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Abstract SILAM atmospheric dispersion model and

the HYSPLIT trajectory model were used to detect the

source areas and calculate transport dynamics for

airborne olive pollen observed in the city of Córdoba,

southwest of Iberian Peninsula. The ECMWF weather

data with 3-h time interval and spatial resolution of

25 9 25 km2 and 75 hybrid vertical levels were used as

meteorological inputs in both models to produce a

coherent set of results in order to compare these two

different approaches. Seven episodes recorded before

and after the local flowering season in 2006 were

analyzed using both models. The results provided an

indication of the origins of olive pollen recorded in the

city of Córdoba, revealing the influence of three main

source areas at specific periods. One area was located

nearby, to the southwest of the city (early May), another

in the south of the province (mid-May) and the third to

the east (late May/early June). The SILAM model

yielded more detailed and quantitative results when

identifying olive pollen sources and charting transport

dynamics. The results from the HYSPLIT trajectory

approach and SILAM footprints were qualitatively

similar. However, a weak point of back trajectories was

their lower sensitivity to details of the transport, as well

as the necessity of subjective analysis of the trajectory

plots, which were subject for possible misinterpreta-

tions. Information on both pollen source locations and

local tree flowering phenology was required in order to

ensure consistent analysis of the influence of olive

sources for both models. Further than this, due to the fact

that both models are widely used in other research areas,

the results of this work could have a widespread range of

application, such as to simulate the transport of radio-

nuclides, e.g., in emergency preparedness exercises.

Keywords Olive pollen dispersion � SILAM �
HYSPLIT � Backward trajectories � Source

apportionment � Iberian Peninsula

1 Introduction

Olive pollen is the most abundant pollen types in

southern Europe, due to the large number of olive trees

growing and the intense flowering of this anemoph-

ilous species. Particularly high counts are recorded in
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the southern Spanish region of Andalusia (Fornaciari

et al. 2000; Orlandi et al. 2010), the world’s leading

olive-oil-producing region. The largest olive planta-

tions are concentrated in provinces of Jaén and

Córdoba, which together account for 80 % of total

Spanish output (Spain produces 33 % of the world’s

olive oil). Given the major contribution of olive-

growing to the local economy, there has been consid-

erable research into various aspects of olive floral

phenology, pollen emissions, transport and airborne

dispersion; research has also addressed the influence

of weather-related factors on airborne pollen counts

and their significance for allergy sufferers (Florido

et al. 1999; Feo-Brito et al. 2011).

Once pollen is entrained in the atmosphere, the

distance that it travels and the final deposition are

dependent on atmospheric conditions. Several papers

have highlighted the influence of heat-related vari-

ables, such as temperature and hours of sunlight on

pollen emission, but also pollen transport, gravita-

tional removal and scavenging with precipitation, on

temporal and spatial variations in Olea pollen counts

in Córdoba province (Galán et al. 2005, 2008; Garcı́a-

Mozo et al. 2010).

However, one largely unexplored area of research

of olive pollen is the identification of sources contrib-

uting to pollen counts and the routes followed by those

particles toward the observation points. In this sense,

many studies have focused on local release and

deposition; however both local and long-distance

pollen producers can also play a key role on daily

concentrations at a sampling point (Skjoth et al. 2007;

Van de Water and Levetin 2001).

Aerobiologists have long sought to obtain detailed

knowledge of back trajectories with a view to tracing

the transport of airborne pollen (Erdtman 1937). The

computation of back trajectory routes helps to identify

the origin of airborne biological particles detected at

any given sampling point, and to provide detailed data

on the long-distance and regional sources of local

pollen counts.

It has been used to analyze the peculiarities of

airborne birch pollen dispersal in Lithuania (Sauliene

and Veriankaite 2006; Veriankaite et al. (2010)), to

understand the timing and processes leading to long-

distance transport of Agrostis spp. plants in Madras,

OR, USA (Van de Water et al. 2007), and to determine

the relationship between air mass movements and

Quercus pollen counts in the Spanish city of Córdoba

(Hernández-Ceballos et al. 2011b) and in combination

with weather pattern analysis to study the transport

(local and long-range components) of Juniperus ashei

pollen deposition toward the city of Tulsa (Van de

Water and Levetin 2001; Van de Water et al. 2003).

The backward trajectory methodology has been

also used to study the origin of the observed pollen by

Gassmann and Pérez (2006) for Celtis and Nothofagus

pollen in Argentina, by Stach et al. (2007) and Smith

et al. (2008) for Ambrosia in Poland, by Skjoth et al.

(2007) for birch in Poland, by Mahura et al. (2007) and

Skjoth et al. (2007, 2008) for birch in Denmark, by

Skjøth et al. (2009) for birch in London, etc. The bulk

of the works was based on the inverse trajectories

computed by the NOAA HYSPLIT model (Draxler

et al. 2012), but also by own systems, such as THOR

(Skjoth et al. 2002) in Denmark.

With all the simplicity of the approach, the

backward trajectory applications usually indicate only

the main directions of the transport, ignoring such

processes as scavenging with precipitations of the

transported pollen clouds, vertical mixing of air

masses, etc. As a result, the outcome usually required

complicated and subjective analysis of the paths and

was not always conclusive. Attempts of quantitative

analysis with backward trajectory models are very rare

and, to the best of our knowledge, have never been

tried for pollen.

A more comprehensive methodology for quantita-

tive analysis of the observational footprints is adjoint

dispersion modeling (ADM), which has been applied

in several studies at both local and regional scales

(Kuparinen 2006; Kuparinen et al. 2007; Saarikoski

et al. 2007; Prank et al. 2008) and, in particular, for

dispersion of pollen (Sofiev et al. 2006a, b; Siljamo

et al. 2008; Veriankaite et al. 2010). ADM, introduced

into the atmospheric sciences by Marchuk (1982), is

based on the numerical solution of the adjoint

dispersion equation. It takes into account atmospheric

dispersion and removal processes, and a number of

linear (or linearized) chemical and physical transfor-

mation processes. ADM provides a quantitative pre-

diction of the geographical location of sources

responsible for observed pollen counts and estimates

their contribution to those counts. The outcome of the

computations also provides an indicator of the sensi-

tivity of observed values to emission fluxes, chemical

transformations and the weather events that might

affect any given observation.

240 Aerobiologia (2014) 30:239–255

123



Both back trajectory and footprint calculations have

to be accompanied with knowledge of the geograph-

ical distribution and phenological characteristics of

pollen sources, as well as with a high temporal

resolution pollen concentration data, to clearly iden-

tify the origin of measured pollen in a monitoring site

(Gassmann and Pérez 2006; Makra et al. 2010).

A number of earlier studies have addressed the

spatial and temporal characterization of olive pollen in

Córdoba province: Hidalgo et al. (2002) reported on

the preliminary phase of an automated system for Olea

pollen surveying and forecasting, while more recently

Hernández-Ceballos et al. (2011a) have analyzed olive

pollen transport dynamics throughout the province

using back trajectories. Their findings suggest that the

high olive pollen counts recorded in the city of

Córdoba arise from sources lying to the south and, to a

lesser extent, the west of the city. However, their

results yielded little specific information regarding the

influence of temporal variability on the sources, and

source areas were not clearly delimited.

The objectives of the present study were as follows:

(1) to identify the source areas contributing to major

olive pollen episodes in 2006, by both SILAM and

HYSPLIT models, (2) to compare the efficiency of the

approaches and (3) to define the temporal influence of

each source area on olive pollen counts in the city of

Córdoba. This is the first time when the two models

have been used in conjunction with a view to enhancing

previous data on local Olea pollen dynamics.

2 Materials and methods

2.1 Study area

This study was based on the pollen data records

(Fig. 1a) for the city of Córdoba, located in south-

western Spain [37�500N, 4�450W, 120 m above sea

level (m.a.s.l.)]. Local Olea pollen counts are among

the highest in Spain (Dı́az de la Guardia et al. 1999;

Garcia-Mozo et al. 2009). The city lies in the center

of Córdoba province, an area characterized by

marked differences in altitude prompted by differ-

ences in relief between the three main geographical

areas: the Sierra Morena to the north, the central

Guadalquivir valley and the Baetica Mountains to the

south. This location gives rise to a Mediterranean

climate, typically marked by considerable differences

between summer and winter weather conditions.

Local weather conditions for 2006–2007 have been

outlined by Hernández-Ceballos et al. (2011b), who

highlighted the prevalence of surface wind dynamics

along the southwest–northeast axis of the Guadal-

quivir valley.

In order to cover the southern area of the province,

where the largest crop sources are to be found, olive

counts recorded at Baena (37�370N; 4�190W;

363 m.a.s.l)—located 50 km from the city of Córdo-

ba—were also used in this study (Fig. 1b). Floral

phenology was surveyed on a weekly basis at 13 points

located in different olive-producing areas throughout

the province (Garcı́a-Mozo et al. 2006). Aerobiolog-

ical and phenological information helped to define the

influence of southern areas and to identify pollen

transport over the city of Córdoba.

2.2 Pollen observations and phenological data

in the city of Córdoba

Bihourly and daily olive pollen counts for 2006 in

Córdoba and Baena are analyzed in the present work.

Aerobiological data management followed the rules of

the Spanish Aerobiology Network (REA) (Galán et al.

2007). Airborne pollen concentrations, both bihourly

and daily data, were calculated also following the

recommendations of REA, applying in each case the

corresponding correction factor which takes into

account the sampling time and the analyzed surface

under microscope (Galán et al. 2007). Both stations

are currently in operation and provide information for

the REA (http://www.uco.es/rea). Pollen data were

obtained using Hirst-type volumetric spore traps (Hirst

1952) The phenological key developed by Maillard

(1975) was used to identify the main stages in floral

phenology.

Variations in altitude throughout the province have a

direct bearing on the viability of the olive crop owing to

the resulting differences in climate. Most olive groves

in the south of Córdoba province are located at

moderate altitudes, ranging between 200 and 700 m

(Fig. 1c). Although most groves are situated 60–80 km

from the city of Córdoba, a small number of production

areas around 25 km from the city—mostly to the

south—were used for phenological observations.
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2.3 Modeling tools

2.3.1 SILAM dispersion modeling system

One of the modeling tools used in this study was the

System for Integrated modeLing of Atmospheric

coMposition, SILAM (Sofiev et al. 2006b, 2012b).

Its dynamic core currently includes both Eulerian and

Lagrangian advection–diffusion formulations. The

Eulerian core used in the present study is based on

the transport scheme outlined by Galperin (1999,

2000), which incorporates the horizontal diffusion

term and is combined with the extended resistance

analogy of Sofiev (2002) for vertical diffusion. The

system includes a meteorological pre-processor for the

evaluation of basic features of the boundary layer and

the free troposphere using the meteorological fields

provided by numerical meteorological models (Sofiev

et al. 2010). Physical–chemical modules of SILAM

include several tropospheric chemistry schemes,

description of primary anthropogenic and natural

aerosols, and radioactive processes. The removal

processes are described via dry and wet deposition.

Depending on particle size, mechanisms of dry

deposition vary from primarily turbulent diffusion-

driven removal of fine aerosols to primarily gravita-

tional settling of coarse particles (Slinn and Slinn

1980). Wet deposition distinguishes between sub- and

in-cloud scavenging by both rain and snow (Jylha

1991; Sofiev et al. 2006b).

For this study, the model was used for calculating

the footprint of the observations at the above sites. The

footprint outlines the areas where the sources of the

observed concentrations may be located. It can be

considered as spatial probability distribution of pollen

sources. The pollen observations used as input were

compiled from REA observations for the Cordoba and

Baena sites. Pollen grains are dispersed as a coarse

(about 10 lm in diameter) and chemically inert

atmospheric aerosol (Sofiev et al. 2006a).

The timeframe modeled was 54 days, simulating

the period from April to June when olive flowering

takes place and major pollen episodes are recorded. A

time step of 15 min was used, and output was averaged

to 1 h. Source apportionment was obtained by eval-

uating transport over the previous 48 h, for each case

of suspected short/medium-range transported pollen

recorded at each of the stations. The transport time-

scale represented the airborne lifetime of pollen

species. The Eulerian system was configured to

include 8 vertical grid layers up to a height of 6 km

above the ground; the lowest level thickness was

20 m. The horizontal grid cell size was 15 9 15 km2,

and the simulation domain covered the Iberian Pen-

insula and surrounding area.

The vertical profile of the source term was set as a

uniform concentration in the altitude range from 10 to

50 m, while footprint analysis focused on the lowest

model layer (0–20 m), where olive trees were located.

2.3.2 Back trajectory HYSPLIT model

Hourly kinematic 3D back trajectories, over a 48-h

period and at a final height of 10 m above ground level

Legend (m)

(a) (b)

Fig. 1 a Orographic characteristics of the study area and b location of the main olive pollen crops in Andalusia
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(a.g.l), were computed using the Hybrid Single Particle

Lagrangian Integrated Trajectory (HYSPLIT) model

developed by NOAA’s Air Resources Laboratory

(ARL) (Draxler et al. 2012). Three-dimensional

trajectories were chosen for greater accuracy over

other computation methods (e.g., isobaric, isentropic)

implemented in the HYSPLIT model. The trajectory is

simply the integration of the particle position vector in

space and time that is interpolated as the native

horizontal coordinate system of meteorological data to

an internal terrain-following (r) vertical coordinate

system during computation. The final position is

computed from the average velocity at the initial

position and the first-guess position.

In both models used in this study, SILAM and

HYSPLIT, the weather data were obtained from the

European Centre for Medium-Range Weather Fore-

cast (ECMWF, http://www.ecmwf.int) with a 3-h time

interval and a spatial resolution of 25x25 km2 and 75

hybrid vertical levels. This fact ensures to produce a

coherent set of results in order to compare these two

different approaches.

3 Results

Daily pollen counts in the city of Cordoba during the

simulation period from April to June 2006 are shown

in Fig. 2a, together with flowering periods for sur-

rounding olive crops (horizontal bar). Some of the

main pollen peaks did not coincide with the local

flowering period observed in the phenological survey.

Minimal pollen counts were recorded prior to the olive

flowering stage. Olive pollen was recorded in Córdoba

from late April to mid-June, with a significant decline

in pollen counts from 19 May onwards. Peak counts

were recorded both within and outside the flowering

period. Olive pollen counts at the Baena sampling

station over 2006 are shown in Fig. 2b; counts were

higher than in Córdoba, and flowering took place

rather later, in mid-May. Peak counts were recorded

only during the flowering period. The post-flowering

period in the city of Córdoba broadly coincided with

the flowering period in Baena.

Peak pollen days for the city of Córdoba, both

inside and outside the full flowering period, were

selected and simulated, with a view to identifying and

comparing the contributions from different sources to

airborne pollen counts in the city of Córdoba, and thus

tracing associated pollen transport routes across the

province.

The following episodes were analyzed (Fig. 2a): 1

and 6 May (within the flowering period); 13, 19 and 26

May; and 4 and 12 June (outside the flowering period).

For each episode, source apportionment was com-

puted using SILAM, and hourly back trajectories were

calculated using HYSPLIT, and analyzing bihourly

pollen counts at Córdoba and Baena.

3.1 Sources in the southeast

The SILAM predictions for Córdoba and Baena

(representing the olive pollen footprint of the previous

48 h), and those of HYSPLIT for Córdoba, for 13 May

are shown in Fig. 3, together with bihourly pollen

counts at both measurement sites. Pollen counts in the

city of Córdoba on 13 May remained around 1,000

pollen grains/m3 until 18:00 UTC, gradually rising

thereafter to peak at 5,000 pollen grains/m3 at 24:00

UTC; counts in Baena rose from around 2,000 pollen

grains/m3 at 10:00 UTC to a peak of 6,500 pollen

grains/m3 at 18:00 UTC (Fig. 3a), with a large

decrease at 12:00 UTC also observed in Cordoba city.

Back trajectories computed by HYSPLIT suggested

that the airborne olive pollen recorded during this

period at the Córdoba sampling site in all likelihood

originated in southern areas (Fig. 3b). The HYSPLIT

calculations showed a constant arrival of surface air

masses in the course of the day: masses arrived from

the south—originating over the Mediterranean Sea

and advancing inland up the natural wind channels

connecting the Mediterranean coast with the Guadal-

quivir valley.

The SILAM model prediction for Córdoba (Fig. 3b)

indicated the influence of southerly sources located

over a wide angle from southwest to southeast of the

city. This reflected the southerly location of the

province’s main olive plantations. Both the HYSPLIT

and the olive footprint for the Baena site (Fig. 3b, c)

highlighted the considerable influence of sources to the

south and the southeast of the site, which were in their

flowering period (Fig. 2b), and also of sources further

away. Taken in conjunction, these results suggested

that the increase in airborne pollen counts in Córdoba

city by the end of the day were probably caused by

olive pollen transported from southern areas.

In addition, the SILAM model showed other

potential sources for the counts recorded in Córdoba,
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located to the southwest of the city, in the Guadalqui-

vir valley (Fig. 3b). HYSPLIT back trajectories did

not indicate this influence. Given the distribution of

olive crops in the Andalusian region (Fig. 1b) and the

similar flowering seasons of olive crops closer to the

city, it seems likely that the SILAM footprints

provided more accurate and detailed picture than the

HYSPLIT trajectories.

The next episode took place a few days later, on 26

May, after the second highest peak was recorded in the

city (Fig. 2). Importantly, this peak occurred outside

the local flowering periods for both Córdoba and

Baena. On that day, the olive pollen count in the city

was close to 600 pollen grains/m3, with two separate

trends in the course of the day (Fig. 4a): from 00:00 to

10:00 UTC, counts ranged between 1,000 and 700

pollen grains/m3; thereafter, counts declined to end

close to 400–200 pollen grains/m3.

The clear difference in counts in the course of the

day was not borne out by the HYSPLIT results, which

predicted a constant arrival of eastern air masses over

Córdoba and Baena that had originated in the Med-

iterranean Sea (Fig. 4b, c); this would suggest that

counts were influenced by olive crops located in the

east of the province and beyond (Fig. 1b). This

potential contribution was also predicted by the

SILAM model over Córdoba, but its importance was

lower than the influence of nearby and more southerly

sources (Fig. 4b). This was confirmed by the olive

footprint for the Baena site (Fig. 4c), but was not

picked up by the HYSPLIT trajectories.

Analysis of weather patterns over the city of

Córdoba clarified to some extent the characteristics of

the episode and accounted for the inconsistency

between the SILAM and HYSPLIT simulations. The

synoptic conditions on the day were characterized by a

high-pressure area which had developed over the

Iberian Peninsula. Surface data indicated that under

its influence—and as a result of the flow channeling

caused by the valley—there was a predominance of

northeasterly wind flows over the city during the

daytime, veering round to southerly from 18:00 UTC

onwards (not shown). These wind dynamics confirmed

the combined influence of eastern and southern olive

groves revealed by SILAM model predictions.

On 4 June, the SILAM model again predicted a similar

influence of eastern and southern areas on airborne pollen

counts in the city, which mainly ranged between 100 and

200 pollen grains/m3, but reached a peak of 250 pollen

grains/m3 at 10:00 UTC (Fig. 5a). On this episode,

however, HYSPLIT back trajectories pointed to a

constant air mass movement from east, but with a

southern influence over Córdoba and Baena, sweeping

across the olive groves located in the south of the

province (Fig. 5b, c). It therefore seemed plausible that

air masses had transported olive pollen from the south

but, as in the previous episode, the HYSPLIT model

differed from the SILAM model in terms of source area

identification over Córdoba city (Fig. 5b), in that trajec-

tories made no clearly reference to eastern sources.

On that day, the surface wind shifted initially from

southerly to easterly until 10:00 UTC, when south-

westerly/westerly winds became dominant, remaining

so thereafter. As a result, both models were able to

predict pollen transport from olive groves in the south,

as confirmed by the SILAM result in Baena (Fig. 5c)
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and bihourly data from the Córdoba and Baena

sampling sites, but HYSPLIT suggests no influence

of eastern sources.

The two models displayed similar behavior on 12

June (not shown), with a marked similarity in results

between both sampling sites until 22:00 UTC, when a
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Fig. 3 a Bihourly olive pollen concentrations at Cordoba and Baena sites for May 13, 2006, b hourly 48-h HYSPLIT backward

trajectories at 10 m and the predicted 48-h footprint using Eulerian SILAM model for b Cordoba city and c Baena site
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sudden sharp increase in pollen counts was recorded at

Baena. In this episode, as earlier, the SILAM model

clearly showed that the Baena area was outside the

strong probability zone for high pollen counts due to

eastern sources.

3.2 Sources in the southwest

Findings for the May 1 episode showed disparate trends

in olive pollen counts in Córdoba and Baena until the

afternoon (Fig. 6a). Córdoba displayed two peaks, one

at 02:00 UT (2,400 pollen grains/m3) and the most

intense at 16:00 UTC (4,400 pollen grains/m3), while

counts at Baena rose from 20:00 UTC onwards,

reaching values of 2,400 pollen grains/m3; no earlier

peaks were recorded, values remaining below 1,000

pollen grains/m3. Given that this episode day coincided

with the full flowering of olives on the outskirts of the

city (Fig. 2c), the sharp increase in airborne pollen

counts in Córdoba might be attributable to local sources

located close to the river in lowland arable areas.

The set of back trajectories computed by HYSPLIT

(Fig. 6b, c) showed a scarce variation in surface air

mass movements in the course of the day, keeping in a

southerly movement during the day; however, in the

early hours, the air masses swept across the olive

groves in the south and, then, progressively channeled

toward the city by the Guadalquivir valley.

The SILAM simulation indicated a greater contri-

bution from local pollen sources to pollen counts in the

city of Córdoba (Fig. 6b). Other potential contributors

included areas to the southwest of the city, coinciding

with the air mass movements predicted by back

trajectories. The SILAM model also clearly showed

that the Baena area was outside the strong probability

zone for high pollen counts (Fig. 6c).

The SILAM results indicated pollen transport from

Córdoba to Baena, showing that pollen counts in

Baena were influenced by northern sources, i.e.,

located to the south of Córdoba city, in the surround-

ing countryside.

Similar results were obtained for the 6 May

episode. SILAM model highlighted the influence of

pollen sources on the outskirts of the city and on the

southwest, from olive groves in the Guadalquivir

valley (Fig. 7b), on pollen counts in the city of

Córdoba, which generally ranged around 1,000 pollen

grains/m3 but peaked at 14:00 UTC (5,000 pollen

grains/m3) (Fig. 7a). In this case, HYSPLIT trajectory

model indicated this influenced with trajectories

originated to the north of the province, which

presented a progressive clockwise movement during

the day, with final arrival from the south/southwest

over Cordoba and Baena (Fig. 7b, c).

SILAM predictions again indicated the probable

influence of northern sources on Baena pollen counts

(Fig. 7c). A peak was recorded at Baena (7,000 pollen

grains/m3) at the same time as in Córdoba (14:00

UTC), followed by a further sharp peak (20,000 pollen

grains/m3 at 18:00 UTC), probably attributable to

short-range transport.

The last episode took place on 17 May, when olive

pollen counts peaked at 1,636 grains/m3 in the city of

Córdoba, then gradually declined from 02:00 UTC

(3,250 pollen grains/m3) until 08:00 UTC (1,500

pollen grains/m3), thereafter remaining at around that

level for the rest of the day (Fig. 8a).

The computation of back trajectories over the city

of Córdoba and Baena revealed a constant westerly

flow throughout the day, originating over the Atlantic

Ocean (Figs. 8b,c); this suggested that pollen counts

might be associated with olive groves in the west/

northwest. This was supported by SILAM predictions

(Fig. 8b), which did not predict the arrival of olive

pollen in the city from southern olive groves. In

subsequent episodes, SILAM results indicated prob-

able transport of pollen from northern sources to the

south of the province (Fig. 8c), which appears to be

borne out by the peak observed in Baena coinciding

with a drop in pollen counts in the city of Córdoba.

4 Discussion

The most striking finding reported by Hernández-

Ceballos et al. (2011a) was the existence of two major

types of moving air masses associated with high olive

pollen counts in the city of Córdoba: one from the

south/southeast and the other from the west. These

results were obtained computing back trajectories at a

final height of 500 m by the use of GDAS (Global

Data Assimilation System) meteorological files with a

spatial resolution of 111 km. In this study, the use of

ECMWF meteorological files, with horizontal spatial

resolutions of 25 km, over four times denser than

GDAS, has allowed to determine with more detail the

dynamic (transport, advection and dispersion) of olive

pollen in southern Iberian Peninsula.
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As reported by Veriankaite et al. (2010), approaches

based on the data from only a few trajectories may

encounter difficulties, particularly in cases with com-

plex atmospheric patterns. Here, periods were mainly

governed by a synoptic configuration, characterized by

a weak pressure gradient. This usually gives rise to local

or mesoscale winds, which tend to be characterized by

low wind speeds and rapid changes in wind direction,

and are determined by local temperatures and land

relief. Furthermore, Pérez-Landa et al. (2007a, b) have

noted how difficult and complex it is to quantify airflow

patterns over mountains, given the anabatic and

katabatic flows characteristic of this type of atmo-

spheric transport model. Under these circumstances, the

use of higher spatial resolution to compute trajectories

with HYSPLIT as well as to determine the pollen

dispersion with SILAM model has allowed to consider

with more detail the surface winds and, therefore, has

increased the quality and the validity of the results

concerning the olive pollen transport.

Considering these meteorological factors and the

differences in the determination of source influences,

as indicated under Materials and Methods, the HY-

SPLIT trajectory and SILAM models have achieved

an acceptable approximation in their predictions. In

this sense, the results also highlighted the similarity of

episode simulations heavily influenced by olive groves

close to the city of Córdoba, as shown on 1, 6 and 19

May.

Results allowed for linking the pollen counts in

Córdoba to three major emission sources, located both

within and beyond the province of Córdoba. The first

source area to be identified was located in the outskirts

of the city itself, to the west/southwest of the sampling

site, along the Guadalquivir valley. This area was well

defined by the SILAM model, confirming the hypoth-

esis put forward by Hernández-Ceballos et al. (2011a)

regarding the influence of western sources. That

influence was apparent in the episodes of May 1, 6

and 19, which also pointed to the transport of pollen

from northern olive groves to southern areas of the

province.

The second source was identified as an area of

extensive olive groves in the south of the province,

confirming the south–north gradient reported for Olea

pollen sources. The identification of the south as a

source of airborne pollen in the city of Córdoba is

borne out by the findings of Hidalgo et al. (2002) and

Hernández-Ceballos et al. (2011a) regarding the

considerable influence of pollen released in this area,

illustrated here in the episodes of 13 and 26 May.

These simulations also enabled the identification of

another pollen source located to the east of the city.

This area contains Andalusia’s most extensive olive

groves, in the province of Jaén. Although its influence

has not been scientifically demonstrated in earlier

modeling studies, research into olive aerobiology and

phenology in this area shows that recorded phenolog-

ical and pollen data support the idea of this being a

likely transport route (Aguilera and Ruiz Valenzuela

2011). During the present research, several examples

of pollen input from eastern sources were found in the

city of Córdoba, for example, in the 26 May and 4 June

episodes.

The results of the present study also highlighted the

influence of sources located to the north of the city of

Córdoba. This olive production area, in direct contrast

to western local sources, displays distinct phenolog-

ical behavior influenced by differences in weather

patterns, mainly involving temperature and relative

humidity (Orlandi et al. 2005).

Variations in the timing of pollen emission were

defined by analyzing the dates on which each olive

pollen source was present in the city of Córdoba. This

variability clearly reflected differences in the flower-

ing period of olive-producing areas throughout the

province. The flowering of olive trees in the immedi-

ate vicinity of the city of Córdoba in early May led to

pollen counts attributable to nearby sources and

southwestern source at that time. By mid-May,

coinciding with the flowering period for crops in the

south of the province, olive pollen counts in Córdoba

were mainly attributable to sources to the south of the

city. These results confirmed earlier estimates based

on the contribution of southern olive groves to the

pollen curve recorded in the city, once the flowering

period of nearby sources was over (Fornaciari et al.

2000). After the main flowering season, in late May

and early June, pollen peaks confirmed the increasing

predominance of eastern sources. These findings

enabled a preliminary identification of the real origins

of airborne pollen in the city of Córdoba. These

results, in the spatial scale of Cordoba province, are in

agreement with studies that indicate that daily pollen

concentrations can be affected by different pollen

producers and so, by several types of pollen transport

(local, regional or long-distance) (Van de Water and

Levetin 2001; Skjoth et al. 2007).
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Results have also indicated the existence of differ-

ences between SILAM and HYSPLIT predictions. In

some episodes, the SILAM model simulated a branch-

ing of the footprint due to a rapid change in wind

direction, which was not observed by HYSPLIT

trajectories. The most evident explanation for this

effect is underrepresentation of variability of atmo-

spheric transport if a few trajectories are used to

describe it. In most cases, they would simply follow

the most probable path missing other branches and

underrepresenting the width of the plumes. This

problem is somewhat reduced in Lagrangian particle

models but is still significant even there (Veriankaite

et al. 2010, Sofiev et al. 2012a). Apart from a

possibility to consider species transformations and

removal, a possibility to represent the full range of the

variability of the atmospheric transport is probably the

main advantage of the Eulerian paradigm for ADM.

This fact has been observed in the combined

influence of southern and eastern sources. For

instance, this influenced was observed by SILAM

model on 13 and 26 May, and 4 June, but was not

defined by back trajectories, which present a time-

stable transport direction during these days and so,

suggesting only one source apportionment. In this

case, these differences are not associated with the use

of different weather file and are related to the

characteristics used to compute backward trajectories

(HYSPLIT) and the adjoint simulation (SILAM),

previously commented in Sect. 2.3.

These differences between models also confirmed

the need for accurate information concerning the

location of sources and their flowering periods,

particularly when computing back trajectories, since

this tool indicates only the horizontal and vertical

movement of air masses over a previous period. In that

sense, SILAM generally proved to be more versatile

when evaluating pollen sources. Similar findings are

reported by Veriankaite et al. (2010), who conclude

that adjoint computations provide a more comprehen-

sive and less subjective approach to the identification

of pollen emission sources.

Accurate analysis of biological particle dynamics

requires rigorous prior examination of the character-

istics of each modeling tool used, together with a clear

understanding of the purposes of the study. According

to the above-presented results, the footprint analysis

seems to be more accurate than the back trajectory

calculations for the episodes considered in the present

study.

5 Conclusions

The present study compared the results obtained for

airborne olive pollen dispersion in the province of

Córdoba obtained using two different methods: com-

putation of back trajectories using the HYSPLIT

model and the SILAM model. Using data for 2006, a

set of daily episodes were studied in which high pollen

counts were recorded in the city of Córdoba—both

within and outside the flowering period of nearby olive

crops—in order to determine the apportionment of

olive pollen sources.

The predictions of the SILAM model indicated

three main source areas for airborne olive pollen in the

city of Córdoba; the influence of each was determined

by variations in timing. Pollen from the first source,

located in the south of the province, predominated in

early May; the second source, dominant in mid-May,

was located both in the immediately surroundings of

the city of Córdoba and in an area to the southwest of

the monitoring site, along the Guadalquivir valley; the

third source was situated to the east of the city and

predominated in late May and early June.

The HYSPLIT trajectory analysis proved less

accurate for defining olive pollen dynamics in south-

ern Spain. To better understand HYSPLIT results,

precise information on the location of pollen sources

and on flowering phenology is essential. Comparison

of the performance of the two modeling tools for

apportioning pollen sources showed that SILAM was

the more versatile of the two.
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