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A new classification method of the large-scale circulation characteristic for a specific
target area (NW Iberian Peninsula) is presented, based on the analysis of 90-h backward
trajectories arriving in this area calculated with the 3-D Lagrangian particle dispersion
model FLEXPART. A cluster analysis is applied to separate the backward trajectories in
up to five representative air streams for each day. Specific measures are then used
to characterize the distinct air streams (e.g., curvature of the trajectories, cyclonic or
anticyclonic flow, moisture evolution, origin and length of the trajectories). The robustness
of the presented method is demonstrated in comparison with the Eulerian Lamb weather
type classification. A case study of the 2003 heatwave is discussed in terms of the new
Lagrangian circulation and the Lamb weather type classifications. It is shown that the
new classification method adds valuable information about the pertinent meteorological
conditions, which are missing in an Eulerian approach. The new method is climatologically
evaluated for the b-year time period from December 1999 to November 2004. The ability
of the method to capture the interseasonal circulation variability in the target region
is shown. Furthermore, the multi-dimensional character of the classification is shortly
discussed, in particular with respect to interseasonal differences. Finally, the relationship
between the new Lagrangian classification and the precipitation in the target area is

studied.
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INTRODUCTION
The interest in the relationship between circulation types and
surface climate increased in the last decades. Circulation type clas-
sifications were recently applied in climate studies (Huth et al.,
2008; Jacobeit, 2010) and to investigate how the frequency of
circulation types is associated with changes in surface weather
parameters like precipitation (e.g., Goodess and Palutikof, 1998;
Fowler and Kilsby, 2002; Kysely, 2008; Jones and Lister, 2009).
In a certain region and at a given time, the atmospheric circula-
tion can be described in different ways, which is reflected in the
large number of different circulation-based classifications (Huth
et al., 2008; Philipp et al., 2010). Traditionally, circulation types
are specific to a certain region and result from the examination of
gridded synoptic weather data, typically based on sea level pres-
sure (SLP) or geopotential height at 500 hPa (H500). These types
are often defined for each day or a group of consecutive days and
tend to reflect the circulation in a certain region (e.g., Hess and
Brezowsky, 1952; Kruizinga, 1979; Jones et al., 1993; Philipp et al.,
2007). Since these types are based on fields of SLP or H500 at one
time instant, they are called Eulerian classifications.

The analysis of trajectories approaching a target region pro-
vides an alternative possibility of studying circulation types (e.g.,

Stohl and Scheifinger, 1994; Jorba et al., 2004; Nyanganyura et al.,
2008). For such applications, Lagrangian models, which divide
the atmosphere into a finite number of air parcels moving accord-
ing to the three-dimensional winds (Stohl, 1998; Stohl et al,
2001), are very useful. The path followed by the air parcels, i.e., the
trajectory, accurately characterizes the history of the air streams
arriving at a specific site. Trajectory analyses are commonly used
in air quality studies and cluster analysis is often used to handle
large sets of trajectories (e.g., Dorling et al., 1992; Riccio et al.,
2007). These studies mainly rely on the position (latitude, longi-
tude, and height) of the air parcels. If specific humidity along the
trajectories is also considered, they can be used to study atmo-
spheric moisture transport by tracking air parcels moving to a
given area (James et al., 2004; Dirmeyer and Brubaker, 2006) or
to identify moisture sources of precipitation events (Sodemann
et al., 2008). Trajectory analysis has also been used to examine
meteorological phenomena like warm conveyor belts and tropi-
cal moisture export (e.g., Wernli and Davies, 1997; Stohl, 2001;
Eckhardt et al., 2004; Knippertz and Wernli, 2010).

In this work, a new classification method of the synoptic-scale
circulation is presented. It is based on the analysis of backward
trajectories and determines the representative airflow to the target
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region (Northwest Iberian Peninsula) for each day at 12 UTC. The
new method is compared to an automated version of the Eulerian
Lamb weather type classification (LWT, Lamb, 1972; Jones et al.,
1993). Additionally, the relationship between each circulation
type and precipitation is analyzed in order to investigate whether
the new method is able to distinguish different precipitation char-
acteristics. Section Target Region and Data Sets provides a brief
description of the target region and the data sets used. In Section
A New Classification Based on Lagrangian Backward Trajectories,
the new circulation type classification is described in detail and
applied to a case study. Section Inter-Seasonal Variability of
Individual Characteristics presents an analysis of the seasonality
of the distinct classes and flow characteristics, followed by the
link between the Lagrangian classification and precipitation in the
target region in Section Precipitation Associated with Trajectory
Types. The co-occurrence of the Lagrangian characteristics is
studied (Section Combined Characteristics) and the Lagrangian
classification is compared with the IWT (Section Comparison
of Lamb Weather Types and Lagrangian Circulation Types).
Finally, Section Summary and Conclusions summarizes the main
results.

TARGET REGION AND DATA SETS

REGION AND PRECIPITATION DATA

The northwestern Iberian Peninsula (NW IP) (41°N—44.5°N
and 10°W-6°W), surrounded by the Atlantic Ocean and the
Cantabrian Sea, is often affected by the passage of cold fronts asso-
ciated with the storm track in the North Atlantic (Trigo, 2005).
Gomez-Gesteira et al. (2011) comprehensively studied the climate
of the NW IP during the last 40 years. In general, the coastal
and adjacent areas are characterized by a maritime climate with
mild summers and rainy winters. The interior regions are char-
acterized by a continental climate with dry summers and cold
winters. The atmospheric circulation of the area, under the influ-
ence of the mid-latitude weather systems of the North Atlantic,
is determined by two main centers of activity: an anticyclone
south of 40°N centered near the Azores (Azores High) and a low
pressure area centered around 60°N near Iceland (Iceland Low).
A thermal low develops over the IP from April to September,
giving rise, in combination with the Azores High, to equator-
ward coastal winds in the NW IP (Hoinka and de Castro, 2003).
Previous studies have shown that the precipitation variability in
the region is linked to the main North Atlantic modes of low
frequency variability: the North Atlantic Oscillation (NAO), the
Scandinavia pattern (SCA) and the East Atlantic/West Russia
Pattern (EA/WR) (Lorenzo and Taboada, 2005; deCastro et al.,
2006; Ramos et al., 2010). Different circulation type methodolo-
gies were applied successfully in the IP (e.g., Romero et al., 1999;
Trigo and DaCamara, 2000; Esteban et al., 2005; Lorenzo et al,,
2008).

The correlation between the variability in precipitation at the
Lourizdn weather station (42.42°N, 8.67°W) and the variabil-
ity in precipitation in the North-Atlantic European sector (data
from the Global Precipitation Climatology Project) was reviewed
by Lorenzo et al. (2008). It was found that the precipitation data
from Lourizdn station is representative of the precipitation in the
entire NW IP area.

TRAJECTORY DATASET

Backward trajectories were generated using the Lagrangian dis-
persion model FLEXPART (Stohl et al., 2005). This model has
been applied in a variety of studies on, e.g., atmospheric transport
(James et al., 2008; Stohl and Sodemann, 2010), convection and
pollution (Palau et al., 2009), biomass burning (Cammas et al.,
2009), and source-receptor relationships (Paris et al., 2010). In
this study, 6-h ECMWF meteorological analysis data was used as
input for the FLEXPART model for the period from 1/11/1999
to 30/11/2004. Positions of each particle (latitude, longitude and
height) as well as its physical properties (specific humidity, den-
sity, and temperature) were recorded at each time step. The
atmosphere was divided into a total of 1,398,800 homogeneous
air parcels (referred to as particles) homogeneously distributed
over the entire globe. Three-dimensional winds and other fields
from ECMWF ERA-40 Reanalysis data were used to set the
meteorological conditions for the particles. A set of parameteri-
zations describes the subgrid-scale physical processes within the
FLEXPART model, for details see the FLEXPART technical note
(Stohl et al., 2005). At any given time, the particles in the target
region (NW IP) and the vertical layer from the surface to 14 km
were selected for studying their backward trajectories in more
detail (see Section A New Classification Based on Lagrangian
Backward Trajectories).

DEFINITION OF THE LAMB WEATHER TYPES

The daily SLP fields were retrieved from the NCEP/NCAR reanal-
ysis (Kalnay et al., 1996) on a 2.5° grid. Eulerian circulation
types computed for Galicia by Lorenzo et al. (2008) are used
in this study, based on the daily SLP fields. This classification
is an automated version of the IWT procedure (Jones et al.,
1993). In recent years, this method has been successfully applied
to other European regions (Goodess and Palutikof, 1998; Trigo
and DaCamara, 2000). The circulation conditions are determined
using physical or geometrical parameters, such as the direction
and strength of the airflow, and the degree of cyclonicity based on
16 grid points. This method distinguishes between 26 different
circulation types (including hybrid ones). In this study, 12 circu-
lation types are analyzed, eight determined by the direction of the
flow (NE, E, SE, S, SW, W, NW, N), two by the shear vorticity
[cyclonic (C) or anticyclonic (A)], and two hybrid ones [hybrid
cyclonic (HC) and hybrid anticyclonic (HA)].

For the sake of brevity, we do not describe in detail the LWT
methodology. Additional information regarding the LWT can be
found in previous publications by the authors (e.g., Lorenzo et al.,
2008; Ramos et al., 2011). The frequency of each LWT is shown in
Table 1. Circulation type A is the most frequent one with almost
25% of the days followed by the SW and W type. Since the HC and
HA circulation types are a mixture of all the hybrid directional
types, the following discussion is only focused on the pure types.

A NEW CLASSIFICATION BASED ON LAGRANGIAN
BACKWARD TRAJECTORIES

From the global dataset, the particles that arrive to the NW IP
on a particular day are selected and the classification is based on
the properties of these air particles. In our case, the number of
daily trajectories ranges approximately between 50 and 400. The
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Table 1 | Frequency (%) of occurrence of Lamb circulation weather
types during the 1/12/1999 to 30/11/2004 period.

LWT Number of days (%)
NE 4.3
E 2.5
SE 1.8
S 2.4
SW 10.2
W 10.5
NW 5.7
N 2.6
C 7.2
A 25.9
HC 7.6
HA 19.4

number of air particles has a seasonal cycle with higher values in
winter and lower values in summer. The main idea is to find the
representative airflows that arrive in the NW IP. The applied pro-
cedure is as follows: (i) a two-step clustering is applied (Section
Clustering of Trajectories) to find a maximum of five distinct air
streams representing the flow on a particular day, each of them
characterized by the temporal evolution of latitude, longitude,
height, specify humidity and distance to the target region; (ii)
the representative backward trajectories are further analyzed and
characterized by four distinct Lagrangian flow properties (Section
New Characteristics and Dynamical Classification). This classifi-
cation enables to attribute an “index” for each of the four flow
properties to each air stream.

In Section Clustering of Trajectories and New Characteristics
and Dynamical Classification a detailed description of the new
classification procedure is given, while a diagram summarizing
the method is shown in Figure 1. The resulting classification cat-
alog for the 5 years and a specific case study are presented in
Section Final Catalog and Case Study Example.

CLUSTERING OF TRAJECTORIES

Trajectories of air parcels that are in the target domain at the
chosen time step were selected and the respective 90-h backward
trajectories were retrieved from the global dataset. The circulation
types, for each day at 12 UTC, were assumed to be character-
ized by at most five distinct air streams (trajectory clusters). A
two-step clustering is used in order to obtain at most five dis-
tinct air streams. This choice of a maximum of five air streams
is not arbitrary. A preliminary analysis (not shown) showed that
the most frequent number of clusters per day is 5, therefore this
is considered to be the optimal number of distinct air streams
per day.

First clustering step

The squared Fuclidean distance is used as a similarity measure
between the members of a predefined set of trajectories. The aim
is to horizontally separate different air streams. The approach
is based on the first part of the method proposed by Dorling
et al. (1992), see their sections 2a to 2¢ for details. The method

uses the latitude-longitude coordinates to separate the differ-
ent air streams. An example for a particular day (11/11/1999)
is provided in Figure 2 with the color lines showing the trajec-
tories of different clusters and the thick black lines representing
the centroid trajectory of each cluster, which is defined at each
time as the average of the latitude-longitude coordinates and the
meteorological variables (see Section Trajectory Dataset) of the
trajectories in that cluster. In the Dorling method there is no
need to set an a priori number of clusters. The method is able to
autonomously determine the number of clusters (based only, as
mentioned before, on the latitude and longitude information) for
a given day. Clusters with less than 10 trajectories are not included
in the next clustering step. This is done to keep only the most
representative air streams for a given day. If less than five cen-
troid trajectories are found, the assumption is made that they are
meteorologically different and no additional action is required.
On the other hand, if the number of clusters from the first (hor-
izontal) clustering exceeds five, a second (hierarchical) clustering
is performed based on the centroid trajectories of the previous
clustering step.

Second clustering step

Information of the height of the centroid trajectory (H), the
distance to the target area (D), specific humidity (Q) and lat-
itude (LAT) are used as main characteristics of the trajectories
at each time step. Hierarchical clustering constructs a hierarchy
of sets of groups, each of which is formed by merging one pair
from the collection of previously defined groups. A linkage cri-
terion, which specifies the dissimilarity of the trajectories as a
function of the pairwise distances of observations, is also used
(Wilks, 2006). Here, the dissimilarity of the trajectories is the
weighted average distance (Hastie et al., 2009). This process is
iterated until the maximum number of clusters in the hierarchi-
cal clustering converges to five. It is important to point out that
the centroids of the hierarchical clustering are computed initially
based on the centroid trajectories taken from the non-hierarchical
clustering.

Finally, a maximum of five distinct air streams represent the
flow on a particular day, each being characterized by their tem-
poral evolution of latitude, longitude, height, specify humidity
and distance to the target region. As an example, the hierarchical
clustering for the day shown in Figure 2 is provided in Figure 3,
where the time evolution of the back trajectory properties for each
variable used in the clustering is also shown.

NEW CHARACTERISTICS AND DYNAMICAL CLASSIFICATION

Once the trajectories were reduced to a maximum of five clus-
ters, a dynamical classification was done based on four dis-
tinct Lagrangian flow properties. This classification enables the
attribution of an “index” for each of the four studied param-
eters to each air stream. Therefore, the representative flows
were classified using their temporal evolution of latitude, longi-
tude, height, specify humidity and distance to the target region.
A description of the respective characteristics and criteria is
given below with a summary in Table2. The flow properties
chosen were: (a) the moisture uptake during the path of the
air mass; (b) zonality of the flow; (c) cyclonicity of the flow,
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FIGURE 1 | Diagram summarizing the synoptic-scale circulation classification method based on Lagrangian Backward Trajectories.
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and (d) the traveled distance and origin of the air mass. We
considered that this set of 4 characteristics allow a detailed
classification of the main air masses that arrive in the NW
IP. For each characteristic, a reasonable number of classes are

defined.

Moisture uptake (MU)
MU describes the moisture uptake of the air stream. It represents
the change in specific humidity (AQ) of an individual air stream
from the initial point (i) to the arrival in the target region (f),
computed as:

AQ=Qr— Qi (1)
The histogram of AQ (Figure 4A) for all air streams resembles a
normal distribution and the division is made into three classes:
(Q—) AQ in the lower tercile of the distribution; it corresponds
to a decrease in humidity along the path; (Q+) AQ in the upper
tercile of the distribution; it corresponds to an increase in humid-
ity along the path; and (QO) if AQ falls between the two classes

mentioned above; it corresponds to small changes (positive or
negative) of the humidity along path.

Distance and origin (DO)

This feature classifies each air stream both in terms of inte-
grated distance D along the air stream (short, medium and
long range transport) and its initial position. A four-point com-
pass is centered in the domain allowing 90° per sector (see
Figure 5 for details) and the variable O (origin quadrant) there-
fore can take on four discrete values (NE, SE, SW, and NW).
O is determined by the position of the initial point of the
air stream. The histogram of D is shown in Figure 4B for all
air streams, and it is divided into three classes: (S) D in the
lower tercile of the distribution (less than 3076 km), correspond-
ing to short range transport; (M) D in the middle tercile of
the distribution (greater than 3076 km and less than 5391 km),
corresponding to medium range transport; and (L) D in the
upper tercile of the distribution (greater than 5391 km), cor-
responding to long-range transport. As an example, if an air
stream is classified as L-SW in terms of DO it means that it
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FIGURE 2 | Backward trajectories (90 h) arriving to the northwest Iberia Peninsula (41°N-44.5°N and 10°W-6°W) on a particular day (11/11/1999—12
UTC) in color lines and the respective clusters position (blue dots) computed by the Dorling method (dark lines).

experienced long-range transport and its initial point was in the
3rd quadrant (SW).

Cyclonicity index (Cl)

This index determines whether the flow is cyclonic or anticy-
clonic, and to which extent this applies. It is based on the radius of
curvature (R) of the air stream and combines three flow features:

(a) Rc, the percentage of the air stream with a small cyclonic

radius of curvature between 0 and 1000 km; as an example, if

Rc is 25%, 25% of the air stream has a small cyclonic radius

of curvature.

Ra, the corresponding percentage with a small anticyclonic

radius of curvature between 0 and 1000 km.

(c) Rpet, the net curvature of the flow (negative for anticyclonic
and positive for cyclonic) computed by integrating the value
of the curvature along the air stream (the histogram for Ryet
is presented in Figure 4C):

(b)

t=f
Rper = Z (Rt) (2)

t=i

Based on these three flow features the following five classes of the
Cyclonicity Index CI are defined: (Cs) Rc > 25% and Ry < 25%,
the air stream has small cyclonic curvatures during at least 25%
of the path; it is strongly affected by meso- and synoptic-scale
cyclonic systems (e.g., extra-tropical cyclones); (As) Ry > 25%
and Rc < 25%, the air stream has small anticyclonic curvatures
during at least 25% of the path; (CsAs) Rc > 25%, and Ry > 25%,

during the path the air stream has both small cyclonic and anti-
cyclonic curvatures; if the three classes above do not apply then
Rpet, is used: (Cpet) if Rpet > 0, i.e., on average cyclonic path; and
(Apet) for an average anticyclonic path, i.e., Rper < 0.

Zonality index (ZI)

Z1 describes the curvature of the path of the air streams (curved
or straight). It is computed by integrating the absolute value of
the radius of curvature (R) for each sub-section of the air stream:

t=f
ZI=>"(IR]) (3)

t=i

It can be seen as a Lagrangian based zonality index—the term
“zonality” is used in a generalized way and serves here to distin-
guish between weakly curved and strongly undulating flows. The
histogram of ZI (Figure 4D) shows a positively skewed distribu-
tion. It is divided into two classes: (Z—) ZI below the median,
corresponding to a weakly curved air stream; and (Z+) ZI above
the median, corresponding to a strongly curved air stream.

FINAL CATALOG AND CASE STUDY EXAMPLE

The purpose of Section Clustering of Trajectories and New
Characteristics and Dynamical Classification is to have a final
catalog of the properties of the air streams that arrive each day
which are expressed by the four parameters (MU, ZI, CI, and
DO) described above and listed in Table2. A sample of the
catalog from 01/12/1999 to 18/02/2000 is provided in Figure 6.
Additionally, 1 day or multiple days can be characterized by a
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FIGURE 3 | Time evolution of the back-trajectory properties for (A)
height of trajectory (H), (B) specific humidity (Q), (C) latitude and
(D) distance to the center (D) shown in Figure 1. The colored thin
line corresponds to the centroid trajectories (previous computed with
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the Dorling method) while the colored thick lines correspond to the
final five air streams characterizing the day (see text for details). In
(E) the final air streams are shown. The color code is the same as
in (A-D)

single string of labels indicating the most frequent classes encoun-
tered for each characteristic. For example, the classification [Q—,
Z+, Anet, L-SW], corresponds to the first air stream of the first
day (01/12/1999) and is shown in Figure 6. In such a situation
the majority of the air streams had respectively: a decrease in
humidity during the path, a significantly curved trajectory, a

mean anticyclonic path, and a long-distance pathway from the
SW quadrant.

As a more specific example, we consider the heatwave event of
2003 (01/08/2003 to 15/08/2003), which stroke not only Central
Europe (Garcia-Herrera et al., 2010) but also the NW IP (Trigo
etal., 2009; deCastro et al., 2011). The northward displacement of
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Table 2 | Characteristics and respective classes used to classify the
representative air masses.

Characteristic Class Description
Moisture uptake Q- Decrease in humidity along
the path
Q+ Increase in humidity along
the path
Qo Small changes of the
humidity along path
Zonality index Z- Weakly-curved air stream

along the path
7+ Strongly curved air stream
along the path

Cyclonicity index Cs Air stream with small cyclonic

curvatures during at least

25% of the path

As Air stream with small
anticyclonic curvatures during

at least 25% of the path

CsAs Air stream with both small
cyclonic and anticyclonic
curvatures during the path

Cnet If the three classes above do
not apply then if air stream
with average cyclonic during
path

Anet Same as Cnet but for if air
stream with average
anticyclonic path

Combination between S Short range transport
distance and origin D Medium range transport

L Long range transport

NE Flow from the NE quadrant

SE Flow from the SE quadrant

SW Flow from the SW quadrant

NW Flow from the NW quadrant

the North Atlantic Subtropical High is recognized to be the most
probable mechanism responsible for the August 2003 heatwave
(e.g., Black et al., 2004; deCastro et al., 2011). The correspondent
daily LWT for this period is shown in Table 3. Most of the days
are A-related types followed by type C, which occurs probably
due to the thermal low that frequently develops over the IP in
summer (Hoinka and de Castro, 2003). Additional information
can be retrieved from the statistics of the Lagrangian types during
this event (Figure 7). Short-range transport dominates (almost
2/3 of the air streams). In addition, there is advection of African
air to the IP. Concerning MU, Q+ (increase in specific humid-
ity) is the most frequent class. Regarding CI, the most frequent
classes are Ag (small anticyclonic curvatures) and Cpe (air streams
with averaged cyclonic path). This is very interesting because
the Lagrangian method is not only able to capture the thermal
low, responsible for the re-circulations in the IP with short range
transport, but also the anticyclonic circulation associated with

medium and long-range transport. This heatwave event, accord-
ing to the Lagrangian classification, is categorized as [Q+, Z+,
A, S-SW].

Further case studies can be found in the Supplementary
Material S1, where additional typical weather situations in the tar-
get region are discussed: a cold frontal passage, a cut-off low and
a blocking high.

CLIMATOLOGICAL ASSESSMENT

INTER-SEASONAL VARIABILITY OF INDIVIDUAL CHARACTERISTICS

In this section we analyze if the new method presented in
Section A New Classification Based on Lagrangian Backward
Trajectories is able to distinguish the inter-seasonal circula-
tion variability in the region (Lorenzo et al., 2008; Gomez-
Gesteira et al, 2011), and to this end the mean frequency
of the different characteristics of air streams is examined
for all seasons: winter (DJF), spring (MAM), summer (JJA),
and autumn (SON). In addition, the respective seasonal stan-
dard deviation is used to have an insight of the inter-annual
variability.

The analysis first focuses on the DO characteristic (Distance
and Origin) (Table 4). Results show that the western quadrants
(S-SW, S-NW, M-SW, M-NW, L-SW, L-NW) are found more
frequently than the eastern ones (S-SE, S-NE, M-SE, M-NE, L-
SE, L-NE) in all seasons, which reflects the fact that most of
the time the domain is under the influence of the westerlies,
in good agreement with previous weather type analyses such as
Spellman (2000). A remarkable difference between winter and
summer occurs for the transport distance. Short transport classes
are more frequent in summer (almost 43%) while the frequency
of long-range transport is larger in winter (nearly 45%). This is
in line with the intensification of the Northern Hemisphere jet
stream in winter compared to summer. In addition, the pole-
ward shift by about 10° latitude of the belt of westerlies in
summer (Peixoto and Oort, 1992) is captured by the method.
The atmospheric circulation in summer in the IP is, most of
the time, under the influence of a thermal low (Hoinka and de
Castro, 2003). This thermal low is responsible for short-range
transport and re-circulations in the region. Finally, differences
between spring and autumn are small. The highest standard devi-
ation is in general found in the transitions season’s spring and
autumn.

For the MU parameter (Moisture Uptake), Figure 8A shows
that Q0 dominates in winter and spring, i.e., only small changes
(positive or negative) of humidity are found along the air streams.
In contrast, Q+ is the most frequent class in summer correspond-
ing to an increase of humidity along the path. This fact can be
associated with high values of sea surface temperature (SST) of
the Atlantic Ocean and Mediterranean Sea, favoring evaporation
in summer. In autumn, Q— is the most frequent class, associated
with a loss of humidity due to precipitation along the air stream.
The seasonal variability (standard deviation) is relatively small for
the MU parameter.

With respect to ZI (Zonality Index) (Figure 8B), Z+, i.e.,
strongly curved air streams, are more frequent during the transi-
tion seasons. The frequencies of the classes differ clearly in winter
and summer. In summer, Z— is more frequent than Z+, while
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FIGURE 4 | Histograms distribution for: (A) integrated changes in integrated absolute value of the curvature (ZI). For Q and D
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(D); (C) integrated value of the curvature (Rpet) and (D) the 50% percentile.

FIGURE 5 | Definition for the Distance and Origin (DO) characteristic for the air streams. The circles separate the different distance (D) classes: short
range (S), medium range (M), and long range (L).The origin of the air streams is split into the four regions SW, NW, SE, and NE. In total, 12 classes result for DO.

in winter both classes have similar frequencies. Again, the highest and autumn, with A being the most frequent class. In winter
standard deviations are found for spring and autumn. the most frequent class is Aper with 45% of the cases followed by

The frequency distribution for CI (Cyclonicity Index) the averaged cyclonic class (Cpet) with a frequency near 25%. For
(Figure 8C) is again similar for the different classes during spring  summer the averaged anticyclonic and cyclonic classes (Aper and
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FIGURE 6 | Representation of the final catalog for 80 first days (from
01/12/1999 to 18/02/2000). Each day is characterized by at most five air
streams and each air stream can be described by four flow properties (MU,
Zl, Cl, and DO), as discussed in Section A New Classification Based on

e < P < e
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Lagrangian Backward Trajectories. The legend should be interpreted like this:
for different categories the colors indicates a different class. For example, the
first air stream of the first day (01/12/1999) is classified has [Q—, Z+, Anet,
-SW]. The * in the legend indicates that there is no correspondent class.

Chet) have similar frequencies (near 32%) and also the classes with
small anticyclonic (As) and cyclonic curvature (Cs) exhibit sim-
ilar frequencies (near 14%). In winter, as discussed above, most
of the transport is long-range and from the western quadrants.
In the selected domain, these quadrants correspond to the North
Atlantic domain frequently associated with an anticyclonic CI. As
mentioned before, in summer, it is interesting to note that most
of the time the IP is under the influence of a thermal low (Hoinka
and de Castro, 2003) and the method is able to identify this
cyclonic feature in the region by an increase of the frequency of
the cyclonic CI class. For CI the standard deviations are relativity
high compared to the other characteristics (MU, ZI, and DO).

PRECIPITATION ASSOCIATED WITH TRAJECTORY TYPES

Circulation types are often reflected in several surface climate
variables (Goodess and Jones, 2002; Hope et al., 2006; Lorenzo
et al., 2008). In the IP, the relationship is particularly strong with
precipitation, therefore many studies have investigated the impact
of circulation types on precipitation (Trigo and DaCamara, 2000;
Lorenzo et al., 2008; Gomez-Gesteira et al., 2011). The most
prominent differences occur between summer and winter (see
Section Inter-Seasonal Variability of Individual Characteristics),
and therefore results are only shown for these two seasons. For
each season, the average rainfall associated with each class and
its inter-annual variability has been computed. To do so, only the
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Table 3 | Lamb weather types for each day of the (a) heatwave case
study (1/8/2003 to 15/8/2003).

Date
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1/8/2003
2/8/2003
3/8/2003
4/8/2003
5/8/2003
6/8/2003
7/8/2003
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9/8/2003
10/8/2003
11/8/2003
12/8/2003
13/8/2003
14/8/2003
15/8/2003
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days with at least two air streams with the same class were chosen.
This is done in order to choose only the days where a dominant
class occurs. For instance, when computing the average rainfall
related to the class Q— of the characteristic MU, only days with at
least two air streams classified as Q— were chosen.

First of all, as expected, the average rainfall is higher in winter
than in summer (Figure 9A). For MU, there is no difference in
the average rainfall for the different classes during summer, while
in winter a considerably higher average rainfall is found for Q+
than for the other classes. There is long-range transport mainly
from the western quadrants for this season, conversely the low-
est average rainfall is found for QO (small changes in humidity).
For the ZI characteristic, there is no particular difference in pre-
cipitation during summer, while during winter higher values of
average rainfall are found for the less curved trajectories (Z—).
In the NW IP, most of the precipitation in winter is associated
with extratropical cyclones within the storm track (Trigo, 2005),
mainly via frontal systems passing over the region (Lorenzo et al.,
2008). These frontal systems are typically characterized by rather
straight air streams. The CI characteristic is particularly interest-
ing in terms of the associated average rainfall. The cyclonic classes
(Cs and Cpet) present the highest values of average rainfall and
the anticyclonic classes (As and Apet) the lowest values. This result
confirms the findings by Lorenzo et al. (2008), who showed that
the cyclonic circulation types are most prominent in situations
with rainfall in the NW IP. Finally the DO characteristic presents
high variability of average rainfall for each class. In winter, it is
found that the air streams that come mainly from the western
quadrant (S-SW, S-NW, M-SW, M-NW, L-SW, L-NW) are asso-
ciated with the highest values of average rainfall. For these air
streams, the highest precipitation values occur for medium and
long-range transport, in agreement with the results by Gimeno
et al. (2010).

As a final investigation, five classes of rainfall magnitude are
defined: no rain, light rain, moderate, intense and very intense
following the method adopted in previous studies (Osborn

et al., 2000; Lorenzo et al., 2008). The definition of the rain-
fall magnitude classes for summer and winter can be found in
Supplementary Material S2 and results are shown in Figure 9B.
In general, the highest values of average rainfall (Figure 9A) cor-
respond to the highest values of days with intense and very intense
rainfall (Figure 9B). The most interesting case is perhaps related
to CI where the cyclonic class (Cpet) has almost 50% of the
cases considered as intense or very intense precipitation days.
Conversely, for the anticyclonic class (As and Aper) most of the
days (almost 80 and 70%, respectively) correspond to the no
precipitation or light precipitation class.

COMBINED CHARACTERISTICS

In this section, the combination of the different characteristics is
considered, separately for summer and winter. The characteris-
tics MU, ZI, CI, and DO span a 4-dimensional phase space, with
in total 3 X 2 x 5 x 12 discrete “boxes” according to the num-
ber of classes for each characteristic—3 for MU; 2 for ZI; 3 for
CI and 12 for DO (which in this section is divided into 3 (D) x
4(0) characteristics. But due to physical constraints some com-
binations are evidently rather unlikely. For instance, air streams
that are classified as long-range transport for the east quadrants
are very rare due to the typical westerlies in the target region.

In order to look to this phase space a multi panel plot is shown
in Figure 10 with a total of 5 x 5 panels for each characteristic for
both summer (a) and winter (b). Each panel consists of a small
matrix with the frequency of occurrence between the correspond-
ing characteristics, e.g., the panel in row 1 and column 2 (MU vs.
ZI)is a2 x 3 matrix according to the classes Z— and Z+ and Q—,
Q+, and QO. In each panel the circles of different sizes indicate
the frequency with which a specific combination is found, i.e.,
the radius of the circles is proportional to this frequency. In addi-
tion, for each panel, the combination with the highest frequency
is marked with a red dot. With this multi panel plot it is possible
to see the combinations shift from summer to winter, especially
for the CI, D, and O characteristics. For summer the most fre-
quent air stream is [Q—, Z—, Apet, M-SW], while for winter it is
[Q—, Z—, Apet, L-SW]. It is interesting to note that the most fre-
quent air streams for summer and winter are almost the same; the
only change is found for the DO characteristic (M-SW vs. L-SW).
These air streams correspond to a decrease in humidity along the
path within a mainly zonal and anticyclonically curved flow. This
means that some of the humidity that is advected, e.g., from the
Gulf of Mexico, across the North Atlantic is lost during transport.

Since an exhaustive description of Figure 10 is neither prac-
tical nor simple, the most common combinations are marked
by red dots and will be further discussed for summer and win-
ter. For the MU class Q-, the most frequent classes of the other
characteristics are: Z-, Aper, and M-SW in summer and L-SW in
winter, respectively. The latter is the most frequent combination
in the entire catalog as mentioned before. For Q+ the most fre-
quent combination is Z-, Cpet, and S-NW in summer and L-NW
in winter, respectively.

Regarding the Z— category, the most frequent combination
is Q—, Cpet and M-SW in summer, and Q-+, Ape, and L-
SW in winter. For Z+, the preferred combination is Q4+, C;,
and S-SW in summer and QO, Ae, and L-SW in winter. In
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FIGURE 7 | (A) Air streams (each color represent a different day) and (B) characteristics of the trajectory types classification for the heatwave case study
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summer this most frequent combination is associated with air
streams that come from the SW, experience short-range trans-
port and an increase in humidity along their path. In winter,
the more meridional circulation (Z+) is often related with mean
anticyclonic circulation that can be associated to blocking events.

The last characteristic discussed here is CI. There are no
particular differences in the three classes that correspond to

small-radius circulations (Cs, As, and CsAg), and we therefore
focus on the Cpet and Ape classes. The most probable combina-
tion with Cper in summer is Q0, Z—, and M-NW and in winter
Q+, Z—, and L-SW, respectively. It is interesting to note that for
summer Cpe is associated with QO while in winter it is more fre-
quently associated with Q+. Regarding Ay, results for ZI, D, and
O are very similar to the ones found for Cye. The main difference
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Table 4 | Mean frequencies (%) of occurrence of the different classes
for category Distance and Origin (DO) and the respective standard
deviation (%) in brackets.

(A)

Short (S) NE SE SW NW Total
Winter 4.0(1.4) 2.1 (1.6) 10.4 (3.3) 76 (1.7) 24.1
Spring 70 (3.5) 2.9(0.9) 12.2 (4.6) 1.2 (1.0) 33.4
Summer 3.6 (1.8) 2.3(1.8) 19.1 (2.0) 179 (1.7) 42.9
Autumn 3.6 (2.4) 2.5(1.3) 14.1 (3.4) 12.8 (2.4) 33.1
(B)

Medium (M) NE SE SwW NW Total
Winter 1.7 (0.9) 0.2(0.2) 16.5 (1.7) 13.2 (2.8) 30.6
Spring 1.2 (0.6) 0.3(0.2) 14.7 (3.5) 173 (2.0) 33.4
Summer 0.5(0.3 0.0(0.0 16.8 (2.1) 17.3 (1.1) 34.7
Autumn 1.4(0.8) 0.1(0.2) 13.4 (1.9) 18.0 (1.5) 32.9
(c)

Long (L) NE SE sw NwW Total
Winter 0.4(0.3) 0.0(0.00 30.9(4.3) 14.0 (1.7) 45.3
Spring 0.2(0.2) 0.0(0.1) 20.7(5.1) 12.2 (2.0) 33.2
Summer 0.0(0.1)  0.0(0.0) 8.9 (1.3) 13.4 (1.7) 22.4
Autumn 0.0(0.1)  0.0(0.1) 18.1 (2.9) 15.8 (1.6) 34.0

They are shown during winter (DJF), spring (MAM), summer (JJA), and autumn
(SON) seasons in the 1/12/1999 to 30/11/2004 period and disaggregated by (A)
short, (B) medium, and (C) long range transport.

occurs for MU with the most frequent class being Q— in summer
and QO in winter.

COMPARISON OF LAMB WEATHER TYPES AND LAGRANGIAN
CIRCULATION TYPES

For each day with a certain LWT, the frequency of the Lagrangian
classes is analyzed. For MU (Figure 11A), there is a clear dif-
ference when comparing the easterly with the westerly types.
In general, easterly types are characterized by small changes in
humidity along the path, while the westerlies are characterized by
a decrease in the humidity. The difference between the C and A
type is also prominent; higher frequencies are found for Q+ in the
case of C type and QO in the case of the A type. For the zonal index
(Z1) (Figure 11B), a marked difference between easterly and west-
erly types is observed. The easterlies are characterized by more
frequently curved trajectories (Z+) while the opposite occurs for
the westerlies (less curved trajectories). The difference between
the C type and the A types is also noticeable with the trajectories
being frequently more curved in the C type than in the A type.
Results for the cyclonicity index (CI) (Figure 11C) show a good
differentiation between the frequencies of the five classes when
comparing different circulation types. For example, in the C types
the frequency of the air streams which have C, (small cyclonic
curvatures) and Cpet (averaged cyclonic trajectory) is very high,
40 and 37.5%, respectively. On the contrary, the A type presents
higher frequencies for class A (small anticyclonic curvatures) and
Apet (averaged anticyclonic curvatures). For the NW and W types
also the Ay class is more frequent while for the SW types the

Chpet class is more frequent. Regarding the distance characteris-
tic (D) (Figure 11D), the frequencies of the different classes are
expected to differ between the LWT. For the NE, E, SE, and S types
nearly 45% of the air streams show short-range transport, while
the SW, W, and NW types are typically characterized by medium
and long-range transport.

To conclude this section, the origin characteristic (O)
(Figure 11E) are analyzed. As expected, when an S/SW/W/NW
circulation type occurs, the air streams for these days have their
origin points mainly in the SW/NW quadrants. Concerning
the NE/E/SE circulation type days, results show that despite an
increase in the air streams coming from the NE and SE quad-
rants (regarding the O characteristic) the majority of the air
streams are classified as coming from the SW and NW. This can be
explained because the LIWT are based on the surface level, while
the trajectory types are taking into account the 3-D structure of
the atmospheric motion. For this reason the signature of the jet
stream (air streams where its initial point is in the NW and SW
quadrant) is present in the majority of the analyzed days.

SUMMARY AND CONCLUSIONS

A new classification method of circulation types, based on the
analysis of backward trajectories, is presented in this work. A
representative air stream was determined for each day (at 12
UTC) for the target region in the NW IP. Air parcels that are
in the NW IP at the chosen time steps were selected and the
corresponding 90-h backward trajectories were then retrieved.
The inherent time scale of 90h was chosen in order to focus
the study not only on the local circulation but also to include
the main synoptic-scale features that often affect the target area.
In a first step, a clustering algorithm was applied allowing a
horizontally separation of the different air streams. Secondly,
if the number of clusters from the first (horizontal) clustering
exceeded five, a further reduction was accomplished with a sec-
ondary clustering based on the height of the trajectory (H), the
distance to the target area (D), specific humidity (Q), and lati-
tude (LAT). When the main representative air streams are finally
found, each air stream is characterized by four distinct flow
properties: (1) Moisture Uptake (MU) represents the integrated
change in specific humidity; (2) Zonality Index (ZI) represents
the curvature of the path; (3) Cyclonicity Index (CI) represents
the cyclonicity of the flow; and (4) Distance and Origin (DO)
classifies the air stream in terms of distance and initial posi-
tion. The final catalog has for each time step a maximum of
five air streams, each being characterized by the four charac-
teristics described above. This method is able to reduce a large
amount of information from a comprehensive trajectory data set
into a small number of distinct air streams, which capture the
essential characteristics of the mesoscale and synoptic-scale flow
situation. Note that the method describes the three-dimensional
complexity of the atmospheric circulation. Moreover it pro-
vides time-integrated physical information on the development
of the systems (Lagrangian perspective), which goes beyond the
traditional description of the instantaneous synoptic situation
(Eulerian perspective). For example, the Lagrangian classifica-
tion allows capturing changes in moisture along the flow due to
evaporation and precipitation.
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FIGURE 8 | Frequencies (%) of occurrence of the different
characteristics for (A) Moisture Uptake (MU), (B) Zonal Index (ZI),
and (C) Cyclonicity Index (Cl), during winter (DJF), spring (MAM),

Cs As CsAsCnet Anet
MAM

Cyclonicity Index (CI)

Cs As CsAsCnet Anet Cs  As CsAsCnet Anet
JIA SON

summer (JJA), and autumn (SON) seasons in the 1/12/1999 to
30/11/2004 period. The respective seasonal standard deviation is also
shown (red lines).

The climatological assessment of this new classification shows
that the method is able to capture with good accuracy the main
features of the seasonality of regional climate. It allows a proper
distinction of processes between seasons and helps determining
aspects of the inter-seasonal variability. For example, the short-
range transport classes are most frequent in summer (43%) while
the frequency of long-range transport is largest in winter (45%).

Besides characterizing aspects of the annual cycle, the method
is able to identify distinct dynamical structures. Case studies
illustrate the Lagrangian categorization of intense precipitation
events, heatwaves, cold fronts, blocking systems, cut off lows
and extra-tropical cyclones. For example, for the 2003 heatwave
in the IP, the method captures the short-range transport asso-
ciated with the thermal low, advection of African air streams,
and the medium and long-range transport associated with the
anticyclonic circulation. As a further example, the cut-off low sys-
tems with its high-altitude depression is picked up by the new
method, whereas the Eulerian LWT is only able to pick up sur-
face characteristics of the flow (see Supplementary Material S1).
In this sense, the method goes a step further in adding valu-
able information to the classification of a particular atmospheric

flow situation. Indeed, a comparison between this method and
an automated version of the LIWT for the IP is shown in Section
Comparison of Lamb Weather Types and Lagrangian Circulation
Types and illustrates the general agreement while providing
important additional information.

In summary, the key advantages of the new method are:

(1) It is able to summarize the complexity of the atmospheric
circulation by a string of five labels denoting, for each of
the considered flow characteristics, the class populated by the
largest number of air streams.

(2) In contrast to the Eulerian circulation type classification
it takes into account the origin and the proprieties of the
flow reaching a certain area. It captures both local and
large-scale characteristics of the meteorological situation and
incorporates important information about the dynamic and
thermodynamic processes associated with the flow state.

(3) It captures aspects of the three-dimensional structure of the
atmosphere since the backward trajectories entering the flow
classification scheme are calculated on several tropospheric
levels.
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precipitation. The definitions of each category of precipitation are shown for
summer (winter) in the legend and are summarized in Supplementary
Material S2.

(4) Itisable to pinpoint synoptic situations, like cut-off low pres-
sure systems, that may not have a clear signature at lower
atmospheric levels and would be missed by classifications
based upon the SLP field only.

Some disadvantages of using the new trajectory-based method
can also be found. First, the novel classification method is

computationally more demanding than traditional Eulerian ones.
In addition, if the target domain is increased, the number of
trajectories also increases and therefore the computations take
longer. Furthermore, the novel method characterizes the com-
plexity of the atmospheric circulation by a set of five parameters.
Clearly, this multi-dimensional approach results in a more chal-
lenging daily catalog compared to the classical circulation type
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FIGURE 10 | Multi-dimensional catalog frequencies for (A) summer and
(B) winter. Each panel correspond the frequency of one characteristics
compared with other. For example in the MU vs. ZI panel for summer and
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FIGURE 11 | Relationship between Lamb circulation weather type and the Lagrangian flow properties (A) MU, (B) ZI, (C) Cl, (D) D, and (E) O. Each
column correspond to the frequency (%) of each class when a certain Lamb circulation weather type occur.

classifications. The novel approach, developed here for the region
of the Iberian Peninsula, should be general enough to be suit-
able for the classification of air streams over other regions on the
globe.
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