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Abstract. Although conventionally attributed to dry dynam-
ics, increasing evidence points to a key role of moist dynam-
ics in the formation and maintenance of blocking events. The
source of moisture crucial for these processes, however, re-
mains elusive. In this study, we identify the moisture sources
responsible for latent heating associated with the wintertime
Euro-Atlantic blocking events detected over 31 years (1979–
2010). To this end, we track atmospheric particles backward
in time from the blocking centres for a period of 10 d us-
ing an offline Lagrangian dispersion model applied to atmo-
spheric reanalysis data. The analysis reveals that 28 %–55 %
of particles gain heat and moisture from the ocean over the
course of 10 d, with higher percentages for the lower alti-
tudes from which particles are released. Via large-scale as-
cent, these moist particles transport low-potential-vorticity
(PV) air of low-altitude, low-latitude origins into the upper
troposphere, where the amplitude of blocking is the most
prominent, in agreement with previous studies. The PV of
these moist particles remains significantly lower compared
to their dry counterparts throughout the course of 10 d, pref-
erentially constituting blocking cores.

Further analysis reveals that approximately two-thirds of
the moist particles source their moisture locally from the
Atlantic, while the remaining one-third of moist particles
source it from the Pacific. There is also a small fraction of
moist particles that take up moisture from both the Pacific
and Atlantic basins, which undergo a large-scale uplift over
the Atlantic using moisture picked up over both basins. The

Gulf Stream and Kuroshio and their extensions as well as
the eastern Pacific northeast of Hawaii not only provide heat
and moisture to moist particles but also act as “springboards”
for their large-scale, cross-isentropic ascent, where its extent
strongly depends on the humidity content at the time of the
ascent. While the particles of Atlantic origin swiftly ascend
just before their arrival at blocking, those of Pacific origin
begin their ascent a few days earlier, after which they carry
low-PV air in the upper troposphere while undergoing radia-
tive cooling just as dry particles. A previous study identified
a blocking maintenance mechanism, whereby low-PV air is
selectively absorbed into blocking systems to prolong block-
ing lifetime. As they used an isentropic trajectory analysis,
this mechanism was regarded as a dry process. We found
that these moist particles that are fuelled over the Pacific can
also act to maintain blocks in the same manner, revealing that
what appears to be a blocking maintenance mechanism gov-
erned by dry dynamics alone can, in fact, be of moist origin.

1 Introduction

An atmospheric block is a large-scale, quasi-stationary anti-
cyclonic circulation system, which acts to effectively “block”
the prevailing westerlies (Rex, 1950) and divert synoptic dis-
turbances (Booth et al., 2017). Blocking has garnered much
attention due to its close association with extreme weather
events, such as cold spells in wintertime and heat waves
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and droughts in summertime, owing to its persistent nature.
Despite these large socio-economic impacts, a comprehen-
sive theory of the governing physical mechanisms behind the
blocking life cycle remains elusive (Davini and D’Andrea,
2016; Woollings et al., 2018), and there remain biases in most
climate models, leading to uncertainties in future projections
of blocking activity (Woollings et al., 2018).

The dynamical processes behind blocking events have
conventionally been attributed to dry processes. Previous
studies demonstrate that the onset and maintenance of block-
ing often result from quasi-stationary Rossby wave propaga-
tion (Nakamura, 1994; Nakamura et al., 1997) and breaking
(e.g., Pelly and Hoskins, 2003; Nakamura and Fukamachi,
2004; Masato et al., 2012), while the blocking longevity is
maintained by feedbacks from the synoptic-scale migratory
eddies (e.g., Shutts, 1983; Nakamura et al., 1997; Yamazaki
and Itoh, 2013a).

A growing body of evidence from recent studies, however,
points towards the importance of diabatic processes. In par-
ticular, a key role of latent heating associated with cloud for-
mation in both the formation and maintenance stages of the
blocking events has been highlighted. Latent heating aug-
ments vertical motion such that low-potential-vorticity (PV)
air of low-altitude, low-latitude origin is efficiently trans-
ported to a high-altitude, high-latitude domain with high
background PV, where blocking forms (Wernli and Davies,
1997; Croci-Maspoli and Davies, 2008; Grams et al., 2011).
This transport of low-PV air into the upper troposphere
that generates negative PV anomalies can act to initiate an
upper-level ridge and thereby modify Rossby wave prop-
agation (Grams et al., 2011; Methven, 2015), which may
trigger the formation of a block. The most vigorous latent
heating in the mid-latitude typically takes place in a warm
conveyor belt (WCB), a rapidly ascending airstream associ-
ated with extratropical cyclones (Madonna et al., 2014). This
cross-isentropic transport by the WCB can effectively inject
low-PV air into the upper troposphere, thereby intensifying
blocks (Pfahl et al., 2015; Steinfeld and Pfahl, 2019). Re-
cent studies have demonstrated that forecast skill of the lo-
cation and intensity of an extratropical cyclone with a WCB
tends to influence the subsequent forecast of blocking on-
set as well as of the downstream atmospheric flow (Maddi-
son et al., 2019; Berman and Torn, 2019; Grams et al., 2018;
Baumgart et al., 2018). This direct diabatic effect on block-
ing events has been shown to be of comparable importance to
the dry processes in blocking dynamics (Pfahl et al., 2015), in
particular for the wintertime Euro-Atlantic blocking systems
(Steinfeld and Pfahl, 2019). In addition to this direct diabatic
effect there is also an indirect diabatic effect on blocking,
in which the vertical motion amplified by latent heating acts
to enhance divergent outflow on the western flank of blocks
(Ahmadi-Givi et al., 2004; Steinfeld and Pfahl, 2019). This
augmented divergent outflow in turn advects low-PV anoma-
lies on the western flank of blocking, thereby promoting the
blocking amplification and the westward expansion (Stein-

feld and Pfahl, 2019). Thus, these previous studies have elu-
cidated the key role of latent heating in blocking systems.
The source of moisture imperative to latent heating, however,
is yet to be identified.

The largest source of atmospheric water vapour is ir-
refutably the ocean, and previous studies have uncovered
its crucial role in blocking. For instance, Croci-Maspoli and
Davies (2008) illustrated the high sensitivity of the formation
of European blocking to the imposed sea surface temperature
(SST) and humidity over the North Atlantic basin in a high-
resolution model, such that higher SST and humidity content
promote larger-scale block formation. In line with this re-
sult, Scaife et al. (2011) found that a reduced mean Atlantic
SST bias considerably improves blocking climatology over
the Atlantic in a coupled climate model, although this im-
provement may be model-dependent (Davini and D’Andrea,
2016). A recent study by Kwon et al. (2020) further corrobo-
rated the role of SST by showing that the multidecadal North
Atlantic SST variability modulates the frequency of winter-
time European blocking, whose covariability with the North
Atlantic SST was first identified by Häkkinen et al. (2011).
Kwon et al. (2020) suggested that this modulation of block-
ing is achieved through the mechanism discussed in Novak
et al. (2015), in which poleward transient eddy heat flux in
the lower troposphere is regulated by the underlying sharp
SST gradients, resulting in the shift in the eddy-driven jet
and a change in the dominant type of Rossby wave breaking.

Other studies have attributed the oceanic influence on
blocking specifically to the western boundary currents. West-
ern boundary currents, such as the Gulf Stream in the North
Atlantic and Kuroshio in the North Pacific, are the swift
ocean currents (> 1 ms−1 at their cores) that transport a mas-
sive amount of heat poleward. Consequently, these are the
regions where exceptionally strong air–sea interactions take
place by giving off large amounts of heat and moisture to
the overlying atmosphere (e.g., Kwon et al., 2010). By forc-
ing an atmospheric general circulation model with realis-
tic and smoothed Gulf Stream SST, O’Reilly et al. (2016)
found that the sharp gradient of SST associated with the
Gulf Stream acts to significantly amplify wintertime Atlantic
blocking by reinforcing both the lower-tropospheric merid-
ional eddy heat transport over the Gulf Stream region and
the upper-tropospheric eddy kinetic energy. Using an analo-
gous experimental setup, Sheldon et al. (2017) showed that
the Gulf Stream amplifies the deep cross-isentropic ascent,
enabling a more efficient low-PV transport from low-latitude,
low-altitude regions. Furthermore, both Atlantic and Pacific
blocks have been shown to sensitively respond to the interan-
nual to decadal meridional shifts in the Gulf Stream (Joyce
et al., 2019) and Kuroshio Extension (O’Reilly and Czaja,
2015), respectively. Thus, it is anticipated that the ocean and,
in particular, western boundary currents can play an impor-
tant role in blocking events through moist processes.

The goal of the current study is to identify the oceanic
sources of moisture fuelling wintertime Euro-Atlantic block-
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ing events as a direct diabatic effect. To this end, we employ
a Lagrangian method where we track atmospheric particles
from the Euro-Atlantic blocking systems following three-
dimensional wind fields backward in time. Unlike previ-
ous studies, we utilize an atmospheric Lagrangian dispersion
model that allows us to investigate processes taking place
within the turbulent planetary boundary layer. In doing so,
we aim to gain further insights into the moist processes af-
fecting blocking events.

The rest of the paper is organized as follows. The dataset
and methods used in this study are described in Sect. 2. In
Sect. 3 we classify the particles released from blocking re-
gions into moist and dry particles and examine their proper-
ties, while in Sect. 4 we further classify moist particles based
on their moisture sources and investigate their characteristics.
Finally, a discussion and conclusions are in Sect. 5.

2 Dataset and methods

2.1 Dataset

We use the Climate Forecast System Reanalysis (CFSR;
Saha et al., 2010a) datasets from the US National Centers
for Environmental Prediction (NCEP) for the period of 1979
through 2010 for our analyses. The CFSR data provide an
adequate input for our Lagrangian method due to their high
temporal and spatial resolutions of an hourly output with 0.5◦

horizontal resolution and 37 vertical levels.

2.2 Blocking index

In the current study, we identify blocks using a hybrid index
introduced by Dunn-Sigouin et al. (2013). This index com-
bines two classical blocking definitions, whereby it searches
for persistent, adjoining areas of positive 500 hPa geopoten-
tial height anomalies that are accompanied by a reversal of
the meridional geopotential height gradient (see Appendix A
for more details). Thus, this index ensures the identified
blocking manifests the well-recognized properties of anticy-
clonic circulation anomalies with the associated wind rever-
sal while suppressing erroneous detection of quasi-stationary
ridges and immature systems as blocking events (Dunn-
Sigouin et al., 2013). Note that this detection method identi-
fies blocking events as they reach maturity; thus, our analysis
emphasizes processes involved in their maintenance during
their mature stage rather than in their development.

The climatological blocking frequencies thus detected for
the individual seasons are shown in Fig. 1. Consistent with
previous studies, the maximum blocking frequencies are
found during wintertime over the Atlantic and Pacific, while
the minimum is found during summertime. As described in
the introduction, we focus on Euro-Atlantic blocks identi-
fied over 50–75◦ N, 60◦W–30◦ E in the December–January–
February (DJF) season in the rest of our analyses, where the
maximum blocking occurrence is found.

2.3 Trajectory computation

So-called atmospheric particles, representing infinitesimally
small air parcels (Stohl et al., 2005), are tracked backward
in time by using an atmospheric dispersion model, FLEX-
PART version 9.0.3 (Stohl et al., 2005), in which the particles
are driven by the CFSR data from the Euro-Atlantic block-
ing areas identified with the blocking definition introduced in
the previous section. FLEXPART computes the particle tra-
jectories by adding parameterized sub-grid-scale wind fluc-
tuations to the resolved winds at every time step (see Ap-
pendix B for more details of how these sub-grid-scale winds
are computed in the model). This aspect of the dispersion
model makes it markedly different from conventional kine-
matic trajectory models used by previous studies (e.g., Pfahl
et al., 2015; Steinfeld and Pfahl, 2019), in which parcels are
advected only with resolved winds without taking into ac-
count the turbulent effects. As the purpose of the current
study is to identify the role of the ocean in providing heat
and moisture to the atmospheric particles, which takes place
within the turbulent planetary boundary layer (PBL), the in-
clusion of the turbulence effects makes FLEXPART an ap-
propriate tool for the scope of the current study.

Using FLEXPART, we release 20 particles randomly
placed in every 2.5◦× 2.5◦ horizontal grid cell where and
when Euro-Atlantic blocks have been identified. Assum-
ing that blocking has an equivalent barotropic structure,
the particles are released from altitudes between 7000 and
8000 ma.s.l. (above sea level), corresponding to approx-
imately 350 hPa on average, given that the amplitude of
blocking anomalies maximizes in the upper troposphere
(Dole and Gordon, 1983; Schwierz et al., 2004). As such,
we have released a total of over 5 million particles from the
interior of the DJF Euro-Atlantic blocks over 31 years. Af-
ter their release, each of these particles is tracked backward
in time for a duration of 10 d. Multiple atmospheric vari-
ables, including temperature, specific humidity, and air den-
sity, are interpolated to the particle’s position at each time
step, while additional meteorological quantities useful for the
subsequent analyses, such as PV and PBL height, are com-
puted in FLEXPART along each trajectory. We then remove
particles whose PV exceeds 2 PVU (potential vorticity unit;
1PVU≡ 1.0× 10−6 m2 s−1 Kkg−1) throughout the tracking
period to exclude those particles that remain in the strato-
sphere.

Moreover, we have also released particles from higher alti-
tudes between 9500 and 10 500 ma.s.l., approximately corre-
sponding to 250 hPa, and from lower altitudes between 4500
and 5500 ma.s.l. as well as between 3000 and 4000 ma.s.l.,
approximately corresponding to 500 and 700 hPa, respec-
tively. To test how the blocking condition differs from the
time when there is no block, we have also released 20 parti-
cles from every grid cell within the Atlantic domain defined
in Sect. 2.2 when there is no blocking found within ±10 d
from 7500 ma.s.l., which we refer to as non-blocking par-
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Figure 1. Seasonal climatology of the Northern Hemisphere blocking frequency over 1979–2010. Colour shading indicates the percentage
of blocking days per season for each 2◦× 2◦ grid cell. Red contours delimit the sectors used to define the Euro-Atlantic blocks (50–75◦ N,
60◦W–30◦ E). Parallels are plotted for every 10◦, whereas meridians are plotted for every 30◦ on each plot.

ticles. We have applied a chi-squared independence test in
order to compute the statistical significance of the difference
between these non-blocking particles and blocking particles.

Furthermore, following Yamamoto et al. (2015) and Ya-
mamoto and Palter (2016), whenever the particles reside
within the atmospheric PBL over the ocean, we interpolate
sensible heat flux (SHF) and latent heat flux (LHF) to the par-
ticle’s 6-hourly location and time. These turbulent heat fluxes
are useful in evaluating where the particles that eventually
reach the Euro-Atlantic blocks are likely to be supplied with
heat and moisture from the ocean. Applying the same tech-
nique, Yamamoto et al. (2015) showed that up to 88 % of the
along-trajectory potential temperature variability in the par-
ticles released from western Europe can be explained by the
accumulated turbulent heat fluxes along the trajectories alone
on an interannual timescale, indicating that this method ade-
quately captures along-trajectory diabatic changes.

3 Distinct characteristics of moist and dry particles

In order to elucidate the role of the ocean in providing mois-
ture to the atmospheric particles en route to the Euro-Atlantic
blocks, we first partition the individual particles into moist
and dry particles. Here, moist particles are defined as those
that have been subject to evaporation from the ocean, marked
with positive LHF, for at least one time step over the course
of 10 d. Otherwise, the particles are regarded as dry particles.
As our goal lies in identifying the oceanic sources of mois-
ture for the blocking particles, we opt for this definition based
on moisture gain from the ocean over that used in Pfahl et al.
(2015) and Steinfeld and Pfahl (2019), who defined diabatic
particles as those that are heated by more than 2 K within 3 d
and 7 d prior to their arrival in the blocking regions.

With our definition, we have identified 41.3 % of the to-
tal particles as moist particles and 58.7 % as dry particles.
This fraction of moist particles in our study falls within the
range of diabatic particles of 30 %–45 % that gain more than
2 K in the last 3 d before their arrival in the blocking sys-
tem as defined by Pfahl et al. (2015). The fraction is un-
derestimated relative to their fraction of 60 %–70 % of par-
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Figure 2. Number density for each 2◦× 2◦ grid cell for the moist particles (a) and dry particles (b) 2 d (left column), 5 d (middle column),
and 9 d (right column) prior to their arrival in the wintertime Euro-Atlantic blocking highs. Red contours denote the location of the particle
release (i.e., where the blocks form) with the interval of 0.05 % starting from 0.1 %. In each panel the sum of all grid cells is 100 %. Parallels
are plotted for every 10◦, whereas meridians are plotted for every 30◦ on each plot.

ticles that gain more than 2 K in the 7 d before their arrival
in the blocking system (Pfahl et al., 2015). When we ap-
ply the same definition as Pfahl et al. (2015), we find that
51.8 % and 69.5 % of particles are identified as diabatic par-
ticles which undergo diabatic processes in the last 3 and 7 d,
respectively. We speculate that the difference between the
results of Pfahl et al. (2015) and ours might arise from the
differences in the blocking definitions, Lagrangian tracking
methods, and/or reanalyses used in the two studies. Mean-
while, the fraction reported by the previous studies in the
maintenance stage seems fairly consistent with the current
study (see Fig. 6 of Steinfeld and Pfahl, 2019). The fraction
of moist particles for the non-blocking particles is 37.1 %,
which is only slightly lower than the blocking case, but nev-
ertheless we have found that this small difference is signif-
icant at the 99 % confidence level. This result indicates that
blocking particles preferentially contain more moist particles
compared to non-blocking conditions, whereas non-blocking
particles may well be ending up in a ridge that does not quite
meet the blocking criteria used in this study. When we release
particles from lower altitudes, the fraction of moist particles
increases to 49.9 % and 55.0 % for the 5000 and 3500 ma.s.l.
release, respectively, while the fraction drops to 27.8 % for
the particles released from 10 000 ma.s.l.

3.1 Spatial distribution of moist and dry particles

The spatial distributions of moist and dry particles 2, 5, and
9 d prior to their arrival at the blocking locations are shown in
Fig. 2, where the particle release locations (i.e., where block-
ing occurs, corresponding to day 0) are indicated by red con-
tours. As shown in Fig. 2, the particles in both categories
are mostly advected eastward by the prevailing westerlies.
Compared to their moist counterpart, dry particles tend to
travel slightly faster, reflecting their tendency to be situated at
higher altitudes (see Sect. 3.3), where the background west-
erlies tend to be stronger.

Upon further inspection of Fig. 2, one notices that moist
particles 9 d prior (upper-right panel) tend to be situated
within two distant regions separated by the Rockies, seem-
ingly corresponding to the two major storm tracks in the
wintertime Northern Hemisphere. Meanwhile, the maximum
particle density 2 d prior is found over the mid-latitude North
Atlantic just southwest of the blocking region, which is an
important ascent region for some of these moist particles,
as is shown later. In contrast, the corresponding locations of
the dry particles appear to be less concentrated. As such, we
speculate that these two categories of particles tend to un-
dergo different dynamical processes.
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3.2 Spatial distribution of mean properties along moist
particles within and above the marine PBL

We further partition moist particles into the time when they
are located within the atmospheric PBL over the ocean
(Fig. 3) and the rest of the time (Fig. 4) in order to unambigu-
ously identify the role of the ocean in fuelling moist particles.
As such, Fig. 3 illustrates where the particles are located and
how the mean properties along them are distributed when
moist particles can exchange heat and moisture with the un-
derlying ocean, while Fig. 4 shows when those particles are
not in direct contact with the ocean. Note that the latter also
includes the time when the particles are located within the
PBL over land.

Figure 3a reveals that moist particles preferentially stay
within the PBL over the Gulf Stream and Kuroshio as well as
their extensions, where they tend to be both heated (Fig. 3b)
and moistened (Fig. 3c) through the enhanced upward turbu-
lent heat fluxes (Fig. 3b and c, yellow contours). These re-
sults suggest a central role of the western boundary currents
as the primary heat and moisture sources for the moist par-
ticles that are going to be advected into the Euro-Atlantic
blocks. One notable exception to this overall tendency is
found off the west coast of North America, where the parti-
cles undergo topographical lifting (Fig. 3d) followed by dry-
ing (Fig. 3c) and warming (Fig. 3b) due to latent heating.
As is shown later in Sect. 4.3, this region turns out to be a
common location for the organized large-scale ascent of the
particles that gain moisture from the Pacific.

In stark contrast, the dominant tendency for moist parti-
cles when they are situated above the PBL (Fig. 4) is such
that an increase in potential temperature is concurrent with
a decrease in specific humidity, which is accompanied by
their ascent, while also the opposite is true (Fig. 4d). This
result means that latent heating and evaporative cooling are
the dominant processes that control the property changes in
the particles travelling above the PBL. The preferred loca-
tions for the particle ascent are found just upstream of the
blocking over the North Atlantic 2 d prior to their arrival at
the blocking region as well as off the west coast of the North
American continent found 5 and 9 d prior to the arrival at the
blocking.

Meanwhile, dry particles barely undergo any property
change, except for a general cooling trend associated with
radiative processes (not shown).

3.3 Time evolution of variables along the trajectories of
moist and dry particles

In order to further understand different properties associated
with dry and moist particles, we compare the mean temporal
evolution of several variables along their trajectories.

Figure 5 reveals that dry particles (cyan lines) tend to orig-
inate from the mid-latitudes and advance gradually north-
ward while travelling pseudo-isobarically in the upper tro-

posphere. These particles undergo a gradual cooling of ap-
proximately 0.7 Kd−1, consistent with the radiative cooling
reported by Steinfeld and Pfahl (2019). Specific humidity
of dry particles remains fairly low over the course of 10 d
en route to the blocking regions as these particles do not
pick up any moisture from the ocean by definition. Despite
its large standard deviation, dry particles’ PV is maintained
around approximately 1.5 PVU, slightly lower than a typical
PV value of 2 PVU that marks the dynamical tropopause.

Moist particles (red lines in Fig. 5) display a fairly dis-
tinct picture from their dry counterparts: while also originat-
ing from the mid-latitudes and travelling northward, moist
particles tend to originate from the lower troposphere and
then undergo a substantial uplift over the course of 10 d. This
uplift and the northward motions are particularly enhanced
about 3 d prior to their arrival at the blocking system, coin-
ciding with notable drying and warming due to intense latent
heating during this period. The mean PV value of moist par-
ticles tends to be fairly low throughout without undergoing
any substantial changes, reflecting their origins at the lower
altitudes and latitudes. SHF and LHF are on average steadily
supplied to moist particles until about 3 d prior to their arrival
at the blocks before undergoing strong uplift.

Despite the aforementioned significant differences in their
origins and their evolution between dry and moist particles,
these differences almost diminish as time nears the particle
release time from the blocks (i.e., particle age= day 0). One
notable exception is PV, which on average undergoes little
change during the course of 10 d, retaining its initial values
along the trajectories of both dry and moist particles even
at day 0. This result is consistent with the previous study
by Methven (2015), who showed that the average PV of an
upper-tropospheric outflow of a strongly ascending airstream
is approximately equal to that of the lower-tropospheric in-
flow on average as PV increases below the heating maximum
but decreases above it. The PV increase and decrease, how-
ever, are not visible in Fig. 5d after averaging over millions
of particles as the timing of ascent differs for individual par-
ticles. Figure 5d indicates that the mean PV values are signif-
icantly higher for dry particles than for moist particles at the
99 % confidence level even at day 0. Given that blocks are
high-pressure systems associated with low PV values, feed-
ing of lower-PV air is expected to be crucial for their mainte-
nance (Yamazaki and Itoh, 2013b). Our result thus suggests
that these moist particles play an important role in transport-
ing significantly lower PV into the block system, further cor-
roborating the findings of the previous studies (Pfahl et al.,
2015; Steinfeld and Pfahl, 2019).

This significant difference between dry and moist parti-
cles in their mean PV values seen at day 0 in Fig. 5d fur-
ther suggests that there could be a difference in their spatial
distribution at the time of their release from the blocks. Fig-
ure 6 illustrates the spatial distributions of the dry (left pan-
els) and moist particles (middle panels) separately as well
as their difference (right panels). Each row denotes different
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Figure 3. Properties along moist particles when they are located within the marine PBL at 2 d (left column), 5 d (middle column), and 9 d
(right column) prior to their arrival at the Euro-Atlantic blocks. (a) Number density of the particles [%] for each 2◦× 2◦ grid cell, with their
release locations being indicated by the red contours with the interval of 0.05 % starting from 0.1 %. (b) Mean change in potential temperature
(colour shading) along the moist particles when they are situated over each 2◦×2◦ grid cell [K6h−1], with SHF (yellow contours indicating
0.05, 0.15, and 0.25 Wm−2) superimposed. (c) Same as (b) but for the mean change in specific humidity (colour shading) [gkg−1 6h−1]
with LHF overlaid (yellow contours for 0.1 Wm−2 with the interval of 0.2 Wm−2 afterwards). (d) Same as (b) but for the mean change
in atmospheric pressure [hPa6h−1]. For (b–d), only those grid cells that contain over 0.005 % of the total particle’s 6-hourly density are
plotted. SHF and LHF are computed as the total SHF and LHF along moist particles found within each 2◦×2◦ grid cell on the specified days
divided by the total number of moist particles, thereby indicating the average SHF or LHF contributing to blocking per particle on each day.
Parallels are plotted for every 10◦, whereas meridians are plotted for every 30◦ on each plot.
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Figure 4. Same as Fig. 3 but for moist particles above the marine PBL or within or above the PBL over land. By definition they are not under
the influence of the turbulent heat fluxes from the ocean.

release altitudes: 10 000 ma.s.l. (∼ 250 hPa), 7500 ma.s.l.
(∼ 350 hPa), 5000 ma.s.l. (∼ 500 hPa), and 3500 ma.s.l.
(∼ 700 hPa). The figure reveals that regardless of the release
altitudes, the density of moist particles at the centre of the
blocks tends to be higher than that of dry particles. In other

words, moist particles carry low-PV air upward across isen-
tropic surfaces and thereby preferentially occupy the upper-
level blocking core region.

In the meantime, a closer look at the difference plots
(right panels) highlights that moist particles tend to be sit-
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Figure 5. Time evolution of the properties of dry and moist par-
ticles along their respective trajectories. (a) Mean sensible (blue)
and latent heat fluxes (magenta) supplied to moist particles from the
ocean when the particles reside within the marine PBL at specific
particle age. (b–f) Mean potential temperature (b), mean specific
humidity (c), mean potential vorticity (d), mean pressure (e), and
mean latitude (f) of dry (cyan lines) and moist particles (red lines)
along their respective trajectories. The envelopes around each line
indicate±0.5 standard deviations. The particle age on the x axis de-
notes the days before the particles arrive at the blocking system (i.e.,
day 0 means the arrival time at the blocks). The closed (open) cir-
cles indicate where a given property distribution between moist and
dry particles is significantly different at the 99 % (95 %) confidence
level. The maximum standard errors are 0.05 Wm−2 for turbulent
fluxes, 0.009 K for potential temperature, 0.002 gkg−1 for specific
humidity, 0.001 PVU for PV, 0.2 hPa for pressure, and 0.01◦ for lat-
itude.

uated poleward of dry particles among those particles re-
leased from the lower altitudes (5000 and 3500 ma.s.l.). Pre-
vious studies showed that geopotential height anomalies as-
sociated with blocks tend to be located equatorward of the
corresponding PV anomalies (e.g., Fig. 10 in Steinfeld and
Pfahl, 2019), suggesting that if we repeat the analysis with
the blocks being defined with PV anomalies, the signature
of moist particles making up the blocking cores may be
more clearly seen. Confirmation of this speculation, however,
should be a topic of a future study.

4 Moisture sources for moist particles

In the preceding section we have found that heat and mois-
ture for the moist particles are not only provided by the At-
lantic, but the North Pacific also likely acts to supply neces-
sary heat and moisture to some particles en route to the Euro-
Atlantic blocking (Fig. 3). In this section, we further separate
the moist particles depending on their moisture sources in or-
der to uncover the characteristics associated with their differ-
ent pathways and their roles in blocking maintenance.

4.1 Partitioning of moist particles according to their
moisture sources

We partition the moist particles into the two different
moisture origins using the ocean basin mask dataset
with 1◦ horizontal resolution provided by the US Na-
tional Oceanic and Atmospheric Administration (NOAA;
https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/
.WOA05/.Masks/.basin/index.html?Set-Language=en., last
access: 17 January 2020). Those particles that are subject
to LHF from the ocean over the Atlantic south of 65◦ N
and the Mediterranean Sea are termed “Atlantic particles”,
while those particles subject to LHF from the ocean over
the Pacific south of 65◦ N as well as the Sea of Japan are
termed “Pacific particles”. As such, we have found that
approximately two-thirds of the moist particles (i.e., 25.8 %
out of 41.3 % of the total moist particles) source their
moisture from the Atlantic basin, while the vast majority
of the remaining one-third source it from the Pacific (i.e.,
13.6 % out of 41.3 % of the total moist particles) based
on the particle tracking backward in time for a period
of 10 d (Fig. 7a). Intriguingly, a minute fraction of the
particles (1.4 % of the total moist particles) receive heat
and moisture from both the Pacific and Atlantic basins (de-
noted “two-basin particles”). In comparison, 23.0 % of the
non-blocking particles is constituted by Atlantic particles,
12.3 % by Pacific particles, and 1.2 % by two-basin particles
out of the 37.1 % of the total moist particles. Although
these differences seem small, especially for the two-basin
particles, all of these percentages are significantly different
from the blocking particles at the 99 % confidence level.
Note that we do not consider the moist particles fuelled over
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Figure 6. The number density of dry (left column) and moist particles (middle column) and their difference after being normalized by the
total particle number of each category (right column) for each 2◦×2◦ grid cell at the time of their release from the block regions separately for
the release altitudes of 10 000 ma.s.l. (top), 7500 ma.s.l. (second row), 5000 ma.s.l. (third row), and 3500 ma.s.l. (last row). The numbers
indicated in the bottom left corner for the left and middle columns denote the percentages of dry and moist particles released from each
altitude, respectively. Only the grid cells where statistical difference is significant at the 95 % confidence level are shaded in the third column.
Parallels are plotted for every 10◦, whereas meridians are plotted for every 30◦ on each plot.

the Indian Ocean in the rest of the analyses, which only
account for less than 1 % of the total moist particles. These
particles do not additionally pick up moisture from the other
ocean basins (not shown).

When we extend the duration of the particle tracking from
10 to 20 d (Fig. 7b), the fraction of moist particles increases
by about 15 %, especially escalating the fractions of the Pa-
cific particles and two-basin particles, while the 20 d track-
ing accounts for almost the same fraction for the Atlantic
origin as the 10 d tracking. The twofold increase in the Pa-
cific pathway particles indicates that the 10 d period is not
long enough for some particles to be traced back to their
moisture source in the Pacific. The over sixfold increase in

the two-basin pathways is explained primarily by the detec-
tion of additional particles of Atlantic origin that previously
stayed in the PBL over the Pacific between 10 and 20 d prior
to blocking events and to a lesser extent by some particles
of Pacific origin that are tracked back further to the Atlantic,
across Eurasia. The fraction of particles sourcing their mois-
ture from the Indian Ocean remains lower than 1 % even
with the 20 d tracking, indicating that the Indian Ocean does
not act to provide much moisture for the wintertime Euro-
Atlantic blocking events.

The Atlantic particles tend to originate locally 10 d prior
to the arrival at the block locations (the particle distribu-
tion at −10 d indicated by the red contours in Fig. 7a), with
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Figure 7. Total LHF along the moist particles found within each 2◦× 2◦ grid cell over the whole (a) 10 d and (b) 20 d periods for backward
particle tracking divided by the number particles of each moist-particle trajectory (colour shading) for the Atlantic particles (left column),
Pacific particles (middle column), and two-basin particles (right column). The particle locations at (a) 10 and (b) 20 d prior to their arrival
in the blocks for each 2◦× 2◦ grid cell are denoted by the red contours for 0.01 %, 0.025 %, 0.05 %, 0,1 %, 0.15 %, and 0.2 % in each panel.
The percentage indicated in the bottom right corner of each panel denotes the percentage of the particles that belong to each moisture source
category out of the total number of particles (i.e., dry and moist particles altogether). Parallels are plotted for every 10◦, whereas meridians
are plotted for every 30◦ on each plot.

their maximum concentration found over the lee side of the
Rockies over the North American continent. These particles
then pick up a substantial amount of moisture from the Gulf
Stream and its extension. A similar picture holds when they
are tracked for 20 d (Fig. 7b), although more particles tend to
stem from the east of the block locations over Eurasia.

The Pacific particles identified through the 20 d tracking
tend to originate from farther upstream, primarily receiving
turbulent heat fluxes from the Kuroshio and its extension,
with a clearer maximum concentrated along the Kuroshio
Extension. Note that the reason why the LHF maximum
along the Kuroshio Extension is only about a half of that
along the Gulf Stream, despite no notable difference in the
climatological turbulent heat fluxes between them, is the fact
that the particle density passing over the Kuroshio region ar-
riving at Euro-Atlantic blocking is smaller compared to the
Gulf Stream region (see. Fig. 2a).

The origin locations of the two-basin particles appear to
be a mixture between the Atlantic and Pacific pathways,
though largely stemming from the western Pacific. These
particles tend to pick up ample moisture from the two west-
ern boundary currents and their extensions. Again, the role
of the Kuroshio becomes more apparent when particles are
tracked back for 20 d.

In addition, there exists another local maximum of LHF
around 30◦ N, 145◦W northeast of the Hawaiian Islands for
both the Pacific and two-basin particles (Fig. 7 the middle
and the right panels). Unlike the western boundary currents
and their extensions, this particular region is not climatolog-
ically characterized by large upward LHF. The accumulated
total LHF is affected by the following two factors: parti-
cles’ 6-hourly concentrations and the actual LHF supplied
to the particles. Further analysis indicates that these two fac-
tors both contribute, suggesting that the particles are prefer-
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Figure 8. Same as Fig. 5 but with moist particles being categorized according to their moisture sources: Atlantic particles (red), Pacific
particles (orange), and two-basin particles (magenta). Cyan denotes the properties for the dry particles.

entially situated over this location and that they are subject to
a larger amount of LHF than its climatology (not shown). As
discussed later in Sect. 4.3, this region coincides with start-
ing locations of the large-scale ascent for those particles sup-
plied with moisture from the Pacific, thus acting as a “spring-
board”.

4.2 Time evolution of variables along the trajectories of
particles of different moisture sources

In order to assess whether the physical processes involved de-
pend on the particles’ moisture sources, we repeat the same
analysis on the temporal evolution of variables along the par-
ticle trajectories but this time after separating the moist par-
ticles into different moisture sources (Fig. 8). Additionally,
a three-dimensional view of the mean positions of these dif-
ferent pathways along with their mean PV value is shown
in Fig. 9 in order to illustrate their typical trajectories rela-
tive to their geographical locations. The lowest altitudes of

these averaged trajectories do not necessarily get lower in
the boundary layer, reflecting the fact that the individual par-
ticles reside in the boundary layer at different times along the
trajectories.

Figure 8 reveals that the Atlantic particles tend to origi-
nate from northern locations in the mid-troposphere on av-
erage (red lines). These particles gradually descend while
travelling southward and gaining moisture until the last 3–4 d
before being lifted up swiftly and undergoing latent heating
over the Atlantic basin (Fig. 9a).

In contrast, the Pacific particles (orange lines in Fig. 8)
stem from the lower latitudes and altitudes. On the following
days (day 9–day 4) these particles keep ascending and expe-
riencing latent heating, especially off the west coast of North
America (Fig. 9b), which tends to occur earlier than the At-
lantic particles by approximately 4–5 d. After nearly all the
moisture is lost by day −4, most of the properties of these
particles become almost indiscernible from those of dry par-
ticles (denoted by cyan lines), travelling along similar pres-
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Figure 9. Three-dimensional trajectory locations averaged for (a) the Atlantic particles, (b) Pacific particles, and (c) two-basin particles. The
lines on the surfaces of constant pressure, latitude, and longitude are the projections of the three-dimensional mean trajectory locations on
each surface. The colours along the trajectories denote the mean PV values.

sure and isentropic surfaces as well as at similar latitudes.
The figure indicates that these particles also undergo radia-
tive cooling at the same rate as dry particles from then on.
Thus, the Pacific particles are transported in the same manner
as the dry particles once lifted up into the mid-troposphere.
In the meantime, it is notable that PV along these Pacific
particles increases as they ascend approximately from day
−5, which is the opposite to the expectation that PV de-
creases above the heating maximum. Although further inves-
tigation is necessary, we speculate that this PV gain may be
attributable to PV mixing with the higher upper-tropospheric
PV near the tropopause (e.g., Hoskins, 1991).

The two-basin particles evolve in a similar manner to the
Pacific particles at the beginning (magenta lines in Fig. 8)
as the particles originate from relatively low latitudes and
altitudes with relatively high moisture content and then un-
dergo ascent over the Pacific, especially off the west coast
of North America. The ascent is, however, only by about
150 hPa till day −7, leading to slight latent heating. As is
shown in Sect. 4.4, this lesser extent of uplift off the west
coast of North America stems from the lower humidity con-
tent of those particles compared to the Pacific counterpart at
the time of the ascent. These particles then start descending

on the lee side of the Rockies (Fig. 9c) and receive heat and
moisture from the Atlantic before ascending very rapidly into
the blocking system in the last 2 d (Fig. 8).

PV values of moist particles, regardless of their moisture
sources, are significantly lower than those of dry particles.
This is the case even for the Pacific particles that undergo
a slight increase in PV after day −5 as noted earlier. While
they appear to be advected indistinguishably from dry parti-
cles, their PV values are still significantly lower than those
of dry particles. When compared to the winter mean back-
ground PV, the PV values of these particles during the last
4 d just before arriving at the blocking system indeed tend
to be significantly lower, indicating that they are associated
with anticyclonic eddies (Fig. 10). This result further corrob-
orates the previous findings that, once lifted up into the up-
per troposphere, these particles constitute low-PV anomalies
in contrast to the background upper-tropospheric PV at the
same location (Pfahl et al., 2015; Steinfeld and Pfahl, 2019).
In light of the blocking mechanism, therefore, these moist
particles can be considered to be those associated with anti-
cyclonic eddies (low PV) that are selectively absorbed into
blocking systems (Yamazaki and Itoh, 2013a), acting to pro-
long the blocking lifetime. While Yamazaki and Itoh (2013a)
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Figure 10. Probability density distributions of PV values for the Pa-
cific particles (blue) and for the climatological values interpolated
to their two-dimensional locations (green). The former is based
on 10.1 % of the Pacific particles that reached above 400 hPa and
whose potential temperature remains between 300 and 320 K in the
last 4 d before arriving at the Euro-Atlantic blocks, while the latter
is based on the CFSR climatological PV values at the 310 K level
computed by applying a 30 d low-pass filter. The two distributions
are significantly different at the 95 % confidence level.

identified the physical process behind this mechanism in the
upper troposphere through an isentropic trajectory analysis
by implicitly assuming dry processes, our result points to-
wards such a reconciled view that at least a part of this low-
PV air can be, in fact, traced back to moist processes farther
upstream.

We have repeated the same analysis using particles tracked
backward in time for 20 d. Extending the tracking time, how-
ever, does not change the qualitative picture shown in Fig. 8,
except that all categories of particles originate from the mid-
latitudes. Despite the fact that some particles are classified
into different categories under the extended tracking, the evo-
lution of the properties during the last 10 d is indistinguish-
able from those obtained from the 10 d tracking (not shown),
indicating the significance of the processes that take place in
the final 10 d for the downstream blocking.

4.3 Large-scale ascent associated with moist particles
with different moisture sources

Given the importance of a large-scale cross-isentropic as-
cent, we investigate the extent of uplift as well as the asso-
ciated properties for moist particles with different moisture
sources. Here, we quantify large-scale ascent in accordance
with the definition of WCBs. Following Steinfeld and Pfahl
(2019), we define those particles released from wintertime
Euro-Atlantic blocks that undergo a prominent rapid ascent
for at least 600 hPa within 48 h as the WCB particles. For
simplicity, unlike Madonna et al. (2014), the particles are
not required to be in the vicinity of cyclones to be identi-
fied as WCB particles in our definition. Our WCB particles
may thus include those particles that are not strictly classified
as the conventional WCBs. A detailed analysis of individual
events, nonetheless, revealed that these events are almost al-

Table 1. The fractions of the 10 d tracking moist particles of differ-
ent moisture sources which fulfil different ascent criteria.

Ascent Atlantic Pacific Two-basin
criterion particles particles particles

600 hPa/48h 27.6 % 30.4 % 28.0 %
500 hPa/48h 68.1 % 63.8 % 69.7 %
400 hPa/48h 90.2 % 86.8 % 91.8 %

ways accompanied by cyclonic systems at the time of their
ascent (not shown). Consistent with Madonna et al. (2014),
the average increase in potential temperature associated with
the WCB particles is found to be about 20 K, while the aver-
age decrease in specific humidity is about 7 gkg−1.

Table 1 indicates that approximately 30 % of the moist par-
ticles (i.e., about 10 % of the total number of particles) are
identified as WCB particles at some point along their 10 d
trajectories, regardless of their moisture sources. This num-
ber (∼ 10 %) is fairly similar to 9.7 % reported by Steinfeld
and Pfahl (2019) based on 7 d period statistics. The fraction
of moist particles identified as WCBs exceeds 60 % (85 %)
of the total moist particles when the WCB definition is loos-
ened to an ascent over 500 hPa (400 hPa) within 48 h for the
10 d tracking trajectories (Table 1).

Figure 11a illustrates that the WCB particles undergo as-
cent preferentially around the western boundary currents and
their extensions as well as over the eastern Pacific to the
northeast of the Hawaiian Islands, as was the case for the
locations of the maximum LHF that the particles receive
(Fig. 7). These locations, including the region to the northeast
of the Hawaiian Islands, agree with the reported climatolog-
ical locations of the wintertime WCB occurrence (Madonna
et al., 2014, their Fig. 4d). This close collocation between
the particles’ acquisition of turbulent heat fluxes and their
ascent is in line with the results shown by Boutle et al.
(2010) in their idealized extratropical cyclone simulation.
They showed that the augmented continuous evaporation is
found in the vicinity of the WCB as a consequence of the
continual moisture export from these regions by the horizon-
tal divergence forced by boundary-layer drag. This moisture,
in turn, converges at the base of the WCB forced by surface
drag and large-scale ageostrophic flow, thereby providing a
substantial amount of moisture continuously to the WCB.
Thus, the collocation of the LHF from the ocean and particle
distributions is likely to indicate an active involvement of the
moisture convergence associated with extratropical cyclones.
While the result shown in Fig. 11a is for the 20 d tracking
where the signature over the Pacific is more visible compared
to the 10 d tracking, the same conclusion also holds for the
10 d tracked particles (not shown).

To identify the moisture sources necessary for these large-
scale ascents, we have applied a moisture source diagnos-
tic following previous studies (Sodemann et al., 2008; Pfahl
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Figure 11. (a) Number density of the 20 d tracked WCB particles released from Euro-Atlantic blocks at the starting time of the ascent (colour
shading) and its ending time of their ascent (red contours) for each 2◦×2◦ grid cell for the Atlantic particles (left), Pacific particles (middle),
and two-basin particles (right). The number at the bottom right of each panel indicates the fraction (%) of the particles of each category
identified as WCB particles. (b) Moisture sources for WCB particles released from Euro-Atlantic blocks (colour shading) for the Atlantic
particles (first column), Pacific particles (second column), and two-basin particles. The two-basin particles are separated into two figures,
depending on the WCB locations of interest: for the WCBs over the Atlantic basin (third column) and the Pacific basin (last column). The red
contours in each panel delimit 0.01 % of the WCB starting locations. The percentage indicates the mean moisture contribution for the WCB
ascent of each 2◦×2◦ grid cell, and they amount to 100 % when they are summed up. Parallels are plotted for every 10◦, whereas meridians
are plotted for every 30◦ on each plot.

et al., 2014). In this method, we assign a weight to moisture
uptake at each time step based on the ratio of the moisture
increase to the specific humidity value that each particle has
at the starting point of the WCB ascent such that each weight
indicates a contribution of each moisture uptake for the WCB
ascent. The weight at the previous moisture uptake is reduced
when the specific humidity along the trajectory decreases and
hence indicates a moisture loss due to precipitation. Thus,
while partitioning of moisture particles into different mois-
ture origins (Sect. 4.1) has been based solely on the loca-
tion where the particles are exposed to LHF from the ocean
without a prior knowledge that they undergo a rapid large-
scale ascent, application of this method identifies the mois-
ture sources necessary for a rapid large-scale ascent for each
of these moist particles. Figure 11b shows the result of this
moisture diagnostic applied to the moist particles of different
moisture sources separately. Here we show the result for the
20 d tracking since the moisture source region particularly

over the Pacific is more visible compared to the 10 d tracking,
while the 10 d tracking also shows similar results. The figure
clearly indicates that the Gulf Stream and Kuroshio, together
with their extensions, act to primarily provide moisture nec-
essary for the WCB ascent. For the two-basin particles, we
have separately evaluated the ascent over the Atlantic and
Pacific. The diagnostic reveals that the two-basin particles
retain some of the moisture taken from the Pacific basin until
they are lifted over the Atlantic basin. This moisture uptake
over the Pacific explains 23.5 % and 41.6 % of the necessary
moisture for the WCB ascent over the Atlantic basin for the
10 and 20 d tracking trajectories, respectively.

4.4 Typical synoptic conditions for individual
moist-particle pathways

Thus far we have shown distinct properties along different
pathways of moist particles and how they evolve differently
from one another. The question, however, remains as to what
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Figure 12. Case studies of particle locations (coloured lines) and associated synoptic-scale eddies (shaded as in the top right colour bar) for
the Atlantic particles (a), the Pacific particles (b), and the two-basin particles (c). The pressure levels [hPa] of up to 50 particles along their
trajectories are plotted with coloured lines as indicated in the middle right colour bar. Their exact locations at the denoted times are indicated
by red circles. The synoptic-scale eddies are defined as 8 d high-pass-filtered geopotential height fluctuations at 350 hPa. Parallels are plotted
for every 10◦, whereas meridians are plotted for every 30◦ on each plot.

kind of synoptic conditions possibly give rise to the differ-
ent pathways that these moist particles are likely to take.
To answer this question, we have analyzed the particle tra-
jectories of different moisture sources with the correspond-
ing upper-tropospheric synoptic eddies. Great case-to-case
spatiotemporal diversity is found in the associated synoptic
fields, hampering their meaningful composite analyses (not
shown). Instead, Fig. 12 illustrates a more or less represen-
tative case that exhibits the common features found for a
given moist-particle category. Many cases are found to ex-
hibit roughly similar properties to these representative cases.

One common feature for the vast majority of the pathways
that the Atlantic particles take is that the moist particles expe-
rience an organized descent over the North American conti-
nent in travelling southeastward in the vicinity of a synoptic-
scale low-pressure system before they gain moisture from the
North Atlantic. These features well correspond to those asso-
ciated with a dry intrusion, a deep descent of dry air from the
tropopause level into the lower troposphere often associated

with extratropical cyclones (Browning, 1997), as clearly pre-
sented in Fig. 12 for 22 January 1992 (top right-most panel).
A climatological study conducted by Raveh-Rubin (2017) il-
lustrates that the North American continent is one of the most
prominent locations for dry intrusion air to start descend-
ing before interacting with the warmer North Atlantic under-
neath approximately 48 h later. Intrusion of dry, cold atmo-
spheric particles is likely to enhance SHF and LHF from the
North Atlantic, especially over the warm Gulf Stream, effec-
tively moistening the particles before they are lifted up into
an upper-level blocking anticyclone.

Both the behaviour of trajectories and the associated syn-
optic conditions are fairly dissimilar for the Pacific particles.
Subsequent to a large-scale ascent into the upper troposphere
over the northeastern Pacific, the particles do not undergo a
deep descent over the North American continent unlike the
Atlantic particles. Instead, the particles appear to follow the
upper-level westerly waveguide in the vicinity of blocking
(the second row of Fig. 12). Although further investigation is
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Figure 13. (a) Specific humidity at the time of ascent for the Pacific particles (orange) and two-basin particles (grey). For the two-basin
particles, only the time of their ascent over the Pacific is considered for each particle. For each moist-particle category, different line styles
indicate different ascent criteria: solid lines for 600 hPa/2d, dashed lines for 500 hPa/2d, and dotted lines for 400 hPa/2d. (b) Same as the
panel (a) but for the sea level pressure found at the time of the ascent at the particle’s horizontal location. (c) Same as the panel (a) but for
the sea level pressure tendency.

required, this aspect appears to be consistent with the finding
by Yamazaki and Itoh (2013b), who suggested that upper-
level westerlies upstream of a blocking high can act as a
waveguide to effectively carry synoptic anticyclones towards
the blocking high.

All cases of the two-basin particles are fairly analogous
to the Atlantic particles but extended farther upstream into
the Pacific 10 d prior to the arrival at the blocking events.
Compared to the Pacific particles, they do not ascend as high
off the west coast of North America, and as a result, they
do not experience a strong descent over the North Ameri-
can continent compared to the Atlantic particles either. We
found that this lack of a strong ascent over the Pacific is
likely attributable to the difference in moisture content of
the particles. At the time of the ascent, the moisture con-
tent of the Pacific particles is significantly higher than that
of the two-basin particles at the 95 % confidence level, with
the mean difference amounting to 1.4 gkg−1 (Fig. 13a). This
relationship between the ascent level and moisture content
becomes more evident when a different ascent criterion is ap-
plied (Fig. 13a, dashed and dotted lines). The figure reveals a

clear link between the moisture content and the ascent level
of a particle in such a way that the higher the particle’s mois-
ture content at the base of the ascent is, the higher the par-
ticle tends to ascend subsequently. In contrast, no such clear
relationship is discernible with the sea level pressure (SLP;
Fig. 13b) or with the SLP tendency (Fig. 13c) found at the
base of the particle ascent despite the fact that a moderate
to strong relationship has been reported between cyclone in-
tensification and WCB strength by a previous study (Binder
et al., 2016). Although more careful analyses, including an
investigation of the lowest SLP found in the vicinity of the
ascent as included in the WCB detection (Madonna et al.,
2014), are indispensable to draw a more solid conclusion,
these results point to the key role of the particles’ moisture
content at the base of the ascent in determining their ascend-
ing altitude.
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5 Discussion and conclusions

Motivated by previous studies which pointed towards the sig-
nificance of latent heating for atmospheric blocking events,
we have investigated the oceanic moisture sources for win-
tertime Euro-Atlantic blocking events. To this end, we have
utilized an atmospheric Lagrangian dispersion model and
tracked particles released from blocking backward in time,
which allows us to investigate the processes taking place
within the turbulent planetary boundary layer (PBL). We
found that 27.8 %–55 % of the total particles released from
wintertime Euro-Atlantic blocking highs undergo diabatic
processes, with the moist-particle percentages decreasing
with the altitude that the particles are released from. Con-
sistent with the previous studies, these moist particles trans-
port significantly lower PV compared to dry particles from
the PBL to the upper-tropospheric blocking highs via large-
scale ascent. In stark contrast, dry particles travel pseudo-
isobarically in the upper troposphere while being gradually
cooled radiatively (Fig. 5). PV values remain significantly
different between dry and moist particles throughout their
evolution even when they reach the blocking highs (Fig. 5d).
As a consequence, there is a tendency for moist particles to
be preferentially concentrated in the blocking cores, indicat-
ing an important role of moist processes in the blocking sys-
tems (Fig. 6).

Depending upon their moisture sources, moist particles
can be broadly divided into two categories: those moistening
over the Atlantic and those moistening over the Pacific. The
former, the particles that source moisture locally over the At-
lantic, correspond to those that have been extensively studied
in the previous studies (Pfahl et al., 2015; Steinfeld and Pfahl,
2019), which undergo a rapid ascent a few days prior to their
arrival at the blocking systems. We have found that these par-
ticles tend to experience a large-scale descent over the North
American continent before efficiently gaining moisture from
the North Atlantic (Fig. 12a). Those particles that source
their moisture remotely from the Pacific and then undergo
ascent also transport low PV into the Euro-Atlantic block-
ing but almost in the same manner as the dry particles that
travel along a westerly waveguide in the upper troposphere.
Still, PV values of these moist particles remain significantly
lower than the dry counterparts throughout, even all the way
to their arrival at the blocking (Fig. 8). In this sense, these
moist particles can be regarded as a part of the class consid-
ered by Yamazaki and Itoh (2013a) such that anticyclonic
low-PV particles are preferentially absorbed into blocking
systems, acting to prolong blocking lifetime. In their study,
Yamazaki and Itoh (2013a) identified the mechanism by an-
alyzing isentropic trajectories, and thus the involvement of
moist processes remained uncertain. The current study, how-
ever, suggests that the same mechanism can be at play with
particles of moist origin, thereby bridging the gap between
the dry and the moist dynamical frameworks.

Our results further highlight that the paths that these moist
particles preferentially follow while gaining moisture are
concentrated over the western boundary currents as well as
over the eastern Pacific to the northeast of the Hawaiian Is-
lands (Figs. 3 and 7). These regions also coincide with the
most frequent starting points of large-scale, cross-isentropic
ascent resembling warm conveyor belts associated with ex-
tratropical cyclones (Fig. 11a). This collocation is likely
linked with continuous evaporation from the warm sea sur-
face and the subsequent transport toward the base of the
warm conveyor belt associated with extratropical cyclones
(Boutle et al., 2010). The western boundary currents are
known for supplying substantial amounts of heat and mois-
ture to the overlying atmosphere and thereby acting to anchor
storm tracks by maintaining mean baroclinicity (Nakamura
et al., 2004). Thus, given the primary role of extratropical
cyclones, it is not surprising that the enhanced latent heat
fluxes and the starting positions of warm conveyor belts are
collocated over the western boundary currents. Meanwhile,
the region to the northeast of the Hawaiian Islands is not a
region that is climatologically known for large upward la-
tent heat fluxes or a maximum in extratropical cyclone activ-
ity; rather, it corresponds to a region with an amplified ver-
tically integrated moisture flux divergence driven primarily
by advection associated with intraseasonal variability in the
Aleutian low (Newman et al., 2012; Kwon and Joyce, 2013).
Whether this anomalous moisture advection associated with
the intraseasonal variability in the Aleutian low is linked with
moisture convergence at the base of the WCB as discussed by
Boutle et al. (2010) requires further investigation in future
analyses.

Outstanding questions include whether the temporal vari-
ability in the western boundary currents on seasonal and
longer timescales can affect blocking activities through mod-
ulations of moist processes. In this study we have focused on
the climatological aspect of direct diabatic processes associ-
ated with blocking maintenance and shown that the western
boundary currents provide substantial amounts of heat and
moisture to the atmospheric particles en route to the Euro-
Atlantic blocking systems. Observational evidence indicates
that both the Kuroshio (Qiu and Chen, 2005; Kwon et al.,
2010) and Gulf Stream (McCarthy et al., 2018; Joyce et al.,
2019) exhibit interannual and decadal variabilities, which
have been shown to influence the overlying atmosphere, in-
cluding blocking activity (O’Reilly and Czaja, 2015; Joyce
et al., 2019). Whether these oceanic variabilities can modu-
late the direct diabatic processes associated with the block-
ing events described in the current study, however, is yet
to be known. Hence in a subsequent study we will investi-
gate the effect of the oceanic temporal variability. Given a
recent study that showed the projected strengthening of the
Kuroshio and weakening of the Gulf Stream under future cli-
mate scenarios (Chen et al., 2019), understanding the sensi-
tivity of the diabatic effect to the variabilities in these western
boundary currents has important implications.
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Appendix A: A hybrid blocking index

As is extensively discussed in Barriopedro et al. (2010) and
Woollings et al. (2018), there is no one definite measure to
define blocking, and thus numerous definitions have been
used in the literature. Each definition aims at highlighting
different aspects of blocking systems, entailing its pros and
cons. The two mainstream types of blocking indices include
the ones that detect the meridional gradient of geopotential
height, focusing on the fact that blocks obstruct the prevailing
westerlies (e.g., Tibaldi and Molteni, 1990; Scherrer et al.,
2006) and others based on anomalies of variables such as
geopotential height or potential vorticity from its climato-
logical mean, highlighting that blocking highs are associated
with strong anticyclonic anomalies (e.g., Dole and Gordon,
1983; Schwierz et al., 2004). Previous studies have reported
that the former tends to erroneously detect the subtropical
highs as blocks (Scherrer et al., 2006) while also having a
deficiency in detecting omega or immature blocks (Doblas-
Reyes et al., 2002; Pelly and Hoskins, 2003). The latter, in
comparison, might suffer from cases when the geopotential
height anomalies do not necessarily accompany a reversal of
the westerlies (Woollings et al., 2018) while also having dis-
advantages in requiring arbitrary blocking anomaly thresh-
olds and a robust climatology (Dunn-Sigouin et al., 2013).

In the current study, we identify blocks by using a hybrid
index introduced by Dunn-Sigouin et al. (2013), which com-
bines the basic ideas of both of these two types of blocking
indices. Namely, blocks are detected by identifying a local
maximum of 500 hPa geopotential height anomaly as in Dole
and Gordon (1983) and then by ensuring that there exists a
meridional height reversal around the identified maximum as
in Tibaldi and Molteni (1990). More specifically, the follow-
ing steps are followed:

1. 500 hPa geopotential height anomaly (Z′) is computed
by removing the climatological seasonal cycle and long-
term variability as in Sausen et al. (1994) and then by
imposing a weight proportional to the inverse of the sine
of latitude. As such, Z′ represents a quasi-geostrophic
stream function anomaly.

2. Closed positive contours of Z′ larger than a minimum
amplitude threshold (A) with spatial scale (S) are then
identified and tracked in time, ensuring that they meet
the overlap criterion in blocking areas (O) for 2 consec-
utive days.

3. The existence of the reversal of the meridional gradi-
ent of the absolute 500 hPa geopotential height, defined
as the maximum difference between the two grid points
separated by a meridional range (1φ), is examined on
the equatorial side of the anomaly maximum. The rever-
sal criterion is met if the height gradient is negative at
any longitude within a longitudinal range (1λ).

4. The anomaly is identified as a blocking event if the
above three criteria are met during a given period (D).

We have set the arbitrary thresholds to be identical to those
used by Dunn-Sigouin et al. (2013): the amplitude threshold
A of 1.5 standard deviations of Z′ over 30–90◦ N computed
for a period of 3 months centred at a given calendar month;
the spatial scale S of 2.5× 106 km2; the overlap criterion O
of 50 %; the meridional 1φ and zonal 1λ scales of 15◦ in
latitude and 10◦ in longitude, respectively; and the duration
periodD of 5 d. These choices of criteria are rather restrictive
and, as a result, tend to highlight the mature stage of block-
ing. The usage of these criteria can suppress the erroneous
detection of quasi-stationary ridges and immature systems as
blocks while capturing omega-shaped blocking well, thereby
overcoming the shortcomings of the previously used indices
(Dunn-Sigouin et al., 2013).

Appendix B: Atmospheric dispersion model
FLEXPART

FLEXPART is a comprehensive offline atmospheric La-
grangian dispersion model, widely used for diverse atmo-
spheric transport applications. FLEXPART computes the
particle trajectories under the assumption of zero accelera-
tion as

X(t +1t)=X(t)+ v(X, t)1t, (B1)

where t denotes time,1t the time increment, and X the parti-
cle’s position vector; v = v+vt+vm is the three-dimensional
wind vector consisting of grid-scale winds (v), turbulent
wind fluctuations (vt), and mesoscale wind fluctuations
(vm). Turbulent wind fluctuations are evaluated by solving
Langevin equations (Thomson, 1987) in assuming Gaussian
turbulence. Mesoscale wind fluctuations, whose spectral in-
terval falls between the resolved winds and the turbulent
wind fluctuations, are approximated by solving an indepen-
dent Langevin equation for the mesoscale wind velocity fluc-
tuations in a similar manner to Maryon (1998).

In addition, in FLEXPART, one can optionally evaluate the
effect of moist convective transport that takes place within
convective clouds by turning on the moist convection scheme
by Emanuel and Živković-Rothman (1999) at the expense
of the substantial increase in the computational time (Stohl
et al., 2005). This transport is grid-scale in the vertical but
subgrid-scale in the horizontal. A recent study by Oertel
et al. (2020) has highlighted the importance of convection
embedded in WCBs by using a high-resolution model with a
0.02◦ horizontal resolution. Switching on the moist convec-
tion scheme in FLEXPART, however, does not qualitatively
or quantitatively alter our results, suggesting that the impor-
tance of the subgrid-scale horizontal convection is only sec-
ondary to the resolved grid-scale convection in the current
study with a much coarser resolution (not shown). For this
reason, we turn off the moist convection scheme in our anal-
yses.
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