woollings 2018;
Woollings et al. 2018), can complicate answering those
questions unambiguously at this point.
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