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Abstract

The summer of 2012 in Europe was characterized by sharp contrasts in precipitation. The
United Kingdom recorded its wettest summer season (June—August) since 1912. Spain
faced drought and wildfires, as summer precipitation levels there were the second lowest
in the last 60 years. These anomalies demonstrate an unexpectedly rapid northward shift
of the precipitation zone across Europe. The shift contradicted, however, prevailing climate
change projections, according to which severe summer drying across the continent and
a slower trend toward increased wetting of northern Europe have been expected. The
physical mechanisms responsible for the extreme trend remain not clear. It is worth noting
that a significant part of 2012 summer precipitation occurred from mid-June to mid-July.
Hurricane Chris and Tropical Storm Debby also formed in the North Atlantic in June of
that year. This paper presents evidence that the extreme climate behavior of the summer
of 2012 and the anomalous summer precipitation distribution in Europe could have been
largely determined by the intense transport of moist air from the tropical Atlantic associated
with the formation of Tropical Storm Debby, which should be considered among the main
drivers of intense flooding events over northwestern and southeastern Europe during the
2012 summer season.

Keywords: extreme precipitation; moisture transport; concurrent extremes in Europe
Atlantic tropical cyclones; post-tropical cyclones

1. Introduction

The summer of 2012 was marked by sharp contrasts in precipitation anomalies across
Europe. It was very wet in northern Europe and on the northern coast of the Black
Sea, and unusually dry in southern Europe. The anomalous distribution of precipitation
represented a northward shift of the precipitation zone compared to previous years [1-7].
This seasonal precipitation trend contradicted the existing climate change projections,
which expected a widespread summer drying across the continent and slower wetting
of northern Europe [8-11]. As was found out later, the summer marked a turning point:
while precipitation in the region increased between 1979 and 2012, the period 2012-2020
was characterized by a downward trend in both the intensity and amount of summer
precipitation, as well as the intensity of water vapor transport from the North Atlantic to
Europe [12,13]. Observational data demonstrated the exceptional nature of the climate
event observed in 2012. A few studies have focused on determining the possible key
mechanisms that may have been responsible for the unusual characteristics of the season in
Europe in 2012 [7,12-25].
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According to the data from the Climate Prediction Center (CPC), which is an opera-
tional unit of the National Weather Service (NWS) under the National Oceanic and Atmo-
spheric Administration (NOAA) —the summer season (June-August) of 2012 was charac-
terized by the negative phase of the Summer North Atlantic Oscillation (SNAO) [22-26]. It
must be noted that although in July the value of the NAO index was negative (mean value
—1.32) for most of the month, during the last third of the month it became neutral (near zero).
The mean monthly NAO index was negative (—0.98) but it was negative only at the begin-
ning and middle of the month but bounced to near-neutral in between and near the end of
the month. (cpc.ncep.noaa.gov/products/precip/CWIink/pna/norm.nao.monthly.b5001.
current.ascii.table (accessed on 29 September 2026)).

The year 2012 ranked tenth among the warmest years since 1990 [14]. Globally
averaged Sea Surface Temperature (SST) for 2012 was among the 11 warmest on record. In
the area of the Gulf Stream in the North Atlantic, the SSTs were more than 1.5 °C warmer
than average. Most of the North Atlantic was warmer than average: over 2.5 °C warmer in
the northwest North Atlantic and the Davis Strait. The Mediterranean was also very warm,
with anomalies up to 2.5 °C more than the 1960-2012 mean [7,27]. Although average annual
SST in the Black Sea in 2012 was lower than in the two preceding years [28-30], the period
from 1982 to 2012 (and later) was characterized by a sustained and pronounced upward
trend in Black Sea SST, amounting to approximately 0.08 °C per year [27,29] [according to
satellite observations during short periods, SST here exceeded the long-term mean by about
4-5 °C [31-33]. The annual mean SST in the Baltic Sea, however, only slightly exceeded
the long-term average for the 1990-2012 period [34]. Small positive anomalies prevailed in
the northern part of the Baltic Sea, however [34]. The year was also marked by a strongly
positive phase of the Atlantic Multidecadal Oscillation [16]. Notable features of the year
also included a record loss of Arctic sea ice in August-September 2012 [14,35] and an
increase in the frequency of deep baroclinic depressions in the mid-troposphere over the
eastern North Atlantic and a substantial decrease over the western part of the region [36].

2. Data and Methodology

Each of these factors could have played a role in determining the observed pre-
cipitation anomaly. Additional factors could also be involved. The analysis below uti-
lizes data of averaged over different time periods absolute and anomaly (the anomaly
calculations are based on the 1981-2010 monthly averaged climatology calculated for
each day) values of sea level pressure (SLP), columnar precipitable water (CPW) [as
an atmospheric characteristic representing precipitation sufficiently well] [37], a rela-
tive humidity (RH) and specific humidity (SH) at 850, 500 and 300 hPa. Results of
air-parcel trajectory calculations are also adopted in the study to identify the synop-
tic mechanisms that enabled the observed during that summer season’s synoptic pro-
cesses. The following sections present the results of identifying the period that appears
to have played a major role in shaping the anomalous 2012 summer precipitation dis-
tribution in Europe, a discussion of the documented extreme weather events of this
period, an identification of the trajectories of air masses from the western North At-
lantic, and further assessments, including the use of a Hovmiiller diagram [38] to analyze
this period. The SLP and CPW, RH and SH data are from the state-of-the-art National
Oceanic and Atmospheric Administration, Cooperative Institute for Environmental Sci-
ences, Department of Energy (NOAA-CIRES-DOE) multi-year twentieth century (20CRV3)
reanalysis version 3 (20CRv3) dataset with a spatial resolution of 1.0 degree provided by
the NOAA Physical Sciences Laboratory, Boulder, Colorado, on their website at https:
/ /psl.noaa.gov/data/composites/subdaily_20thc/details.html (accessed on 29 September
2026) [39]. The air-parcel trajectory calculations were performed using meteorological
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fields from the NOAA Global Data Assimilation System (GDAS) with a spatial resolution
of 0.5° x 0.5° with the NOAA Air Resources Laboratory (ARL) HYSPLIT transport and
dispersion model [40—42] available from its READY website (https://www.ready.noaa.gov
(accessed on 29 September 2026)). British Met Office analysis SLP maps from the Deutsche
Wetterdienst data archive at https:/ /www.wetter3.de/archivukmetdt.html (accessed on 29
September 2026) are also adopted for the evaluation.

3. Identifying the Time Period

According to seasonal mean (June-August) data (e.g., [7]), the heavy summer precipi-
tation of 2012 in northern Europe was associated with specific synoptic conditions over
northwestern Europe [7,14,20]. These conditions were characterized by a large-scale dipole
pattern of sea level pressure change over the North Atlantic, with an area of anomalously
low pressure associated with high atmospheric moisture concentrations extending from
the Atlantic across the British Isles and Scandinavia, and a high-pressure area over Green-
land [18,21]. These analyses have focused on assessing average seasonal patterns, however.
In the current study, the evaluation is carried out over shorter time periods to elucidate the
mechanisms responsible for the formation of this synoptic pattern. The anomaly fields for
sea level pressure (SLP) (Figure la—c) and columnar precipitable water (CPW) (Figure 2a—)
for each of the summer (June-August) months separately provide additional information
on the synoptic processes that characterized this period. As follows from Figure 1, the dis-
tribution of seasonal pressure anomalies presented in Figure 10.1a of [21] fully corresponds
only to the conditions of June 2012 (Figure 1a) and, to some extent, July (Figure 1b), but
not to the conditions of August 2012 (Figure 1c). According to Figure 1c, the pattern of sea
level atmospheric pressure anomalies in August 2012 (Figure 1c) is noticeably different
from the patterns in June and July, being characterized by an area of negative pressure
anomaly over the British Isles and a small area of positive anomaly values over Greenland.
As follows from Figure 2a—c, which present the spatial distribution of CPW anomalies for
each month of the summer season, respectively, only the pattern for June 2012 (Figure 2a)
is characterized by two areas of extreme PW anomalies: one over the northeastern coast of
Canada, and the other extending from the tropical western Atlantic Ocean towards eastern
Europe. On the map for July (Figure 2b), an area of significant positive CPW anomalies
appears over the Labrador Sea. Extreme positive CPW anomaly values also characterized
central Europe and northwestern Africa. By August 2012, an area with positive CPW
anomalies (Figure 2c) was located over eastern Europe.

Maps of the 20-day-averaged absolute SLP and CPW spatial distributions (Figures 3a—c and 4a—)
for 1-20 June, 21 June-10 July, and 11-30 July, respectively, were also constructed. As can be seen from
Figure 3a, the first 20 days of the 60-day period were characterized by the presence of a narrow trough
in the surface pressure field extending from the western tropical Atlantic to northwestern Europe.
During the next two 20-day periods (21 June-10 July and 11-30 July), however, two low atmospheric
pressure centers formed over Newfoundland and western Europe (Figure 3b), the cyclone centered
over Newfoundland and Greenland weakened, and the cyclonic area over northern Europe deepened.
Also noteworthy is the gradual strengthening of the anticyclone in the central Atlantic Ocean and its
penetration into Europe over all three 20-day periods (Figure 3a—c). According to Figure 4a—c, the
entire 60-day period (from 1 June to 30 July) was characterized by the export of moist air to Europe
from the western tropical-sub-tropical Atlantic (Figure 4a).
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Figure 1. Maps with composite sea level pressure (SLP) anomalies in Pa (calculated from 1981-2010
daily means) for (a) June, (b) July, (c) August 2012 [based on the NOAA CIRES DOE 20th century
20CRV3 reanalysis data]. Shading interval 400 Pa. (The two rectangles A and B in Figure 1b represent the
North Atlantic and European sub-regions used in the subsequent analysis).
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Figure 2. Maps with composite Column Precipitable Water (CPW) anomalies in kg m~2, shading
interval 5 kg m~2. (calculated from 1981-2010 daily means) for (a) June, (b) July, (c) August 2012
[based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].
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Figure 3. Maps with 20-day composite SLP for (a) 1-20 June; (b) 21 June-10 July; (c) 11-30 July 2012
in Pa., shading interval 400 Pa. [based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis
data].
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Figure 4. Maps with 20-day composite CPW for (a) 1-20 June; (b) 21 June-10 July; (c) 11-30 July 2012
in Pa., shading interval 400 Pa. [based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis
data]. Shading interval 5 kg m~2.
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4. Extreme Weather Events in and Around Europe

As was already stated above, a notable part of the extreme rainfall that occurred
in Europe in the summer of 2012 took place over a relatively brief period in June—July.
According to observational data, the period was marked by very intense weather events
including heavy rain on 8 and 22 June in Ireland [2,43]. On 8-9 June 2012, a very deep
depression drifted northeast across Wales, causing heavy and persistent rain for several
hours (about 125 mm of rain in 24 h) [44]; a wind vane stalling event occurred on 13-15 June
2012 in the Netherlands [45]; a series of violent thunderstorms and intense short-duration
rainfalls and flash flooding in numerous places which affected parts of England and Wales
occurred on 28 June 2012 [46]; and torrential rains and devastating floods occurred on
5-7 July in various districts of the United Kingdom [47], the Netherlands, Sweden and
Estonia [2], and on 6—7 July in the northern Black Sea coastal area (including disastrous
floods in the town of Krymsk) of Russia [31,32,48,49]. The fact that all these extreme
weather events occurred during the same period and most of them in roughly the same
geographic region may indicate that, despite taking place in different countries, they were
in reality manifestations of a single large-scale process unfolding across Europe at the
time; they were driven by the same physical mechanism and, collectively, were among the
primary causes of the sharp contrasts in precipitation anomalies observed in Europe during
the summer of 2012.

The synoptic-scale activity of the period was also characterized by the formation of
Hurricane Chris (18-22 June) [50,51] and Tropical Storm Debby (23-27 June) [52,53] in the
North Atlantic Ocean. The formation of these two strong cyclonic systems explains the
amount of water vapor in the air masses [54-56] exported to Europe from the western
tropical Atlantic during the period under discussion. According to the official National
Hurricane Center report on Hurricane Chris [50], (see also the discussion in [51]), the
formation of the pre-Chris cyclone was the result of the tropical transition of a cyclone of
non-tropical origin in the North Atlantic Ocean. It has been earlier demonstrated (see [51]
and references herein), during such processes, the extra-tropical cyclone transforms from a
cold- to warm-core system. Such synoptic processes are commonly preceded by a complex
process of co-development of a family of cyclonic systems. As suggested in [51], which
details the development of the Chris system, the initial trigger for the formation of the
precursor trough was the breakdown of an anticyclonic wave that took place over the
northwest Atlantic Ocean on 12 June 2012 near 40° N, 55° W (indicated by C near the
left-bottom corners of Figure 5a—d). As a separate system, pre- Chris started developing
near Bermuda on 12-13 June. After that, the system moved southeastward and became
stationary southwest of Bermuda by 15 June. The extra-tropical system strengthened over
Bermuda around 1800 UTC on 15 June and continued developing till about 19 June. The
pre-Chris cyclone made the transition to a tropical storm when it was centered south-
southwest of Cape Race, Newfoundland. Chris became a hurricane at an unusually high
latitude early on 21 June and reached its peak intensity at around 1200 UTC on 21 June,
when the system was located southeast of Cape Race. During the following two days, the
system gradually weakened and by 1800 UTC on 24 June, as it was already a post-tropical
cyclone, it was absorbed by a much larger baroclinic low-pressure system northwest of the
island of Flores in the westernmost Azores.

The weather charts (SLP) presented below provide information on synoptic devel-
opments preceding the formation of an apparent trigger of the process. The charts are
based on the British Met Office analysis, which is produced operationally by forecasters
using a range of products, including the output of the Met Office Unified Model and the
forecasters’” expertise. The locations of the cyclones occurring in the North Atlantic during
the period of the study are assessed manually, based on surface pressure minima, using
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6-hourly Met Office analysis charts. As follows from the charts, the process of formation
of the above-mentioned starting system was preceded by the development of a deep cy-
clone (central pressure 982 hPa) over the northwest Atlantic Ocean on about 8 June 2012
(Figure 5a) near 53° N, 4° W. The development was followed by a series of waves seen

on the maps for 9 June (Figure 5b), 10 June (Figure 5c), and 11 June (Figure 5d). Between

8 and 11 September 2012 (Figure 5a—d), a series of cyclones developed successively over

the North Atlantic, eventually leading to the formation of an extra-tropical cyclone on 12

June, which later became Hurricane Chris, and then to other intense synoptic events that

essentially defined the 2012 summer precipitation anomaly.

fanakss chist vaid 06 UTE Fra 0 0N 2002

& ] Geostrophic wind scale
L in kt for 4.0 hPa intervals

at
o2

R
e

85 25 i)

T

melsilice.gov.uk
& Crown Copyright

Archived by wwiw. wetterd.de

O806-12 08 UTC

vabyabs chrt ambd 03 UTE 547 (6 Jum S002

(b) Geostrophic wind scale
VT in kit for 4.0 hea intervals

40 135

[ 17!

[N —
et FLLRNILN
Bl 25

.
{
"

{ |
‘ ‘ :
] i \
metoffice. gov uk
& Crown Copyright

Archived by www. wetterd.de

Figure 5. Cont.

09-06-12 Q0 UTC

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

12 of 57

ks chast vadid 00 UTC S0 LB U 2002

(c) Geostrophic wind scale
=0 in kt for 4.0 hPa intervals

40_15

70
5 D
FaOe-+

1012 —

Lmelull‘:e‘ga\-.uk
Bl Croown Copyright

Archived by www.wetterd.de 10-08-12 00 UTC

[artaty s chiirt ikl 09 UTE MR 11 UM 2002 ] : ._::.‘._‘_‘_, B g Jof 2T ‘:,_.7'.' % L i H Pl X ]
() Smmetemis 1Y R 101 )
& 15 1% G 3010 19‘1.12

imetoffice gow uk
[ Cromn Copyright

Archived by www.wetlterd.de 1 106-12 00 UTC

Figure 5. Met Office analysis charts at 0000 UTC on (a) 08, (b) 09, (c) 10, (d) 11 June 2012 as indicated
in each panel. The analysis charts mark the sea level pressure (hPa), front positions, and extrema
of the surface pressures, with the maximum and minimum marked by H and L, respectively. The
pressure contour intervals are 4 hPa. Analysis charts are Crown copyrighted.

During the middle part of June, the Inter-tropical Convergence Zone migrated north-
ward to a position over southern Mexico. According to the official TC report on Tropical
Storm Debby from the National Hurricane Center [53], the formation of this powerful storm
of the period occurred almost simultaneously with that of Hurricane Chris. Pre-Debby
started its development as a large tropical storm that formed in the south—central Gulf of
Mexico [53]. Mid-level cyclonic circulation formed over the eastern Gulf of Tehuantepec on
18 June. A weak surface low-pressure area developed in association with this feature by
19 June. The low-pressure area gradually moved north-northeastward across the Yucatan
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peninsula during the next couple of days to the central Gulf of Mexico. Meanwhile, a large
area of showers began moving northwestward across the northwestern Caribbean Sea on
18 June. A portion of the wave reached the southeastern Gulf of Mexico on 20 June and
merged with the disturbance near the Yucatan peninsula over the next couple of days.

A trough of low pressure formed over the southeastern Gulf of Mexico on 22
June [53].Tropical Storm Debby formed around 12:00 UTC on June 23 south—southeast of
the mouth of the Mississippi River. After its formation, the tropical storm gradually intensi-
fied near the northeastern Gulf of Mexico on 24 June. By 25 June, the storm’s center was
located over the Florida Peninsula. Debby approached the coast of Florida’s Big Bend on 26
June and made landfall near Steinhatchee, Florida. The cyclone then crossed north-central
Florida and weakened to a tropical depression southwest of Gainesville on 27 June. The
depression moved across the remainder of north—central Florida, emerging offshore off
the northeastern coast of Florida by 12:00 UTC on 27 June. Debby’s circulation began to
dissipate on 27 June. The remnants of Debby underwent several reorganizations, and on 28
June, a new circulation center formed between the east coast of Florida and Bermuda. The
non-tropical cyclone intensified slightly, slowing and approaching Bermuda. On 29 June,
the system became more frontal. Around 18:00 UTC on 30 June, south of Newfoundland,
the cyclone degenerated into an open trough [53].

An important role of post-tropical cyclones (PTCs) in rare instances of hazardous
precipitation and flooding in mid-latitudes has been demonstrated (see, for example, [57]
and references therein). Accurately accounting for PTC data, and especially changes in their
trajectories due to interactions with upper-tropospheric jet streams, opens opportunities
for reliable warning of the public about the possibility of natural disasters, although the
interaction of PTCs with the airflows in mid-latitudes often significantly complicates the
forecasting of such weather events, creating challenges for risk management. The poleward
trajectory of Storm Debby (and its remnants)—unlike that of Storm Chris—allows this
system [57] to be seen as the key factor determining the intensity of extreme weather events
in Europe during June and July 2012, as well as the anomalous nature of that year’s summer
precipitation.

5. Trajectories of Air Parcels

To understand the role of Debby in the large-scale synoptic process under analysis,
maps of the spatial distribution of three-day mean sea level pressure (Figure 6a—f) and
CPW (Figure 7a—f) were constructed for the periods of 14-16 June, 17-19 June, 20-22 June,
23-25 June, 26-28 June, and 29 June-1 July, respectively. As follows from Figure 6a, the
three-day sea level pressure distribution pattern for 14-16 June was characterized by the
presence of a deep cyclone located southwest of the British Isles and another cyclone in the
western part of the sub-tropical zone of the North Atlantic. Also noteworthy is the presence
of two anticyclones: one centered over Newfoundland and Greenland, and the other over
the Azores Islands. Over the next five three-day periods (Figure 6b—f), a strong cyclone
formed over or near the east coast of North America, the anticyclone weakened over North
America, the Azores Anticyclone gradually strengthened, and by 23-25 June (Figure 6d), a
narrow low-pressure area formed, extending from the western sub-tropical and then central
North Atlantic to northwestern Europe. Figure 7a—f show that between 14 June and 1 July,
a large amount of high-CPW air was transported from the southwestern North Atlantic
to Europe. The direction of the moist air streams (towards the north-northeast and east)
explains a substantial (>30 kg m~2) amount of moist air observed during 4-7 July 2012 over
Europe and (exceeding 40 kg m~2—not presented) the Black Sea region. These conclusions
are further supported by the results of ensemble forward trajectory calculations, which
provide a general overview of the air transport during the period. The role of the water
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vapor originating from the area of activity of Debby in observed extreme rains in Europe
appears evident.

The potential for extreme precipitation in mid-latitudes resulting from the transport of
moist tropical air masses from an Atlantic hurricane zone has previously been discussed
(see, e.g., [58-60]). The transport of moist air masses from the North Atlantic to Europe
is carried out primarily by extra-tropical cyclones lifting and directing huge volumes of
water vapor via atmospheric rivers, warm conveyor belts, low-level jets, as well as air-sea
surface fluxes and evaporation (e.g., [61-64] and references herein). Upper tropospheric
moistening by tropical cyclones and, especially, hurricanes may also play a significant
role. In this analysis (as in [58,59]), we do not attempt to elucidate the precise physical
mechanisms (for details see, e.g., [64,65] and references herein) that ensured the transport
of moist air of tropical origin to mid-latitudes but limit the analysis by computation of air-
mass trajectories. The trajectory calculations were performed for three different air masses,
initially located at altitudes of 1500, 5000, and 9000 m. To address the role of the air masses
originating from the area with the Tropical Storm Debby during the end of June to the first
week of July 2012 in Europe, forward air-mass trajectories have been calculated for 240 h
with the help of the HYSPLIT-4.9 Hybrid Single-Particle Lagrangian Integrated Trajectory
Model (http://www.arl.noaa.gov (accessed on 29 September 2026); [66]). Gridded 0.5°
resolution data from the National Center for Environmental Prediction (NCEP) Global
Data Assimilation System (GDAS) (Global Data Assimilation System)—derived every three
hours from the native Global Forecast System (GFS) hybrid sigma-coordinate system—were
used as the input for the calculations. To reduce uncertainties associated with trajectory
calculations based on data of limited spatial resolution and accuracy, HYSPLIT was run in
ensemble mode to generate a set of trajectories from a single meteorological field [66]. Each
ensemble member is calculated from the same geographical location, but during the initial
computation, the meteorological grid is shifted by 41 grid step horizontally (x, y) and by
£0.005 steps vertically. This results in 27 ensemble members, each assumed to have equal
probability. All these calculations were made starting at 08:00 UTC each day between 16
June and 30 June, at the geographic locations 16.06 (25.00° N; 70.00° W); 17.06 (19.50° N;
74.16° W); 18.06 (19.50° N; 74.15° W); 19.06 (20.98° N; 89.62° W); 20.06 (21.50° N; 82.50°
W); 21.06 (19.50° N; 82.50° W); 22.06 (21.50° N; 82.50° W); 23.06 (19.00° N; 82.00° W); 24.06
(19.00° N; 82.00° W); 25.06 (30.50° N; 87.30° W); 26.06 (29.70° N; 83.40° N); 27.06 (29.65°
N; 82.30° W); 28.06 (32.30° N; 65.00° W); 29.06 (36.00° N; 58.15° W); and 30.06 (41.70° N;
50.00° W) where Debby (or the pre- or post-Debby cyclone) was observed according to [53].
The results are presented in Figure 8, [(1) 16.06; (2) 17.06; (3) 18.06; (4) 19.06; (5) 20.06; (6)
21.06; (7) 22.06; (8) 23.06; (9) 24.06; (10) 25.06; (11) 26.06; (12) 27.06; (13) 28.06; (14) 29.06; (15)
30.06].
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Figure 6. Maps with 3-day composite SLP for (a) 14-16 June, (b) 17-19 June, (c) 20-22 June, (d) 23-25
June, (e) 26-28 June, (f) 29 June-1 July 2012, shading interval 400 Pa. [based on the NOAA CIRES
DOE 20th century 20CRV3 reanalysis data].
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Figure 7. Maps with 3-day composite CPW for (a) 14-16 June, (b) 17-19 June, (c) 20-22 June, (d) 23-25
June, (e) 26-28 June, (f) 29 June-1 July 2012.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

21 of 57

(al )Fon:vard trajec

Meters AGL

(

Source » at 25.00 N 70.00 W

Meters AGL

Source » at 25.00 N 70.00 W

NOAA HYSPLIT MODEL
tories starting at 0800 UTC 16 Jun 12
GHDA Meteorological Data

Job 1D: 136847 Job Start: Fri Jun 19 16:38:18 UTC 2026
Source 1 lat.: 25.00000 lon.:-70.0000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 16 Jun 2012 - GDASOp5

bl )Forward trajec

NOAA HYSPLIT MODEL

GHDA Meteorological Data

tories starting at 0800 UTC 16 Jun 12

Job ID: 136959 Job Start: Fri Jun 19 16:40:51 UTC 2026
Source 1 lat.:25.00000 lon.:-70.0000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 16 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

22 of 57

(cl) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 16 Jun 12
GHDA Meteorological Data

Source » at 25.00N 70.00 W

Meters AGL

Job 1D: 137082 Job Start: Fri Jun 19 16:44:21 UTC 2026
Source 1 lat.: 25.00000 lon.:-70.0000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs ;
Vertical Motion Calculation Method: ~ Model Vertical Velocity
Meteorology: 0000Z 16 Jun 2012 - GDASOpS

(a2) NOAA HYSPLIT MODEL

Forward trajectories starting at 0800 UTC 17 Jun 12

GHDA Meteorological Data

¥ . caog
=
wn
=
NS
s
)
-
®
*
(0]
e
=
[
w
A
-l
0]
<
@
2
(5]
=
Job ID: 137226 Job Start: Fri Jun 19 16:47:53 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.150000 height: 1500 m AGL
Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 17 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

23 of 57

b2) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 17 Jun 12
GHDA Meteorological Data

(

7416 W

S Jo B
" PN
6,'%‘

— “‘\.‘%f'

at 19.50N

Source »

Meters AGL

Job ID: 15223 Job Start: FriJul 3 14:23:22 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.160000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs ;
Vertical Motion Calculation Method:  Model Vertical Velocity

Meteorology: 0000Z 17 Jun 2012 - GDASOpS

NOAA HYSPLIT MODEL

(c2 )Fowvard trajectories starting at 0800 UTC 17 Jun 12

GHDA Meteorological Data

=

Yo}

=

NS

P4

o

0

[2}

-

®

*

(0]

2L

=

[«

3]

-l

O

<

o

&

[

=
Job ID: 137403 Job Start: Fri Jun 19 16:56:42 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.150000 height: 8000 m AGL
Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 17 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35 24 of 57

) NOAA HYSPLIT MODEL

Forward trajectories starting at 0800 UTC 18 Jun 12
GHDA Meteorological Data

-30 .: 0

[
3

(a3

Source » at 19.50N 74.15W

Meters AGL

Job 1D: 132794 Job Start: Fri Jun 19 12:36:52 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.150000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs

Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 18 Jun 2012 - GDASOp5

(b3) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 18 Jun 12
GHDA Meteorological Data

Source » at 19.50N 74.15W

Meters AGL

Job ID: 127976 Job Start: Fri Jun 19 09:02:58 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.150000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 18 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

25 of 57

(

Meters AGL

Source » at 20.98 N 89.62 W

(c3)

Source » at 19.50N 74.15W

Meters AGL

ad )Fon/vard trajec

NOAA HYSPLIT MODEL

GHDA Meteorological Data

Forward trajectories starting at 0800 UTC 18 Jun 12

g e

Job ID: 128083 Job Start: Fri Jun 19 09:05:32 UTC 2026
Source 1 lat.: 19.500000 lon.: -74.150000 height: 9000 m AGL

Duration: 240 hrs
ertical Motion Calculation Method: ~ Model Vertical Velocity
Meteorology: 0000Z 18 Jun 2012 - GDASOpS

'\Srajector Direction: Forward

NOAA HYSPLIT MODEL

GHDA Meteorological Data

tories starting at 0800 UTC 19 Jun 12

~

Job ID: 132651 Job Start: Fri Jun 19 12:25:33 UTC 2026
Source 1 lat.: 20.9800000 lon.:-89.62 height: 1500 m AGL

Trajectory Direction: Forward ~ Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 19 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

26 of 57

(bd) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 19 Jun 12
GHDA Meteorological Data

Source » at 20.98 N 89.62 W

Meters AGL

Job ID: 132714
Source 1 lat.: 20.9800000 lon.:-89.62 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
ertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 19 Jun 2012 - GDASOp5S

Job Start: Fri Jun 19 12:31:01 UTC 2026

(c4) NOAA HYSPLIT MODEL

Forward trajectories starting at 0800 UTC 19 Jun 12

GHDA Meteorological Data

=

o

©

[o2]

[=e}

>

o

o

®

*

(0]

e

= |

° H

w

]

O]

<

4

2

[}

=
Job ID: 132749 Job Start: Fri Jun 19 12:33:09 UTC 2026
Source 1 [at.: 20.9800000 lon.:-89.62 height: 9000 m AGL
Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 19 Jun 2012 - GDASOp5S

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

27 of 57

(

Source » at 21.50N 8250 W

(

Source » at 21.50 N 8250 W

Meters AGL

Meters AGL

ab) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 20 Jun 12
GHDA Meteorological Data

Job ID: 132813 Job Start: Fri Jun 19 12:41:03 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 20 Jun 2012 - GDAS0pS

b5) ~ NOAAHYSPLIT MODEL
Forward trajectories starting at 0800 UTC 20 Jun 12
GHDA Meteorological Data

<C 7B
\ '.-‘!":“?
-140 -1?0 %&‘ /60

, S N5
e
QoI -

Job ID: 132890 Job Start: Fri Jun 19 12:44:18 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs .
Vertical Motion Calculation Method: Model Vertical Velocity

Meteorology: 0000Z 20 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

28 of 57

(c5) NOAA HYSPLIT MODEL

Source » at 21.50 N 8250 W

Meters AGL

Forward trajectories starting at 0800 UTC 20 Jun 12
GHDA Meteorological Data

Job ID: 132982 Job Start: Fri Jun 19 12:48:25 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 20 Jun 2012 - GDAS0pS

(ab) NOAA HYSPLIT MODEL

Meters AGL

6 Forward trajectories starting at 0800 UTC 21 Jun 12
GHDA Meteorological Data

Source » at 19.50 N 82.50 W

=
# f‘jg %\M/ v

- 44

&

Job ID: 133599 Job Start: Fri Jun 19 13:24:38 UTC 2026
Source 1 lat.: 19.500000 lon.: -82.50000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs -
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 21 Jun 2012 - GDASOpS

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

29 of 57

(b6) NOAA HYSPLIT MODEL

6 Forward trajectories starting at 0800 UTC 21 Jun 12

GHDA Meteorological Data

Source » at 19.50 N 82.50 W

Meters AGL

Source 1 lat.: 19.500000 lon.: -82.50000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 21 Jun 2012 - GDASOpS

Job ID: 133631 Job Start: Fri Jun 19 13:26:20 UTC 2026

( NOAA HYSPLIT MODEL

GHDA Meteorological Data

cé )FonNard trajectories starting at 0800 UTC 21 Jun 12

Source » at 19.50 N 82.50 W

Meters AGL

Job ID: 133650 Job Start: Fri Jun 19 13:27:49 UTC 2026
Source 1 lat.: 19.500000 lon.: -82.50000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs ;
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 21 Jun 2012 - GDASOpS

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

30 of 57

(a7) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 22
GHDA Meteorological Data

Jun 12

Source » at 21.50 N 82.50 W

L jin?

Meters AGL

Job ID: 133044 Job Start: Fri Jun 19 12:52:09 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 22 Jun 2012 - GDASOp5

(b7) ) NQAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 22
GHDA Meteorological Data

Jun 12

21.50 N 82.50 W

at

Source »

Meters AGL

-11000
- 9500
- 8000
6500
5000

Job ID: 133158 Job Start: Fri Jun 19 12:56:28 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 5000 m AGL

Trajectoax Direction: Forward  Duration: 240 hrs ;
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 22 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

31 of 57

(c7) NOAA HYSPLIT MODEL

GHDA Meteorological Data

Forward trajectories starting at 0800 UTC 22 Jun 12

I

[ee}

p<

-

o

®

*

[0

e

2

[

2]

|

0]

<

4

®

[5]

=
Job ID: 133216 Job Start: Fri Jun 19 13:00:20 UTC 2026
Source 1 lat.: 21.500000 lon.: -82.50000 height: 9000 m AGL
Trajectolr\x Direction: Forward  Duration: 240 hrs .
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 22 Jun 2012 - GDASOp5

( NOAA HYSPLIT MODEL

GHDA Meteorological Data

a8 )FonNard trajectories starting at 0800 UTC 23 Jun 12

Source » at 19.00 N 82.00 W

Meters AGL

Job ID: 133304 Job Start: Fri Jun 19 13:03:43 UTC 2026
Source 1 lat.: 19.00000 lon.:-82.0000 height: 1500 m AGL

Trajectory Direction: Forward ~ Duration: 240 hrs
ertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 23 Jun 2012 - GDASOpS

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

32 of 57

(b8) NOAA HYSPLIT MODEL

Forward trajectories starting at 0800 UTC 23 Jun 12
GHDA Meteorological Data

Source » at 19.00N 82.00 W

S

Meters AGL

Job ID: 133349 Job Start: Fri Jun 19 13:05:47 UTC 2026
Source 1 lat.: 19.00000 lon.:-82.0000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 23 Jun 2012 - GDASOp5S

NOAA HYSPLIT MODEL

(c8 )Forward trajectories starting at 0800 UTC 23 Jun 12

Source » at 19.00N 82.00 W

Meters AGL

GHDA Meteorological Data

o \ e

Job 1D: 133359 Job Start: Fri Jun 19 13:07:00 UTC 2026
Source 1 lat.: 19.00000 lon.:-82.0000 height: 9000 m AGL

Trajectory Direction: Forward ~ Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 23 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

33 of 57

NOAA HYSPLIT MODEL

(a9 )Forward trajectories starting at 0800 UTC 24 Jun 12

GHDA Meteorological Data

Source » at 19.00N 82.00 W

v 7

Meters AGL

Job ID: 133400 Job Start: Fri Jun 19 13:10:31 UTC 2026
Source 1 lat.: 19.00000 lon.:-82.0000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 24 Jun 2012 - GDASOp5

(b9) NOAA HYSPLIT MODEL
Forward trajectories starting at 0800 UTC 24 Jun 12
GHDA Meteorological Data

Source % at 19:00N 82.00 W

Meters AGL

Job 1D: 133543 Job Start: Fri Jun 19 13:18:28 UTC 2026
Source 1 lat.: 19.00000 lon.:-82.0000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 24 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

34 of 57

( NOAA HYSPLIT MODEL

GHDA Meteorological Data

c9 )FonNard trajectories starting at 0800 UTC 24 Jun 12

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A

Source » at 19.00N 82.00 W

Meters AGL

Job ID: 133561
Source 1 lat.: 19.00000 lon.:-82.0000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs ;
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 24 Jun 2012 - GDASOpS

Job Start: Fri Jun 19 13:20:57 UTC 2026

NOAA HYSPLIT MODEL

(al (porward trajectories starting at 0800 UTC 25 Jun 12

GHDA Meteorological Dat

=

o

@

&

P4

8

®

* h

[0

e

2

[

w

|

O

<

@

3

=
Job ID: 133678 Job Start: Fri Jun 19 13:30:47 UTC 2026
Source 1 lat.: 30.500000 lon.: -87.30000 height: 1500 m AGL
Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 25 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

35 of 57

NOAA HYSPLIT MODEL

(bl OF)on/vard trajectories starting at 0800 UTC 25 Jun 12

Source » at 30.50 N 87.30 W

Meters AGL

GHDA Meteorological Data

Job ID: 133716 Job Start: Fri Jun 19 13:34:37 UTC 2026
Source 1 lat.: 30.500000 lon.: -87.30000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs

Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 25 Jun 2012 - GDASOpS

NOAA HYSPLIT MODEL

(el OF)on/vard trajectories starting at 0800 UTC 25 Jun 12

Meters AGL

Source » at 30.50N 87.30 W

GHDA Meteorological Data

Ty P A SRR \\s&’ "? X
k. & . = _~ ‘Q’Q 3!
M . A
3
N
@7.;" ‘T;?’ b ,
| O/ &P

Job ID: 133741 Job Start: Fri Jun 19 13:37:32 UTC 2026
Source 1 lat.: 30.500000 lon.: -87.30000 height: 9000 m AGL

Trajectory Direction: Forward ~ Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 25 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

36 of 57

(al 1F)on~ard trajec

(bl 1F)orward trajec

Meters AGL

NOAA HYSPLIT MODEL
tories starting at 0800 UTC 26 Jun 12
GHDA Meteorological Data

Source » at 29.70 N 83.40 W

‘ Meters AGL

Job ID: 133771
Source 1 lat.: 29.700000 lon.: -83.40000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 26 Jun 2012 - GDASOp5

Job Start: Fri Jun 19 13:41:06 UTC 2026

NOAA HYSPLIT MODEL

GHDA Meteorological Data

tories starting at 0800 UTC 26 Jun 12

Source » at 29.70N 83.40 W

Job ID: 133794 Job Start: Fri Jun 19 13:43:41 UTC 2026
Source 1 lat.: 29.700000 lon.: -83.40000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 26 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35 37 of 57

(cl ]F) ~ NOAAHYSPLIT MODEL
orward trajectories starting at 0800 UTC 26 Jun 12
GHDA Meteorological Data

Source » at 29.70 N 83.40 W

Meters AGL

Job ID: 133813 Job Start: Fri Jun 19 13:47:43 UTC 2026
Source 1 lat.: 29.700000 lon.: -83.40000 height: 9000 m AGL

Trajectoix Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 26 Jun 2012 - GDASOpS

(al %:) ~ NOAAHYSPLIT MODEL
orward trajectories starting at 0800 UTC 27 Jun 12
GHDA Meteorological Data

T - ¢

= :

o

@

|

zZ

® |

*

o |

e

5

]

w

—

O

<

4

L

[

=
Job ID: 134161 Job Start: Fri Jun 19 14:05:06 UTC 2026
Source 1 lat.: 29.6500000 lon.:-82.30000 height: 1500 m AGL
Trajectory Direction: Forward ~ Duration: 240 hrs ;
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 27 Jun 2012 - GDASOpS

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

38 of 57

(bl ZF) ~ NOAAHYSPLIT MODEL
‘orward trajectories starting at 0800 UTC 27 Jun 12
GHDA Meteorological Data

A2

Source % at 29.65 N 8230 W

Meters AGL

Job ID: 134239 Job Start: Fri Jun 19 14:09:13 UTC 2026
Source 1 lat.: 29.6500000 lon.:-82.30000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 27 Jun 2012 - GDASOp5S

NOAA HYSPLIT MODEL

(el 2F)orward trajectories starting at 0800 UTC 27 Jun 12

GHDA Meteorological Data

3

Source » at 29.65N 82.30 W

Meters AGL

=2 10500

= 15500
=== - 13000

- 8000

Job ID: 134289 Job Start: Fri Jun 19 14:12:34 UTC 2026
Source 1 lat.: 29.6500000 lon.:-82.30000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 27 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

39 of 57

(al 31=)orward trajec

NOAA HYSPLIT MODEL
tories starting at 0800 UTC 28 Jun 12
GHDA Meteorological Data

‘ 7 -

= F T 4 i e =

P4

o

]

[8V]

@

®

*

|

ol

>

[«3

w

o |

(O]

<C

2

g

=
Job ID: 134323 Job Start: Fri Jun 19 14:15:46 UTC 2026
Source 1 lat.: 32.300000 lon.: -65.0000 height: 1500 m AGL
Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 28 Jun 2012 - GDASOp5

NOAA HYSPLIT MODEL

(bl %:)orward trajectories starting at 0800 UTC 28 Jun 12

GHDA Meteorological Data

=

P4

o

@

o

(s2]

® |

*

[0

e

=

o

7]

-

O

<

4

L

[

=
Job ID: 134380 Job Start: Fri Jun 19 14:20:33 UTC 2026
Source 1 lat.: 32.300000 lon.: -65.0000 height: 5000 m AGL
Tra'ectoa Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 28 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

40 of 57

NOAA HYSPLIT MODEL

(el %gowvard trajectories starting at 0800 UTC 28 Jun 12

Meters AGL

GHDA Meteorological Data

Source » at 32.30 N 65.00 W

Job ID: 134408 Job Start: Fri Jun 19 14:24:35 UTC 2026
Source 1 lat.: 32.300000 lon.: -65.0000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method:  Model Vertical Velocity

Meteorology: 0000Z 28 Jun 2012 - GDASOp5

NOAA HYSPLIT MODEL

e 4F)orward trajectories starting at 0800 UTC 29 Jun 12

Source » at 36.00N 58.15W

Meters AGL

GHDA Meteorological Data

: ‘ e 40
‘ L ..50 T ‘ g
[ e 20

Job ID: 134447 Job Start: Fri Jun 19 14:29:20 UTC 2026
Source 1 lat.: 36.00000 lon.:-58.150000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs :
Vertical Motion Calculation Method:  Model Vertical Velocity

Meteorology: 0000Z 29 Jun 2012 - GDASOp5

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

41 of 57

NOAA HYSPLIT MODEL

(bl 4F)orward trajectories starting at 0800 UTC 29 Jun 12

GHDA Meteorological Data

2

Source » at 36.00 N 58.15W

Meters AGL

Job ID: 134487 Job Start: Fri Jun 19 14:31:16 UTC 2026
Source 1 lat.: 36.00000 lon.:-58.150000 height: 5000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 29 Jun 2012 - GDASOp5

NOAA HYSPLIT MODEL

(cl 4F)onfvard trajectories starting at 0800 UTC 29 Jun 12

GHDA Meteorological Data

Source » at 36.00N 58.15 W

Meters AGL

Job ID: 134543 Job Start: Fri Jun 19 14:36:32 UTC 2026
Source 1 |at.: 36.00000 lon.:-58.150000 height: 9000 m AGL

Trajectory Direction: Forward  Duration: 240 hrs 2
Vertical Motion Calculation Method:  Model Vertical Velocity
Meteorology: 0000Z 29 Jun 2012 - GDASOpS

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

42 of 57

NOAA HYSPLIT MODEL

(al E%’onlvard trajectories starting at 0800 UTC 30 Jun 12

GHDA Meteorological Data

[ 2=

Source » at 41.70N 50.00 W

Meters AGL

Job ID: 134655 Job Start: Fri Jun 19 14:41:06 UTC 2026
Source 1 lat.: 41.700000 lon.: -50.0000 height: 1500 m AGL

Trajectory Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 30 Jun 2012 - GDASOp5

NOAA HYSPLIT MODEL

(b1 5F)on/vard trajectories starting at 0800 UTC 30 Jun 12

GHDA Meteorological Data

&T
$

=

o

<

Z -

o

~

b

<

© |

* |

@

e

=

[

[}

o |

0]

<

o

&

[

=
Job ID: 134687 Job Start: Fri Jun 19 14:43:39 UTC 2026
Source 1 lat.: 41.700000 lon.: -50.0000 height: 5000 m AGL
Tra‘ectolr\x Direction: Forward  Duration: 240 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 30 Jun 2012 - GDASOp5S

Figure 8. Cont.

https://doi.org/10.3390 /meteorology5040035


https://doi.org/10.3390/meteorology5040035

Meteorology 2026, 5, 35

43 of 57

(cl %:) NOAA HYSPLIT MODEL
orward trajectories starting at 0800 UTC 30 Jun 12
GHDA Meteorological Data

2.9
LA (4

o

<

o

n

P4

o

™~

-

<

®

*

(]

e .

=3

[

w

-l

O]

<<

%]

s

&

(]

=
Job ID: 134720 Job Start: Fri Jun 19 14:46:23 UTC 2026
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Figure 8. Ensemble forward trajectories calculated for 240 h with the HYSPLIT-4.9 Hybrid Single-
Particle Lagrangian Integrated Trajectory Model using 0.5° resolution National Center for Environ-
mental Prediction (NCEP) Global Data Assimilation System (GDAS) data all starting at 08:00 UTC
from corresponding geographic locations of Tropical Storm Debby in 2012—(a1,b1,c1) 16.06; (a2,b2,c2)
17.06; (a3,b3,c3) 18.06; (a4,b4,c4) 19.06; (a5,b5,c5) 20.06; (a6,b6,c6) 21.06; (a7,b7,c7) 22.06; (a8,b8,c8)
23.06; (a9,b9,c9) 24.06; (a10,b10,c10) 25.06; (a11,b11,c11) 26.06; (a12,b12,c12) 27.06; (a13,b13,c13) 28.06;
(al14,b14,c14) 29.06; (a15,b15,c15) 30.06. Left panel (a)—height of the starting points at 1500 m above
ground level (AGL); (b) central panel at 5000 m AGL; right panel (c) at 9000 m AGL.

Where the left panel (al-al5) shows the trajectories of the air masses at the initial
moment of time, located at an altitude of 1500 m above ground level (AGL), while the
central panel (b1-b15) is at an altitude of 5000 m AGL, and the right panel (c1-15) is at
an altitude of 9000 m AGL. As can be seen from Figure 8a, moist air masses that formed
in the region where Debby was already developing reached Europe before 28 June. Air
masses that were in this region on 16 June (Figure 8al-cl)moved toward Europe in the
lower, middle, and upper troposphere and, therefore, could have been the main cause of
intense synoptic processes in northern Europe on 28 June 2012 [46]. The transport of air
masses into Europe (confined to the mid-troposphere) continued into the following day, 17
June (Figure 8a2—c2); however, it subsequently ceased and did not resume until 23 June
(Figure 8a8—c8)—by which time Storm Debby had fully formed. Between 23 June and 27
June (Figure 8al12—c12), air masses were transported from the vicinity of Storm Debby into
Europe, while from 28 June (Figure 8al3-c13) onwards, long-range transport was observed
in the upper troposphere—extending from the Storm Debby region toward central Asia and
possibly further, reaching as far as Japan and China. The results of the trajectory analysis
presented in Figure 8 suggest that the intense rainfall that occurred in Ireland on 28 June
could be a consequence of the powerful outburst of air masses from the Debby pre-storm
region that occurred between 16 and 17 June. As can be seen in the right panel of Figure 8c1,
the air transport that occurred during this stage of the upper tropospheric synoptic process
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could have delivered significant volumes of moist air much further east. According to
the results presented in the figures showing the directions of air traffic from the area of
Tropical Storm Debby that began on 24, 25 and 27, 28 June (Figure 8.9-8.10; 8.12-8.13), the
synoptic developments and the processes of formation of unprecedented rainfall intensity,
discussed in the already referenced studies [31,32,44,46-49], in England, Scandinavia and
the northern Black Sea coast on 6 and 7 June also appear to be a result of an impact of
Tropical Storm Debby on Europe associated with the transport of high amounts of moist air
masses of tropical and oceanic origin in some cases into the continental areas, leading to
the formation of conditions similar to those in the atmospheric rivers e.g., [63].

The timings of the events, with torrential rains and catastrophic floods on 13-15
June 2012 in the Netherlands, the unprecedented storm in England on 28 June, torrential
rains and devastating floods on 5-7 July in various districts of the United Kingdom, the
Netherlands, Sweden and Estonia, as well as the disastrous floods on 67 July (among them
disastrous floods in the town of Krymsk) in the northern Black Sea coastal area of Russia,
are fully consistent with the presented in the analysis results of trajectory computations.
This indicates that it is highly possible that all these catastrophic events mentioned above
have resulted from the fact that during the period, the European continent was both directly
and indirectly hit by the North Atlantic remnants of Chris and Debby. Results of trajectory
computation show that the impact could not be limited to the transport of moist air masses
by atmospheric rivers and warm conveyor belts in the cyclones but also associated with
intense direct long-range air-mass transport [61,63,67,68].

6. Additional Evaluations

Hovmoller diagrams [38] were also constructed in time-longitude coordinates for
relative humidity (RH) at the 850, 500, and 300 hPa isobaric levels over a 24-day period
(from 16 June to 10 July 2012) for two sectors: the North Atlantic (60-10° W, 35-55° N) and
Europe (10° W—40° E, up to 60° N), the boundaries of which are shown as quadrilaterals
in Figure 1b. These diagrams (presented for sectors A and B in Figures 9a—c and 10a—c,
respectively) provide additional information on the synoptic process. In the Atlantic sector
(Figure 9a—c), the period from 16 to 20 June is characterized by a vertically coherent region of
high humidity associated with pre-Debby and moving eastward; this region encompasses
layers extending from the 850 hPa level (RH > 80%) through the 500 hPa level (56—-64%)
and up to 300 hPa (72-80%), demonstrating the transport of moist air masses along the
air-parcel trajectories shown in all three panels of Figure 8a. During the remainder of the
period under consideration, the diagrams show high RH values (latitude-averaged) in
the lower troposphere (Figure 9a), as well as a marked increase in atmospheric moisture
content in the middle and upper troposphere after approximately 25 June, i.e., during the
period characterized by intense mid- and upper-tropospheric air-mass transport from the
area with Debby and its remnants to Europe.
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Figure 9. Hovmoller diagrams of relative humidity (%) at (a) 850, (b) 500 and (c) 300hPa in the Atlantic
(indicated as A in Figure 1b) for the latitudinal range 35-55 N in the 24 d period between 16 June and 10
July 2012 (shaded) [based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].

According to Figure 10a—c, moist air from the Atlantic sector (A) entered Europe via
mid- and upper-tropospheric airflows in two waves (the first beginning around 26 June, and
the second on 4 July). It can be suggested that the moist air from the first wave contributed
to heavy rains over both northwestern Europe (around 28 June) and the Black Sea region
(around 6 June), whereas the bulk of the air that reached the region with the second wave
contributed to precipitation primarily over northwestern Europe around 6 June.

This suggestion is qualitatively supported by the spatial distribution of specific hu-
midity at the 850 and 500 hPa levels, as shown in Figures 11a—d and 12a-d for two periods
(26-28 June and 5-7 July), during which the aforementioned extreme precipitation events
occurred in Europe (around 28 June and 6 July). Observational (reanalysis) data on specific
humidity at the 850 hPa level indicate the presence of zones with large positive humidity
anomalies over Europe at both the 850 and 500 hPa levels. The specific humidity anomaly
values—highlighted in dark blue in Figures 11a—c and 13a—c (for the 850 hPa level) and in
light green in Figures 12d—f and 14a—c (for the 500 hPa level), indicating zones with a high
probability of extreme precipitation (3—4 g/kg at 850 hPa and 1-2 g/kg at 500 hPa)—are
consistent with research findings on improving methods for detecting and forecasting
extreme precipitation using numerical modeling technologies [69-71].
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Figure 10. Hovmoller diagrams of relative humidity (%) at (a) 850, (b) 500 and (c) 300hPa in the Atlantic
(indicated as B in Figure 1b) for the latitudinal range 40-60 N in the 24 d period between 16 June and 10
July 2012 (shaded) [based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].
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Figure 11. Anomaly (with respect to the 1981-2010 monthly climatology) of specific humidity (kg/kg)
patterns (shading, contour interval 1 kg/kg) for 00:00 UTC on 26, 27 and 28 June 2012 at 850 (a—c) [based
on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].
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Figure 12. Anomaly (with respect to the 1981-2010 monthly climatology) of specific humidity (kg/kg)
patterns (shading, contour interval 1 kg/kg) for 00:00 UTC on 26, 27 and 28 June 2012 at 500 (a—c) [based
on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].
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Figure 13. Anomaly (with respect to the 1981-2010 monthly climatology) of specific humidity (kg/kg)
patterns (shading, contour interval 1 kg/kg) for 00:00 UTC on 5, 6 and 7 of July 2012 at 850 hPa (a—c).
[based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].
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Figure 14. Anomaly (with respect to the 1981-2010 monthly climatology) of specific humidity (kg/kg)
patterns (shading, contour interval 1 kg/kg) for 00:00 UTC on 5, 6 and 7 of July 2012 at 500 hPa (a—c).
[based on the NOAA CIRES DOE 20th century 20CRV3 reanalysis data].

7. Discussion

The dynamic interaction of upper-tropospheric Rossby waves, the polar and subtrop-
ical jet streams, and North Atlantic storm tracks determines the summer precipitation
regime in western Europe. While winter precipitation is largely driven by strong, persis-
tent storm tracks, summer rainfall depends on a combination of jet stream shifts, wave
activity, and local convective storms. Furthermore, Atlantic cyclones often play a crucial
role in transporting moisture from low latitudes to Europe in cases associated with extreme
precipitation.

The results presented here indicate that the intense synoptic processes that dominated
a large area from the western tropical North Atlantic to the British Isles and Scandinavia
in the North Atlantic during the first half (June-July) of the summer season may have
played a significant role in determining the anomalous summer precipitation distribution in
Europe in 2012. The main synoptic events that appear to have contributed to the anomalous
summer precipitation characteristics include the formation of a deep cyclone near the
British Isles around 8 June, which likely triggered subsequent processes, and the nearly
simultaneous formation of two strong tropical systems: Hurricane Chris (18-22 June)
and Tropical Storm Debby (23-27 June). The poleward trajectory of Storm Debby (and its
remnants) suggests that this system [57] was a key driver of the intensity of extreme weather
events in Europe in June and July 2012, as well as the anomalous summer precipitation
pattern that year. This indicates that from mid-June to mid-July, the European region—from
the northwestern regions to the northern Black Sea coast—was affected by post-tropical
systems formed from the remnants of Tropical Storm Debby, whose development, in turn,
was apparently influenced by the development of Hurricane Chris.

It is highly possible that the impact was associated at least partly with intense di-
rect long-range air-mass transport [63,67,68]. According to the data available, it may be
hypothesized that the whole process was triggered by the formation [16,18,72] of a deep
cyclonic system near to the British Islands and Scandinavia on about 7-8 June (possibly
as a result of the record low level of Arctic sea ice, which apparently was a consequence
of climate change). Based on the above, we conclude that the sharp contrasts in precipita-
tion anomalies over Europe in the summer of 2012 manifested the role of an influence of
Atlantic tropical cyclones on European summer climate [57] and precipitation formation
in Europe [21,73,74]. The development of the process that caused the floods in Europe
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in June—July 2012 may indicate an increasing dependence of the European climate on the
intensity of synoptic processes in the tropical Atlantic Ocean, as well as the possibility of
similar events recurring in the future [75-79].

8. Conclusions

It may be concluded that the timings of the events, with torrential rains and catas-
trophic floods on 13-15 June 2012 in Netherlands, the unprecedented storm in England on
28 June, torrential rains and devastating floods on 5-7 July in various districts of the United
Kingdom, the Netherlands, Sweden and Estonia, as well as disastrous floods on 6-7 July
(among them disastrous floods in the town of Krymsk) in the northern Black Sea coastal
area of Russia, are fully consistent with the presented results of trajectory computations.
This indicates that all these catastrophic events of the summer of 2012 have apparently
resulted from the fact that during the period, the European continent was both directly and
indirectly hit by the North Atlantic remnants of Chris and Debby.

The unprecedented amounts of precipitation during the events allow a suggestion
that the abnormal character of the summer precipitation in western Europe during the
summer of 2012 has been largely a consequence of the fact that during the first part of the
season, high amounts of very moist air of tropical origin collected by Debby were exported
to Europe and further to the East. The development of the process that caused the floods in
Europe in June-July 2012 may indicate an increasing dependence of the European climate
on the intensity of synoptic processes in the tropical Atlantic Ocean in response to the
effects of the global warming, as well as the possibility of similar events recurring in the
future [75-80]. Identification of the facts appears to be important for a better understanding
of the regional trends in precipitation.

Although this finding means that the catastrophic precipitation events that occurred
in several areas in Europe during the period under consideration could likely have been
predicted in advance, this aspect of the problem was not addressed in the study. At the
current state of scientific research, the response to climate change of the Europe-impacting
post-tropical cyclones and their dependency on the tropical sources of water vapor is
uncertain [57,72,78,81]. The results presented do not allow a definite conclusion on the
source of rainwater which fell in Europe during the hazardous precipitation events in
Europe discussed above. Further research with the use of weather prediction and climate
models able to simulate strong tropical cyclones would be required to confidently assert if
the abnormal character of the 2012 summer precipitation in Europe was a consequence of
an accidental composition of synoptic processes or if there was a known permanently acting
physical factor responsible. In conclusion, it may also be noted that this factor possibly at
least partly also played a role in the other also unprecedented extreme precipitation events
registered during the subsequent 10-15 days over the territory of the Altai Mountains
in Russia [82,83], on 11-14 July in Yame, Fukuoka (33.2° N, 130.5° E), Japan [84,85], and
on 21-22 July in China, when Beijing (39.9° N, 116.4° E) received a regionally averaged
total precipitation of 190.3 mm, and the center of the rainfall event received 460.0 mm; the
observations of 11 stations broke the historical records. Overall, the flooding event resulted
in 79 fatalities and around $1.6 billion in damages [86-88]. Although the period from 8
July to 22 July has not been considered here, in accordance with the results of the earlier
analyses (e.g., [89-91]), it appears reasonable to expect a role of the Atlantic storm moisture
in these Eurasian extreme precipitation events also. Additional analyses are required for
convincing confirmation or rejection of the hypothesis.
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