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Abstract. Considering the Mediterranean as a region of dominated by the midlatitude westerlies in the moist winters,
high evaporation and low precipitation, evaluations of sinksand the subtropical high in the hot and dry summers, being
and sources of moisture and precipitation in the Mediter-influenced also by the trade winds and the Asian and African
ranean basin have been carried out within the frame of thenonsoons (e.gAlpert et al, 2006 Luterbacher and Xoplaki
CIRCE (Climate Change and Impact Research: the Mediter2003 Xoplaki et al, 2003 and references therein). There
ranean Environment) project. Besides these evaluations, resre significant effects from the Mediterranean itself on the
idence time and stagnation/ventilation analyses have beeadjacent regions, e. g. the moisture flux into Northern Africa
carried out to investigate transport to and from the Mediter-(Ward, 1998 Mariotti et al, 2002 or into the Alpine region
ranean basin and in the basin itself. A Lagrangian mois-(Sodemann and ZubleP010Q. Especially on the southern
ture diagnosis method calculating budgets of evaporation miside of the Alps, flows from the Mediterranean are associated
nus precipitation was applied to a 5.5 year (October 1999-with precipitation and are the main cause of extreme events.
April 2005) trajectory data set and evaluated for eight rep-During the summer season, stagnation and recirculation are
resentative Mediterranean Regions Of Interest (ROI). Thecommon and contribute to accumulation of air pollutants, es-
Mediterranean basin has been identified as a major source gfecially ozoneill an et al, 1996 1997).
moisture and precipitation to the surrounding land areaand to On this background, several large research programmes
the basin itself. Main regions of stagnation, i.e. the Po basinhave been launched, such as MedClivévediterranean
have been defined on a seasonal basis through residence tir@¢ Imate VARiability and Predictability) Liionello et al,
analysis. Evaluation of the transport to and from the basin2006, HyMeX? (HYdrological cycle in the Mediterranean
shows that the Mediterranean is a crossroad of airstreamgXperiment) Probinski and Ducrocg2008, and CIRCE
where air enters mainly from the northwest and continues in(Climate Change and Impact Research: the Mediterranean
two separate streams, one going southwest over North AfriCEnvironment)_ This study is a part of CIRCE and aims at
into the trade wind zone and the other one to the northeastlarifying in a quantitative way budgets of air and moisture
through Central Asia. in the Mediterranean and its sub-basins. The transport and
residence times of air masses are related both to moisture
and air pollution budgets; the moisture budgets are consid-
ered explicitly here as we have detailed information about
them through the ECMWF data.
1.1 Motivation The transport patterns affecting the Mediterranean region
were studied with Lagrangian methods both with a source-
The Mediterranean region has been identified as one of theriented and a receptor-oriented view, based on the data set of
“hot spots” for present and future climate changiotgi, Stohl(2006. The fate of air masses passing over the regions
2006 Gibelin and Deque2003. This high sensitivity to cli-  Of interest as well as their previous history has been investi-
mate change is a consequence of the fact that its weather Bated. In addition, residence times and analyses of stagnation
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versus ventilation have been carried out. The moisture haslata, and compiled a climatology of atmospheric moisture
been handled in a similar way, identifying the fractions of flux and moisture divergence for the period 1979-1993.
atmospheric moisture and of precipitation originating from  An overview on observed and postulated atmospheric
the Mediterranean basin or, respectively, selected sub-basinand regional circulations for different vertical levels in the
Vertically integrated mean fluxes of moisture orginating from Mediterranean basin in summer is given Nfill an et al.

the Mediterranean are also shown. (1997, Plate 5). In additionKallos et al. (2007, Fig. 4)

and Astitha et al.(2008 Fig. 3) sketch pathways and their
scales and levels of air mass transport in the Mediterranean
region and its surroundings. Results of these studies already
_ ) _ give a good overview on the different systems influencing the
Transport of air masses (€.g. pollutants and moisture) sigyegiterranean basin and provide a background for this paper
nificantly influences air pollutionNewell and Evans200Q and its results.

Stohl et al, 2009 and the fraction of atmospheric water  aq noted before, sources and sinks of moisture and precip-

vapour in a regionNewell et al, 1992 Zhu and Newell  j~iion of 4 region has become a topic of interest, especially
1998. The Mediterranean basin has been one focus region o;

Lo ; _ h context with heavy floodings, e.g., Central Europe in 2002
long-range transport studies, inter alia the MINOS (Mediter- 5,4 5005, \Water in the atmosphere is important for the cli-
ranean intensive oxidant study) campailytialopoulos and

- mate system in many ways, e.g. by modifying the Earth’s
de Reus2003, the MECAPIP Mill an et al, 1992 1996 5 jiation budget, and by the influence of precipitation on the

1997 Salvador et a).1997) project, the SECAPMillan  hormohaline circulationWeaver et al.1999 Bethoux and
et al, 1997 project, or the SUB-AREOL@zaridis et al. Gentili, 1999.

i/loodg; for more i;fo”rmationlogoganspT)cr)]rt StUdi%S. in_the Precipitation in a region may have, accordind@@rmbaker
editerranean sekallos et al.(2007. These studies in- o 5, (1993 three kinds of origins: moisture al-

vestigated complicated flow patterns associated with mounfeady present in the atmosphere, moisture advection, and

tainous topography, land-sea circulations, recirculation pat'evapo(transpi)ration from the surface below, the latter also

tergs,hand the m:]era_lcnk;)n b((ajtweeln the mar;}ne boundary I]f’ly_elreferred to as recycling of precipitatiol(ahir and Bras
and the atmospheric boundary layer on the transport o alr199@. Large-scale moisture fluxes relevant for the advective

pollutants, and characterised the prevailing conditions in thecontribution have been investigated Ngwell et al.(1992

Mediterranean basin. Also, teleconnection modes such as the, - daily time scale, who identified “tropospheric rivers” as-
North Atlantic oscillation Hurrell, 1995 1996 Rodo et al. ’

sociated with warm conveyor belts (see asikhardt et al.

19.97’ K:ic;g(l; et EI' 200.2. Kric?arlf a_nd AIperIZOOi I\illari- 2004. Zhu and Newel(1998 found that these tropospheric
ot etf'i’ 3, the position of t ?Jet stream, and the pres- ;o1 aecount for nearly all the meridional water vapour
sure difference between Azores high-pressure system and tr}?ansport in mid-latitudes

Persian trough during the warm seasbfill(an et al, 1997
Kallos et al, 1998 2007 affect transport of clean and pol- Central Europe in August 2002 were carried out Stphl

luted air masses (e.ylill an et al, 1997 Kallos et al, 2007 and Jameg2004 2005 who used Lagrangian analysis to

in the Mediterranean region and Europe. These teleconr?ece-valuate the surface freshwater flix— P using ECMWF

]E'O”ns havelgﬁgctttr)]otr':/log_the ar [;%IIuhtloln tr:rllspor]tzggd AN gata. They found out that the major moisture source re-
allanomalies in the MediterranealBighel and FarreP00Q. gion contributing to the precipitation event was the Mediter-

Within the MINOS campaignl{elieveld et al, 200 and  ranean Sea. A climatological analysis of the precipitation,
the SECAP projectNiill an et al, 1997), different air mass  evaporation and moisture flux in the Mediterranean region
trajectories, inflow and OutﬂOW, inﬂuenCing the Mediter- for the past 50 years has been carried OUWiOtti et al.
ranean basin in the lower, middle and upper tropospherg2002 showing a positive mean of the budget- P over

were identified. Observations during the MINOS study pe-the Mediterranean Sea indicating that the atmosphere gains
riod (summer 2001) revealed that inflow from the North pre- maoisture from the Mediterranean.

vailed. These inflows were caused by a strong east-west

pressure gradient between the Azorean high and the Asian

monsoon low pressure system. In the free troposphere, thg Method

westerlies dominated in the Mediterranean basin. Addition-

ally, inflow from Northwest and Southeast was found in the The Mediterranean basin is a region surrounded by mountain
upper and middle tropospherkelieveld et al, 2002. In ridges in the North (Massif Centrale, Alps, Dinaric Moun-
the lower troposphere, inflow from continental Europe into tains, Carparthians), West (Pyrenees, mountains of Iberian
the Mediterranean prevailed€lieveld et al, 2002. Simi- peninsula), East (Anatolian highlands) and parts of the South
lar trajectories were found bMariotti et al. (2002. They  (Atlas Mountains). These mountains, and especially the gaps
analysed the hydrological cycle in the Mediterranean for twobetween them, lead to wind systems such as the mistral, the
periods, 1979-1993 and 1948-1998 using NCEP and ERAora, the ponent, the scirocco and the etesians. The Italian

1.2 Related existing work

Previous studies investigating the heavy flooding event in
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peninsula (Appenine mountain range) and the Greek moun-
tains divide the Mediterranean basin. A detailed meteo-
rological and climatalogical explanation for the division of
the Mediterranean basin into Western, Central, and Eastern
Mediterranean basin is given Mill an et al.(2002. Mill an
et al.(1997 give a schematic summary of the circulations in
the Mediterranean area, including orographic injections, re-
circulations, and channelling. To account for the influence
of the different wind systems, the different circulations, the
climatological background, and the topography, eight Re-
gions Of Interest (ROI) were defined inside the Mediter- |
ranean basin (Figl): one is the Mediterranean itself, then
there are the three larger basins (1) Western Mediterranean,
(2) Central Mediterranean, and (3) Eastern Mediterranean,
and the four smaller basins (4) Adriatic Sea, (5) Balearics,
(6) Aegean, and (7) the region between Cyprus and Israel.
Moisture and precipitation sources and sinks have bee

IJl:ig. 1. Definition of the Mediterreanean basin and the seven sub-

analvsed using a Laqranaian particle dispersion data set rb_asins. (1) Western Mediterranean, (2) Central Mediterranean, (3)
y g grangian p P P QEastern Mediterranean, (4) Adriatic Sea, in red as they can be seen

duced byStohl(2006. The model FLEXPART $tohl et al, as natural boundaries, and (5) the Balearics, (6) the Aegean basin,

199_8 2005 was used in t_he globgl domain-filing mode g4 (7) the Cyprus basin in green as small, wind-influenced basins.
to simulate a 5.5-year period starting on 27 October 1999

and ending on 1 May 2005. This period includes some ex-

treme weather periods, especially the heavy floods in Cening the moisture evaluations (see S&8), are described in

tral Europe in 2002 and the unusually hot and dry Summerdetail in Stohl and Jame§2004. We found that in a few

2003. Input data were the operational analyses at 00:00are cases specific humidity suddenly dropped from one time

06:00, 12:00, and 18:00 UTC, and 3-h forecasts at intermedistep to the next from plausible values to nearly zero specific

ate times (03:00, 09:00, 15:00, 21:00 UTC) of the Europearhumidity, probably indicating a bug in the FLEXPART data

Centre for Medium-Range Weather Forecast (ECMWF). Aset. Linear interpolation has been used to replace buggy spe-

horizontal resolution of 1x1° of the T319 model with 60  cific humidity values. As analyses for moisture flux, mois-

model levels was used. Approximately 14 levels are belowture and precipitation budgets, residence times, and a stag-

1500 m, and 24 below 5000 m. Trajectories were calculatechation/ventilation index are averaged over a large period and

using the interpolated mean winds from the input data plusiarge grid sizes, these effects can be neglected.

random motions to account for turbulence. Results of all eight ROIs will be discussed, however, fig-
At the start of the simulation 1398 801 particles were re-yres will be shown only for selected ROIs (SBeibert et al.

leased filling the atmosphere homogeneously. One of thesepog and http://www.atmos-chem-phys.net/10/5089/2010/

particles represents abouk 30'2kg of air. Particles move acp-10-5089-2010-supplement.fdf supplementary mate-

freely with the winds during the simulation. Output of par- ria|.).

ticles” ID number, position (latitude, longitude, height above  |n the following, the definitions and calculation methods

msl, height above ground), and interpolated meteorologicabf the parameters are introduced.

parameters from the input analyses (temperalyrspecific

humidity ¢, air densityp, atmospheric boundary layer (ABL) 2.1 Residence time

height and the tropopause height at the particles’ position)

were recorded every six hours. The residence time is defined as the average of the time
Some limitations are implied by these data. The resolu-spent by the simulated particles in the respective evalua-

tion of the meteorological input data of horizontally and  tion grid cell within the ROI and within the predefined time

3 h temporally implies that mesoscale features are not rewindows in this study. Residence times have been calcu-

solved. The limited number of particles only allows an eval- lated in forward and backward mode for three different ver-

uation on seasonal base and for all the years together. Bdical layers: 0-1000 ma.g.l., whole troposphere, and the

sides the accuracy of the trajectories, some small errors cawhole atmosphere, and four different transport times win-

be introduced in the calculation e .g. fluctuationgafue to  dows Ar :0-1 days, 0-5 days, 0-30 days, and 0-90 days.

nonphysical reasons (interpolation errors) along individualThe 0-1000 ma.g.l. is a proxy for the ABL.

trajectories which are partly compensated in an atmospheric Residence times are shown on an annual basis only. The

column over a defined area and amongst a large number aksidence time is normalised with the number of particles in

particles for currenf — P (Stohl and Jame2004. Other  the ROI andAr in days, and is expressed in units of seconds

limitations and restrictions of the method, especially regard-per particle, receptor day, and grid cell. As grid cells are

www.atmos-chem-phys.net/10/5089/2010/ Atmos. Chem. Phys., 10, 50882010
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defined in a latitude-longitude grid, these values have beemlefined. We track moisture originating inside the RQls,,,

corrected to a standard grid cell size (as at the equator). Fomith its changes between the timestefig,n,, and moisture

ward transport calculations show the fate of Mediterranearoriginating outside the RO} o,,, with changes\qo,.

air, while backward calculations show the origin of airinthe  An increase ofym,, is found if Ag, is positive and if the

Mediterranean. Particles are counted in the forward modeparticle is inside the ROI, with

if they resided initially in the ROI, in the backward mode Aam. = A @)

if they arrived finally in the ROL. “Initially” and “finally” n=Odn

means within time windowar as defined above. where the moisture originating outside the ROI does not
High residence times indicate, on one hand, areas witithange:

stagnation, and on the other hand, transport pathways. Thugqon —o 3)

they are especially relevant for air pollution and moisture

budgets. If the particle is outside of the ROIAgo, = Ag, and
Agm, =0.

2.2 Stagnation/ventilation With a decrease of a particle’s moisture between two

timesteps (negativag,), bothgm,, andqo, loose moisture
The residence times give already an idea of regions whergro-rata. In this case\gm, andAgo, can be calculated as:
the air stays a long time. Especially residence times with
short time intervals are related to stagnant conditions. ToAgm, = Agy (4)
show such areas more clearly, additional analyses for stag-
nation/ventilation have been carried out (sééwine and Ay, — 99" A, (5)
Whiteman 1994 for details of this concept). Ventila- (gmu+qon)
tion/stagnation is defined as the vectorial mean of the par- The fraction of the total moisture which evaporated inside
ticle velocities, or in other words, the distance between starthe ROI,gm; (x, y), can be written as:
point and end point of a particle divided by the length of

qmn
(gmn+qon)

the time interval. Low values indicate strong stagnation ten-gm;(x,y) = ZL (6)
dency, high values ventilation. w (400 +qmn)

Stagnation has been calculated for the four seasons andith
different time intervalsAt all over the globe. These time m ZZA m @
intervals are shorter than time intervals used for the residencé’ " - dMin
times, namely one and five days. These are local parameterghd
not a relationship between a source (receptor) region and the
rest of the world, thus it is not appropriate to do separate ROlo, = ZAqon (8)
calculations. Results are shown for the Mediterranean region n
only. where n are the particles in the gridbox. This fraction

gm;(x,y) is then averaged over the seasons, and averaged

2.3 Moisture budget and moisture flux over P x 1° grid boxes. Note that each particle represents a

defined, constant fraction of the total atmospheric mass, and

Moisture source and sink tracking along the trajectories hagyensity effects are represented by the particle density. Thus
been done using a method basedames et al2004; Stohl e 4ir density does not appear in these equations.

and Jame2004 2009, andSodemanr{2009; Sodemann In the ABL, moisture may change along a computational
et al.(2008ab), also used byNieto and Gimend2008; Ni-  aricie’s trajectory by turbulent displacements in an envi-
eto et al(2006 2007, 2008 andDrumond et al(2008. ronment that — according to the ECMWF input fields used by
The change in the moisture contgnof the air parcek in - {he original FLEXPART calculation and interpolations made
atime intervalAz, Ag,/At, can be written as the balance of herein — has a vertical specific moisture gradient without oc-
effects of evaporatio® minus precipitatior?: currence of evaporation or precipitation. Such effects would
cause a too fast loss of Mediterranean moisture outside the
=E-P Q) ROI and of non-Mediterranean moisture inside the ROI. To
counter this, the specific humidity of all particles inside the
Evaluations are carried out on a fixed 6-h time interval. ABL is set to the average value over all the particles below
Results of Ag, have units of gkg(6 h)l. The mois- ABL height and in the respective® k 1° grid box. Further-

Agp
At

ture change between two time steps is calculatedgs=  More, inthe calculation ohg,, each specific humidity value
gn (1) — gn (t — 1), Where g, (¢) is moisture at timer and s replaced by the average between the present and the pre-
gn (1 — 1) is the moisture at the previous time step. vious time step. It should be noted that Mediterranean mois-

In order to distinguish between moisture originating inside ture may still decrease faster in the model than in reality and
and outside the ROIs, two different moisture variables areabsolute values thus may be underestimated.

Atmos. Chem. Phys., 10, 5089105 2010 www.atmos-chem-phys.net/10/5089/2010/
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Fig. 2. One-day residence times in s/d for the Mediterranean basin calculated for the lowest layer, 0—1000 m (left), and the whole troposphere
(right) in forward mode.

In addition to the mixing ratio of the two kinds of moisture, This value indicates the fraction of the precipitation in a grid

vertically integrated horizontal fluxes of moistulg, origi- cell that stems from moisture which evaporated inside the

nating in the Mediterranean basin (F. were calculated. ROI. It has to be considered that a small ROI will of course

The flux associated with a single particle is contribute less moisture to any precipitation downwind than
a larger ROI.

Fqn = vannMp (9)

where the horizontal velocity vectoy, is taken from the par- 3 Results

ticle displacement and
3.1 Residence times

gmn (1) —gmn(t - (10)

The mass of air represented by each particle is the total a
mosperic mass (5:410'8 kg divided by the total number of
particles, i.e. 3.65102 kg). The gridded flux vectoF ,

= t—1 . . .
g = qmn( )+ Forward and backward residence time evaluations were per-

formed only for the Mediterranean basin, in three differ-
ent vertical layers and for four different time intervals (see
Sect.2.1). Results of the 1 d residence times evaluations
is obtained by summing up all the,, in 1°x1° horizontal (Fig. 2) s_hovy that maxima can be found in t.he m_iddle of t.he
grid cells and vertically between 0 and 1000 m and betweerBOI’ |.n_d|cat|ng a tenQency Fowards ;tagnatpn with low wind
0 and 20000 ma.g.l. divided by the area of the grid cell. It iSV(_alocmes and/or reC|_rcuIat|on. Residence times are clearly
thus expressed in units of kg () signifying the amount higher over the Mediterranean Sea than over adjacent land

of Mediterranean moisture being transported across a line o hich is an indicator for recirculation. Forward calculations
1 mlengthin 1 s. Calculations were performed only with the F'g 2) in the 0-1000 m layer and in the troposphere show
whole Mediterranean basin as RO similar patterns, as expected for the short transport time.

Furthermore, the backward evaluations clearly show that the
2.4 Precipitation budget Alps act as a northern barriegggdemann and Zublg2010

for the Mediterranean region. Influences from other oro-
The attribution of precipitation with respect to its origin in graphic barriers and local wind systems can be found in the
the ROIs was done in a way similar to the moisture calcula-€ast (Etesians) and in the southwest (Atlas range).
tions. The moisture changes inside and outside the ROl are Spatial patterns of 5 day residence times (B)gare simi-
evaluated and the moisture loss in the atmospheric column ir to those of the 1 d residence times. The maximum, a sign
considered as precipitation. towards stagnation, is located in the Tyrrenian Sea between

The fraction of the precipitatiopm; (x, y) which contains ~ Southern Italy and Turkey. Influence of the Etesian winds on

water evaporated in the ROI is calculated similarly to the the residence times of air in that area is more clearly visible
moisture fractionym; (x, y), but instead ofym,, andgo,, the  than in the 1 d residence times. Inflow from the Black Sea
quantitiesAgm, andAqo,, if <0, as defined in Egs. (4) and through the Sea of Marmara into the Aegean and outflow to

(5), are used. Thugm; (x,y) can be written as: the eastern part of Northern Africa prevails even in the annual

means. This leads to lower residence times in the eastern

Agmy part of the Mediterranean especially on the 5 d time scale.
pmi(x,y):Z—. (1) . . .

(Agon + Agmy,) The overall tendency towards stagnation in certain regions

n

www.atmos-chem-phys.net/10/5089/2010/ Atmos. Chem. Phys., 10, 50882010
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Fig. 3. Five-day residence times.

is still present. Influence of the topography surrounding the The residence times for the 90 d intervals (Fy.show
Mediterranean basin is clearly recognisable by minima in theclearly the role of the Mediterranean in the global circulation,
atmospheric boundary layer (ABL) residence times over theconfirming that it can be called a crossroad of air streams
mountains, where the air partly flows around, and, if going(Lelieveld et al, 2002. As a broad picture, the air enters
over the mountains, with high velocities. Another example the Mediterranean mainly from the Northwest, with the 90 d
for the topographic influence can be seen in the region oftropospheric source area consisting of Central and Western
the Atlas mountains where the air is channelled around, als&curope and the North Atlantic. High latitudes regions in-
visible in the moisture flux results. The 5 d residence timescluding the Arctic also contribute to the airflow going into
show that the Mediterranean air has much more influence othe Mediterranean. The outflow is split into two main flows
Northeastern Europe than on Northwestern Europe. Contriwith opposite directions. One follows the Silk Road through
butions into the Red Sea and into North Africa can also beCentral Asia north of the Tibetan Plateau to the Pacific coast.
identified as well as influences of the Ahaggar mountains andrhe other one leads over Northern Africa into the tropical
the Tibesti mountains at the southern borders of the SaharaAtlantic towards South America and the Caribbean. Arctic

The 30 d residence times illustrate the position of thelatitudes are very little influenced on this time scale.
Mediterranean in the global circulation. The role of moun-
tains and sea straits becomes even more visible, both in thd.2 Stagnation/ventilation
boundary layer and in the troposphere with the mountain-
ous regions acting as areas of minima of the residence timefesults of the 1 d and 5 d residence times have already shown
These minima are due to the tendency of air flowing aroundtendencies towards stagnation and/or recirculation. One-day
them. Two main transport routes of Mediterranean air canstagnation patterns (Fi$) show that in winter a dominant
be identified: one enhanced outflow direction through thestreak with strong transport enters the Mediterranean at the
Strait of Gibraltar and the Red Sea, and one outflow patterrGulf of Lyon, a consequence of large-scale channelling be-
over Mesopotamia. Another transport air stream, inflow ortween the Alps and the Pyrenees. It continues through the
outflow, depending on the season, passes through the Dardtrait between Tunisia and Sicily and then, in weaker form,
anelles. Longer residence times can be found over the Wespasses south of Crete and reaches even the eastern end of the
ern and Central Mediterranean, both in forward and back-Mediterranean basin. In summer, the dominant region with
ward transport calculations, indicating that it is an area withlow stagnation (i.e., strong ventilation) is the Aegean region,
a high recirculation tendency. where the etesians prevail which are strongest in summer.

Atmos. Chem. Phys., 10, 5089105 2010 www.atmos-chem-phys.net/10/5089/2010/
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Fig. 4. 90-d residence times.

This flow continues over the whole Mediterranean basin intoextend in spring and summer. Contributions of up to 4%, ex-
North Africa. Autumn and spring are a mixture of these two cept for summer with lower values of maximum 2.5%, even
patterns, with much more stagnation over North Africa in reach Kazakhstan and European Russia. The coastal areas
autumn than in spring. Areas of stagnation are the Po basimf Egypt, Libya and Tunisia experience up to 8% of Mediter-
known to be an area with high air pollution leveBdsio ranean moisture, showing the relevance of the Mediterranean
et al, 2002, the Gulf of Venice, the Atlas mountains, the for these areas.

Sicilian Sea and Turkey. In spring and autumn, the stag- In the main outflow region following the westerlies in
nation regions are distributed similarly with low values in the northeastern part of the Mediterranegmn, (x, y) shows

the Balearic Sea and Adriatic Sea. Furthermore, one cagome influences inland, e.g. in Turkey, the Levant, and Bul-
identify the different topographic influences on the Mediter- garia with up to 6% in regions close to the Mediterranean
ranean as the mistral in winter, spring and autumn, and the Paoast and still up to 3% in the other regions. Mediterranean
basin in winter. Five-day stagnation results (Fpshow that ~ moisture can be found, although with a very low fraction of
the region with strongest stagnation in summer is the westiess than 0.1%, in the whole Northern Hemisphere. The spa-
ern Mediterranean basin and also the region around Cyprusial distribution ofgm; (x, y) mainly reflects the predominant
which is also present in the other three seasons. Strongestansport pathways in the corresponding seasons. Moisture
stagnation for land masses can be found over Italy and theéransport to the northeast is strong especially in SON and
Iberian coast; especially the western Mediterranean show®JF due to the SST effect. These structures are also visible
strong stagnation tendencies in summer (Blg. In winter in the moisture flux analysis (Fid.1).

and autumn, stagnation dominates in the easternmost part of Results of the seven sub-basins show similarities with
the basin. A small spot of stagnation can be found in thethose for the Mediterranean basin as a whole having the ab-

southern Adriatic basin in spring. solute maximum near the centres of the ROIs, although on
a smaller scale. Outflow from the western Mediterranean
3.3 Moisture budget and moisture flux basin, ROI 1 (Fig8), is directed primarily to the northeast

and east contributing to precipitation in these areas. Espe-
Seasonally averaged valuesqait; (x, y) (i.e., the fraction of  cially in autumn, contributions of the western Mediterranean
moisture evaporated inside the ROI) were calculated for eighbasin reach 2—3%, i.e. on the southern slopes of and in the
ROls. Results for the Mediterranean basin as a whole @rig. Alpine region. Sodemann and Zublg2010 showed that
show that the highest fractions of moisture are formed overthe western Mediterranean sector, covering in our definition
the basin itself with the centre located between the Italian andROl 1 and ROI 2, plays a major role for Alpine precipita-
Hellenic peninsulae. These structures of the moisture fraction throughout the seasons, but especially in August and
tion gm;(x,y) are present in all four seasons, especially in September, again related to ocean evaporation. In summer,
the three summer months June, July, and August (in the folwe see minor ingestion into the trade wind regime through
lowing JJA) where two centres with values between 9% andhe Strait of Gibraltar, and into the ITCZ through Algeria
11% evolve. One centre is located with the maximum at theand Libya, contributing with up to 8% to the coast of Algeria
coast of Tunisia, covering part of the western Mediterranearand Libya during the summer season. The central Mediter-
basin and the central Mediterranean basin. The other one inean, ROI 2, has only weak influences on regions outside
located between the south cost of Turkey and Cyprus. In authe Mediterranean, partially because the basin is smaller. Al-
tumn and winter, when the evaporation from the sea is largeghough the influences are small, there are still contributions
due to high SST compared to air temperature, and advectionp to 1.5% close to the northern border of Chad in summer.
is strong,gm; (x,y) contributes with fractions of 1.5% and The main input to the surrounding areas of the basin is into
more to regions outside the Mediterranean and to a lowethe northeast. ROI 4, the eastern Mediterranean @ig.
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Fig. 5. Seasonally averagered one-day stagnation/ventilation results in the Mediterranean basin, units of km (small values indicate strong
stagnation).
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Fig. 6. As Fig.5 but for five day stagnation/ventilation.

contributes to the region itself and to the Middle East/Levant. For the other four small sub-basins effects outside their
Only little influence, below 1.5%, is found in areas further to basin definition do not reach far. The Balearic basin mois-
the east and south. Especially the coastal area of the Levamtire mixing ratio (Fig.10) contributes 5% in summer and
receives up to 6% of the Eastern Mediterranean moisture irl—3% in the other seasons to air moisture above the Iberian
summer, and 5% during the other seasons. The outflow openinsula. This shows that the thermal circulation between
ROI 4 is divided into two main airstreams, one towards thethe Balearic Sea and the Iberian continent is represented to
east and one going southward into the ITCZ. Two smallersome extend even in the coarse ECMWF model. Some mi-
streams of Mediterranean moisture go in the direction be-nor influence of the Balearic basin moisture, between 0.5%
tween Egypt and Saudi Arabia, and in the direction of theand 1.5%, is found over the Italian peninsula. This influence
Persian Gulf, although with small fractions, less than 2%is strongest in summer while being present, although weaker,
when reaching the Sea. Influences to the south reach fuiin the other seasons, too. The Adriatic basin, ROI 3, shows
ther into North Africa than that of any other major basin, more influence on the western part of the Balkan than on
being present in all four seasons and strongest in spring antialy. A closer look reveals that that the Po basin has a signifi-
autumn. Towards the west, no moisture transport can be ineant moisture fraction of up to 4% originating in the Adriatic,
dentified and only a little is going north. and the existence of a strong gradient over the western Alps.
Up to 4% in summer and 3% in the other seasons of Adriatic
moisture is present at the Balkan coast. Switzerland receives
virtually no Adriatic moisture whereas southern and eastern
Austria do, although with a small amount of up to 2%. In the
Aegean basin, the contribution of Mediterranean moisture is
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Fig. 7. Seasonal averages of the mixing ratio of the Mediterranean moisture to non-Mediterranean moisture for the Mediterranean basin as a
whole.
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Fig. 8. Same as Figr (moisture ratio) but for the western Mediterranean basin.

distributed locally with small fractions below 2% in the area Mediterranean moisture. Fractions of Mediterranean mois-
of the Black Sea and Turkey in the northeast in winter andture can be found in the region between the Eastern Mediter-
spring, and the Sahara region in summer and autumn. Theanean shoreline and Irag. In contrast to the Aegean, shal-
Cyprus basin has results similar to the Aegean but with flowlow flows of moisture originating from the Cyprus basin are
directions to the east and southeast and higher fractions aducked into the atmosphere over Africa.
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Fig. 9. Same as Figr (moisture ratio) but for the eastern Mediterranean basin.
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Fig. 10. Same as FigrZ (moisture ratio) but for the Balearic basin.

The aforementioned pathways and flows, which could al-flux is found in JJA with three separate flows: one flow over
ready be seen to a certain extent in the moisture budget evakEgypt with 70kg (m s)!, the second one over Libya with
uations and in the residence time analyses, are clearly idert25kg (m sy!, and the third one goes over the Gulf of
tifiable in the moisture flux analysis in Fid.l for the 0—  Gal®s and Tunisia with up to 50kg (ms). Outflow into
20000 m height interval. Pathways of Mediterranean mois-the Red Sea is strongest in JJA with maximum 50 kg (m.s)
ture show ingestions into the ITCZ in all seasons. StrongesMesopotamia recieves up to 125kg (nT%)showing the
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Fig. 11. Calculated moisture flux for particles crossing the Mediterranean basin. For visibility, only every second grid point in x and y
direction is plotted. Moisture fluxes are shown for the vertical layer below 20 000 m.

relevance of the Mediterranean for this region. Over the Ara- In the Mediterranean basin (Fig2), the fraction of au-
bian peninsula another path into the ITCZ is present. Recirtochtonous precipitation is at least 14% throughout the year.
culation tendencies between the Balearics and the southerim summer it is highest, with values between 20% and 28%,
coast of Spain are visible in the lowest 1000 m (not shownshowing quite sharp edges compared to the other seasons.
here). In SON, DJF, and MAM a southerly flow in the Adri- Seasonal results show, like in the moisture analyses, the in-
atic basin can be found showing the presence of the Siroccdluence of the higher SST in autumn compared to spring.
Results for the 0-20 000 m moisture flux evaluations showin autumn, a maximum of 24% is located in the eastern
similar paths as the lowest 1000 m (not shown) but with Mediterranean. Outflow pathways can be clearly identified,
higher flux values. Small scale features such as the northerlhaving one strong branch towards the northeast, and a sec-
flow in the Adriatic basin and the recirculation on the south- ond, weaker one, towards central Africa, especially to the
eastern shore of the Iberian peninsula are overlaid whereasastern part of the continent. Western North Africa receives
the influences of the mountainous regions are still visible. less Mediterranean rainwaterAnker et al. (2007 identi-

fied in the Jordan Rift Valley six air pathways for precip-
3.4 Precipitation budget itation events. They found that the chemical composition

of the precipitated water of the western trajectory is associ-
As described in Sec®.4, the fractionpm; (x, y) of the pre-  ated purely marine thus originating from the Mediterranean
cipitation on a grid cell stemming from moisture evaporatedsea. A third maximum is found in the region of Gibraltar,
inside the ROl is presented. Spatial and temporal patterns ofeaching into the trade wind zone in summer, although with
these precipitation fractions are of course similar to those Ofa very low fraction. A fourth maximum is found over east-

the moisture. However, the maxima are clearly higher, andern Central Europe in spring and autumn, probably related to
the mimina lower.
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Fig. 12. Fraction of precipitated water that evaporated inside the Mediterranean basin.
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Fig. 13. Same as Figl2 (precipitation fraction) but for the western Mediterranean basin.

the well-known higher frequency of meridional circulations Balearics and southern Sardinia, especially in summer. In
in these seasonS¢ibert et a.2006 connected with Vb-like ~ summer, a strong gradient in the north of the basin across
cyclone tracks\an Bebber1897). the Alpine region is visible. Also a weak transport into the

trade wind zone is present. In autumn and winter, when pre-

The western Mediterranean basin (FIB) contributes . A .
(P8 cipitation originating in the western Mediterranean reaches

to the precipitation at the Algerian and Tunisian coast, the
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into Central Asia, the influences in the north-east are larget  Conclusions
than in summer. In the Iberian peninsula, this value is higher
in spring, summer, and autumn with up to 12% of precipi- Evaluations of the fate and origin of Mediterranean air and
tation originating in the Mediterranean. Except for winter, atmospheric moisture were carried out based on a Lagrangian
precipitation originating in the Western Mediterranean basintransport data set generated with dperational ECMWF
is present over the Adriatic Sea and Italy. data and the Lagrangian particle dispersion model FLEX-
In the Central Mediterranean the influence of precipitation PART (Stohl et al, 2005. The period 27 October 1999-
originating in the central Mediterranean basin is changing lit-1 May 2005 has been investigated. It contains on one hand
tle over the seasons. In summer and autumn, transport intbvo extreme events, the heavy Central European flooding
northern Africa is visible, influence to the northeastern ar-event in 2002, and a drought event in 2003. On the other
eas is strongest in winter and autumn. Results for the easterdand it has no extremes of climate modes such as ENSO
Mediterranean (Figl4) show the influence of the basin to the or NAO, which also influence the conditions in the Mediter-
surrounding land mass. During spring, summer, and autummianean area. The coarse resolution of the data set is not suit-
contributions of the basin to the precipitation in Cyprus areable to make single-year or even one-season analyses, there-
within the range between 16% and 20%, in winter the con-fore only averages over the full period were analysed.
tribution is between 4% and 8%. In summer and autumn the Residence time analyses, especially of the 30 d and 90 d
coasts of Egypt, Turkey, Israel, Lebanon, Jordan, and Syridesidence times, show that the Mediterranean is a crossroad
receive 4% and 12% of precipitation. Influences of moistureof air streams (Fig16) where the air arrives mainly from
originating in the eastern Mediterranean basin can be foundhe northwest and then is split into two major branches. The
in the precipitation during all seasons reaching far into thefirst one continues eastwards through Central Asia. The sec-
land masses with up to 4%, showing distinct transport path-ond one bends southwards into North Africa and continues
ways. Influence of the westerlies are large in winter, springtowards southwest over the tropical Atlantic following the
and autumn. Small contributions can be found in the north-trade winds. The source regions for the Mediterranean in-
west of Chad in the Tibesti mountains where the precipitationdicate that the high-latitude regions over the North Atlantic
originating in the Mediterranean is below 4% but still visible and Canada contribute, while the outflow does not enter any
in the north, east, and south of the mountain ridges. high latitude regions within 90 days. This confirms clima-
Precipitation from moisture evaporated in the Balearictologically the conclusions drawn dyelieveld et al.(2002
basin influences in summer, the region most strongly bewho found similar pathways in summer during their MINOS
tween the Balearic islands and the coast of Valencia. Concampaign in 2001.
tributions are also present in the Alpine region in southern Another interesting feature is the channeling by mountains
France, except for winter. Cyclones in the western Mediter-and sea straits which is best visible in the 5 d and 30 d res-
ranean are known to cause heavy precipitation in these reidence times with minima over the mountains and maxima
gions, and a substantial fraction of this water comes from thealong the straits, e.g. the strait of Gibraltar, the Red Sea and
Balearic sub-basin. Transport with the trade winds and withthe Dardanelles as outflow routes. Another channelled out-
the westerlies is almost absent in the Balearic precipitatiorflow route is over Mesopotamia, a lowland between the high-
budget. lands of Iran and Arabia. The preferred inflow channel is the
Similar results can be found for the Adriatic basin (Hif) Gulf of Lyon between the Pyrenees and the Alps. Longer res-
insofar as influences are only local. Fractions are highest iridence times are found over the Western and Central Mediter-
the southern Adriatic Sea, especially in summer. In contrastanean than over the Eastern Mediterranean which is strongly
to moisture, the Po Basin in northern Italy is not a feature forinfluenced by the Etesian wind crossing the basin.
precipitation. Among the land areas, the Dinaric coast has Stagnation results show a strong seasonal dependency. In
the highest fraction of Adriatic water in precipitation. How- winter and spring, the Po Basin, the Adriatic Sea and the re-
ever, in the main precipitation season (autumn) the fractiongion between Turkey and Cyprus show the strongest stag-
is only about 8%, what reveals that sources of atmospheritation. In summer, also the Balearic region and the sur-
moisture from more distant areas contribute as well. roundings of the lItalian peninsula have a tendency towards
The Aegean shows, as in the moisture results, that the prancreased stagnation.
cipitation originating from the sub-basin is mostly relevant Results of the moisture and precipitation analyses show
for the ROl itself. The 2% zone reaches into Egypt with the that the Mediterranean basin contributes to the whole North-
trade winds in summer, in winter transport with the west- ern Hemisphere, although with a low fraction. Highest frac-
erlies comes close to Crimea. Results for Cyprus show notion of atmospheric moisture and precipitation are located
much difference to the moisture results, although with largerabove the Mediterranean Sea itself with a maximum up to
precipitation influence towards Africa. 11% in summer. Sub-basin analyses show that the Western
Mediterranean basin has its main influence on the European
continent and the Alpine region, a conclusion also drawn
by Sodemann and Zubl¢R010. Influences of the eastern
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Fig. 14. Same as Figl2 (precipitation fraction) but for the eastern Mediterranean basin.
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Fig. 15. Same as Figl2 (precipitation fraction) but for the Adriatic basin.

Mediterranean basin are mainly in the area of the Middle Eastries, Austria and the Po basin in northern Italy; the Balearic
and northern Africa. On a smaller scale, as for the Adriaticbasin shows a significant contribution of up to 5% of the
basin or the Balearic basin, contributions are mainly locally: Mediterranean moisture fraction on the adjacent portion of
the Adriatic basin shows its relevance for the Balkan coun-Spain. An increase of the precipitation fraction can be found
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