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Abstract

Moisture convergence from different sources is an important prerequisite for a heavy
precipitation event. The contributions from different source regions can, however, hardly
be quantified from observations, and their assessment based on model results is com-
plex. Two conceptually different numerical methods are widely used for the quantifica-
tion of moisture sources: Lagrangian approaches based on the analysis of humidity
variations along backward trajectories and Eulerian methods based on the implemen-
tation of moisture tracers into a numerical model. In this study the moisture sources for
a high-impact heavy precipitation event that affected eastern Europe in May 2010 are
studied with both Eulerian and Lagrangian moisture source diagnostics. The precipita-
tion event was connected to a cyclone that developed over northern Africa, moved over
the Mediterranean towards eastern Europe and induced transport of moist air towards
the Carpathian mountains. Heavy precipitation and major flooding occurred in Poland,
the Czech Republic and Slovakia between 16 and 18 May 2010. The Lagrangian and
Eulerian diagnostics consistently indicate a wide spatial and temporal range of mois-
ture sources contributing to the event. The most important source is local evapotran-
spiration from the European land surface, followed by moisture from the North Atlantic.
Further relevant contributions come from tropical Western Africa (10-20° N). Contrary
to expectations, the Mediterranean Sea contributes only about 10 % to the precipitation
event. A detailed analysis of exemplary trajectories corroborates the general consis-
tency of the two approaches, and underlines their complementarity. The Lagrangian
method allows for mapping out moisture source regions with computational efficiency,
whereas the more elaborate Eulerian model requires predefined moisture sources, but
includes also processes such as precipitation, evaporation and turbulent mixing. How-
ever, in the Eulerian model, uncertainty concerning the relative importance of remote
versus local moisture sources arises from different options to parameterise moisture
tagging at the surface. Ultimately a more sophisticated parameterisation scheme will
be required to reduce this uncertainty.
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1 Introduction

In May 2010 several countries in eastern Europe — especially Poland, the Czech repub-
lic, Hungary and Slovakia — were affected by intense precipitation (Bissolli et al., 2011).
Between 15 and 18 May 2010 heavy precipitation occurred in a small area at the bor-
der of Poland, the Czech republic and Slovakia. After this period eastern Europe was
affected by further rainfall until early June. This combination of intense precipitation in
the beginning with further moderate precipitation during the second half of May and the
beginning of June had a huge impact on a large region in eastern Europe. While major
cities were spared from large damages due to recent dike-building, rural areas suffered
from considerable damages due to flooding. There were 15 fatalities in the aftermath
of the flood (Bissolli et al., 2011).

In this study we focus on the period of heavy precipitation between 15 and 18 May
2010. This very intense rainfall was connected to a low pressure system that de-
veloped over northern Africa two days before the start of the event. The low pres-
sure system moved over the Mediterranean towards eastern Europe and transported
a moist air mass towards the Carpathian mountains, which induced orographically en-
hanced heavy precipitation. Several previous events with a similar synoptic configura-
tion (named Vb track situation after van Bebber, 1891) led to intense flooding in Central
or eastern Europe. The Oder flood in 1997 (Keil et al., 1999), the Elbe flood in 2002
(Ulbrich et al., 2003a, b; Stohl and James, 2004; Sodemann et al., 2009) and the heavy
precipitation event hitting the northern ridge of the Alps in August 2005 (Appenzeller
et al., 2006; Zangl, 2007a, b; Hohenegger et al., 2008) occurred due to a similar syn-
optic development. The prevalent view on the moisture transport associated with such
events, which is also put forward in several of the above-mentioned papers, states that
the low pressure system moving from the Mediterranean towards central or eastern
Europe transports moisture from the Mediterranean Sea, which then rains out dur-
ing the precipitation event. Keil et al. (1999), Stohl and James (2004) and Sodemann
et al. (2009) used different techniques in order to explicitly investigate the moisture
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sources for the respective heavy precipitation events. Keil et al. (1999) studied the
moisture sources for the Oder flood by analysing horizontal fluxes of precipitable water
and found that moisture transport from the Mediterranean was important for the event.
A Lagrangian method to diagnose the moisture sources for the flood in August 2002
was applied by Stohl and James (2004). They determined the Mediterranean as the
major source region, but also mentioned land evapotranspiration as an important factor
for the heavy precipitation event. Sodemann et al. (2009) used a numerical tracer di-
agnostics (so-called moisture tagging) implemented in the CHRM model to investigate
the moisture sources for the 2002 Elbe flood and found a variety of sources (Atlantic,
Mediterranean, Black Sea, Subtropics) contributing to the event. With the same tagging
implementation Winschall et al. (2012) investigated the influence of intense Northern
Atlantic evaporation on a precipitation event in Piedmont in November 2002.

Two classes of diagnostic methods for quantifying the moisture sources for (heavy)
precipitation events are widely used. The Eulerian approach applies numerical mois-
ture tracers implemented in climate (Joussaume et al.,, 1986; Koster et al., 1986;
Bosilovich and Schubert, 2002; Goessling and Reick, 2013) or weather prediction mod-
els (Sodemann et al., 2009; Winschall et al., 2012; Sodemann and Stohl, 2013). The
Lagrangian approach is based on the analysis of moisture changes along backward
trajectories initialised at the location of the precipitation event (Dirmeyer and Brubaker,
1999; James et al., 2004; Sodemann et al., 2008; Gimeno et al., 2010; Sodemann
and Zubler, 2010). Recently, Goessling and Reick (2013) used Eulerian moisture trac-
ers in a climate model to critically evaluate the well-mixed assumptions made in some
Lagrangian diagnostics. A review of Lagrangian and Eulerian methods for diagnosing
moisture sources has been presented by Gimeno et al. (2012). The two approaches
are conceptually and technically different and associated with specific advantages and
weaknesses. The Eulerian approach requires numerical model simulations, which are
computationally expensive, but allow for an explicit representation of many processes
relevant for the atmospheric water cycle, such as surface evaporation and turbulent
mixing. The Lagrangian approach is based on trajectory calculations using analysis
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or model output fields and is computationally more efficient. However, important pro-
cesses such as evaporation and precipitation are only conceptually represented as
moisture changes along trajectories. Validating such source diagnostics is not straight-
forward as moisture from different sources can hardly be distinguished by measure-
ments. This study explores the methodological uncertainties related to different mois-
ture source diagnostics by comparing the results from an Eulerian tagging implemen-
tation in the COSMO weather prediction model (see Sect. 2.1) and a Lagrangian di-
agnostics following Sodemann et al. (2008) (see Sect. 2.2) for the heavy precipitation
event in eastern Europe in May 2010. A central question of the study is to quantify the
extent to which the results obtained from the two complementary approaches to diag-
nose evaporative moisture sources agree. This will shed further light on the usefulness
and potential weaknesses of the two techniques.

After a technical description of the Eulerian and Lagrangian approaches in Sect. 2,
the synoptic situation before and during the heavy precipitation event is analysed in
Sect. 3. The results of the Eulerian and Lagrangian methods are described in Sects. 4
and 5, respectively. Section 6 presents a comparison of these results, which is ex-
tended by an analysis of exemplary trajectories in Sect. 7. The paper finishes with
conclusions in Sect. 8.

2 Methods
2.1 Eulerian approach

The Eulerian approach for quantifying moisture sources is based on the concept of
moisture tagging. Tracers are introduced into the moisture cycle of a (in this case
limited-area) numerical model labelling moisture from pre-specified sources. These
tracers are initialised when moisture enters the model domain via evaporation from the
land or ocean surface or transport through the boundaries. On the way to precipitation
the moisture tracers experience all processes of the atmospheric water cycle that are
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explicitely simulated or parameterised in the model, such as cloud formation, convec-
tive transport and turbulent mixing. Finally, the contribution of the different tracers (i.e.,
different moisture sources) to precipitation in a specific target region can be quantified.
Note that our tagging implementation only applies to the atmospheric part of the model,
and the tracer information is not retained in continental water reservoirs.

The moisture tagging has been implemented in the COSMO limited-area model,
which is used operationally by the German and Swiss weather services and sev-
eral other meteorological institutions. It is a limited area model based on the primi-
tive thermo- and hydro-dynamical equations describing the flow dynamics of the moist
atmosphere (Doms and Schattler, 2002; Steppeler et al., 2003). The COSMO model
is non-hydrostatic and designed for high-resolution simulations with a horizontal grid
spacing on the order of 1 km (Baldauf et al., 2011). In the horizontal the grid points are
distributed on a rotated longitude-latitude grid. In the vertical time-independent terrain
following coordinates are used. For the spatial discretisation second order finite differ-
ences and a staggered Arakawa C-grid is applied. The time integration follows a two
time level, second order time-splitting Runge Kutta scheme (Wicker and Skamarock,
1998). In this study a one-moment bulk microphysical scheme with the categories water
vapour, cloud water, cloud ice, rain and snow as well as a Tiedtke convection scheme
(Tiedtke, 1989) are used. Doms et al. (2005) give detailed information on the parame-
terisation schemes of the COSMO model.

For the simulation of moisture tracers a secondary water cycle has been introduced
in the COSMO model, similar to the implementation of water isotopes by Pfahl et al.
(2012). As this method is entirely diagnostic, the secondary moisture cycle does not
interact with the primary moisture cycle nor affect any other model component. The
moisture tracers (corresponding to different tagged moisture sources) experience all
processes in the same way as the standard (total) moisture. If, for instance, the forma-
tion of a cloud is simulated, the different tracers composing the total moisture contribute
to the cloud formation according to their respective fractions in water vapour (for de-
tails, see Sodemann et al., 2009). The 4th order Bott scheme (Bott, 1989) is used for
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the advection of total and tagged moisture. The implementation of this scheme has
been slightly adapted to improve mass conservation (Winschall, 2013).

The evaporation of moisture from the surface is parameterised following a flux-
gradient approach (see Doms et al., 2005):

Fstc = =Curb (91 — Gsic) (1)

where Fg, denotes the vertical flux of moisture between the surface and the atmo-
sphere, and ¢, the turbulent diffusion coefficient. g; and g are the specific humidity
at the first COSMO model level and at the surface, respectively. A positive values of
Fstc corresponds to an upward moisture flux (i.e., evaporation), which occurs when the
specific humidity at the surface is larger than on the first model level. For the case of
dew formation (F4, < 0), the surface fluxes of the different moisture tracers are propor-
tional to the total flux and the respective tracer fraction, as for the example of cloud
formation described above. For evaporation (Fg, > 0), there are two ways to adapt the
parameterisation to the moisture tracers: One is to use the gradient of total moisture for
the evaporation of the tracers (e.g., Koster et al., 1986), the other is to use the moisture
gradient of the individual tracers (e.g., Sodemann et al., 2009). Using the total mois-
ture gradient for parameterising tracer evaporation (called “Evap_tot” approach in the
following) implies that tagged moisture from the underlying surface can only enter the
atmosphere when there is a gradient in total specific humidity between the surface and
the first model level. In this case, the evaporation rate of the associated tracer equals
the evaporation rate of total moisture:

£t Fsc for tracer associated with surface area
sfc — ; (2)
0 otherwise

where F;fc denotes the tracer evaporation flux. However, this Evap_tot approach ne-

glects the turbulent mixing of different tracers in the column between the surface and

the first model level. If instead the specific humidity gradient of each tracer is taken into
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account, tracers can mix even though there is no net moisture flux:
F;fc = _Cturb(q§ - q;fc)' 3)

Here, g, and g, denote the tracer’s specific humidity at the first COSMO model level
and at the surface, respectively. The latter is equal to the total surface humidity g
in source regions of the specific tracer and 0 everywhere else. This approach, for
which F;fc for every tracer is proportional to its individual moisture gradient, is called
“Evap_tag” in the following. In this case, the sum of all tracer fluxes equals the evapo-
ration rate of total moisture. In summary, the Evap_tot approach does not account for
mixing of tracers close to surface, while the mixing in the Evap_tag approach is very
strong. The strength of mixing in reality can be assumed to be intermediate between
the two approaches.

At the beginning of a tagging simulation, all moisture that is located in the model
domain is of unknown source. This initial atmospheric moisture is separately tagged
as atmospheric tracer and needs to be removed until the target event is simulated in
order to be able to decompose the simulated precipitation into the specified sources.
The removal of the atmospheric tracer by precipitation or advection out of the model
domain requires time, which is longer for large model domains. However, long forecast
lead times degrade the quality of the simulation of the precipitation event. To avoid
this problem, we implemented the possibility to exchange the information on tracer dis-
tributions between separate short model runs as illustrated in Fig. 1. This procedure
is called tagging analysis, and can be thought of as a simple assimilation scheme of
ECMWEF analysis data into successive COSMO tagging simulations. It allows to pro-
duce initial conditions for tagging experiments with a known source composition of
the initial moisture in the atmosphere. Before the simulation of the precipitation event,
a series of 7-hourly runs overlapping for one hour is conducted with the COSMO tag-
ging model. At the end of each run the fractional distribution of the moisture tracers
is used for initialising the tracer distribution of the next 7-hourly run. In this way the
atmospheric tracer is removed step by step, but the standard meteorological fields do
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not substantially deviate from the ECMWF analysis, which is used to supply initial and
boundary conditions for each 7-hourly run and the final simulation of the heavy precipi-
tation event. Note that at the time of initialisation of each 7-hourly run the total moisture
distributions of the two COSMO runs do not match exactly. This may lead to some
minor inconsistencies. For instance, if a cloud is present in the newly initialised run,
but not in the simulation from which the tracer distribution is carried over, the relative
tracer composition of water vapour has to be used for initialising the cloud water. Nev-
ertheless, since the simulations are short, we assume that these inconsistencies do
not substantially affect the final tracer distribution.

2.2 Lagrangian approach

The Lagrangian method to quantify the moisture sources for a heavy precipitation event
follows the implementation introduced by Sodemann et al. (2008). It is based on study-
ing short-term changes of specific humidity along backward trajectories from the loca-
tion of the heavy precipitation event. Assuming that humidity changes in an air parcel
are determined by the difference of evaporation and precipitation (James et al., 2004),
a positive moisture change (a so-called moisture uptake) results from evaporation ex-
ceeding precipitation, and a negative moisture change from precipitation exceeding
evaporation. The impact of a moisture uptake along a trajectory on the precipitation in
the target region depends on the intermediate moisture changes between the consid-
ered uptake and the precipitation in the last time step. A strong uptake shortly before
the precipitation event has a high weight, while the contribution of an equally strong
moisture uptake some days before the event might be lower because of intermediate
loss of moisture due to precipitation. If the air parcel is located in the atmospheric
boundary layer (ABL) an uptake can be directly attributed to evaporation from the un-
derlying source region, as the boundary layer is considered to be well mixed. Uptakes
above the ABL may be connected to unresolved processes like horizontal or verti-
cal mixing. A scaled boundary layer height of 1.5 times the parameterised boundary
layer height of the COSMO model is used here to account for uncertainties in the ABL
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parameterisation and temporal variations in the ABL height. More detailed technical in-
formation on the Lagrangian moisture diagnostics is given in Sodemann et al. (2008).

3 Synoptic situation

Figure 2 illustrates the synoptic situation at 14, 15 and 16 May 2010, which are the two
days before and the day of the precipitation maximum, based on ECMWF analysis data.
At 00:00 UTC 14 May 2010 a large upper-level trough expanded from western Europe
to Morocco (Fig. 2a). The trough induced a flow of warm air at its forefront, leading
to a baroclinic zone over Algeria just ahead of the trough. In this region a surface
low pressure system developed during 13 May (Fig. 2b), which might also be affected
by lee cyclogenesis in the vicinity of the Atlas mountains. Figure 2b also displays the
specific humidity at 850 hPa and shows an accumulation of moisture north and east
of the developing low pressure system. Furthermore, values of increased humidity are
visible over eastern Europe, which might contribute to the precipitation on the following
days. One day later at 00:00 UTC 15 May 2010 the trough axis was located over the
western Mediterranean (Fig. 2c). The low pressure system had intensified and moved
over the Mediterranean. A very moist air mass was located east of the cyclone centre
with specific humidity values of more than 1ngg_1 at 850 hPa (Fig. 2d). High values
of moisture were also present at other levels of the troposphere leading to a maximum
in vertically integrated precipitable water in this region (not shown). During 15 May the
surface low moved towards eastern Europe and induced a flow of moist air towards the
ridge of the Carpathian mountains, which led to orographically induced precipitation
that lasted from the evening of 15 May to early 18 May with peak values on 16 May.
The accumulated precipitation between 00:00UTC 15 May and 00:00UTC 18 May
2010 is plotted in Fig. 3a, showing gridded station measurements from the E-OBS
data set (Haylock et al., 2008). The precipitation shows a maximum at the border of
Poland, Slovakia and the Czech republic. Values exceed 150 mm in this area, while in
a broader area north of the Carpathian ridge precipitation values of 70 to 90 mm were
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measured over a 3 day period. At 00:00 UTC 16 May 2010 the broad upper level trough
covered large parts of the Mediterranean and the low pressure system, which was still
located ahead of the trough, was fully developed (Fig. 2e and f). In accordance with the
high precipitation values during 16 May, high values of specific humidity over eastern
Europe can be found in Fig. 2f.

Based on this synoptic analysis, different potential moisture contributions to the pre-
cipitation event are likely important: moisture from northern Africa where the low pres-
sure system developed, a possible moisture enhancement during the movement over
the Mediterranean and high specific humidity values present in eastern Europe already
before the low pressure system arrived. This qualitative view on moisture transport and
convergence, however, does not provide information on the relative contributions of
different sources. In the following sections we aim to quantify the impact of the above-
mentioned and possibly additional moisture sources on the intense precipitation event
with the help of Eulerian and Lagrangian diagnostics.

4 Numerical simulation and tagging results

For the simulation of the precipitation event the COSMO model has been run with a hor-
izontal resolution of 0.125° (about 14 km), 40 vertical levels and a simulation period of
144 h from 00:00 UTC 13 May 2010 to 00:00 UTC 19 May 2010. The simulation has
been initialised and driven at the boundaries with operational ECMWF analysis data.
The outer frame in Fig. 4a shows the model domain, which is large enough to cover
most of the possible moisture sources that may contribute to the event. It extends al-
most to the equator in the south and covers about half of the North Atlantic in the west.
The small box over eastern Europe denotes the target region where the intense pre-
cipitation occurred. The statistical tagging results are calculated for this box, and the
backward trajectories for the Lagrangian moisture quantification in Sect. 5 are started
from this target region.
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For the tagging experiment the total moisture in the model domain has been split
into 9 different sources as shown in Fig. 4. Moisture from the North Atlantic is split into
a northern part (Atl_n), which also covers moisture that is advected through the north-
western model boundaries, and a southern subtropical/tropical part (Atl_s) including
moisture entering the domain through the southwestern model boundaries. Moisture
evaporating from the Mediterranean is tagged with a separate tracer (Med), and the
evapotranspiration from land surfaces in the model domain is split in to three differ-
ent tracers: evapotranspiration from the African land surface (Lnd_afr), and tracers for
the European (Lnd_eur) as well as for the Middle East and Russian (Lhd_mea) land
surfaces. Land evapotranspiration from additional land surfaces in the domain (e.g.,
Greenland) has been separately tagged but is not considered as its impact on the
event is negligible. Further tracers are moisture evaporating from the Black Sea and
parts of the Caspian Sea and entering through the north-eastern boundaries (Bls) and
tropical moisture entering through the south-eastern model boundaries and evapora-
tion from the Red Sea (Tro). Finally the tracer Atm tags all moisture that is present in
the model domain at the beginning of the simulation. The large model domain would
require a long forecast lead time to remove the Atm tracer within one model run. We
therefore apply the tagging analysis technique (see Sect. 2.1) with successive 7 hourly
runs starting at 00:00 UTC 20 April 2010. In these successive runs from 20 April to
13 May the Atm tracer is removed so that the main run can be initialised with a known
distribution of the 8 other tracers and a well-defined initial analysis state. Note that the
tagging results presented in this section are based on the Evap_tot parameterisation
(see Sect. 2.1). In Sect. 6 additional results from the Evap_tag parameterisation will be
presented for comparison.

Figure 3b shows the precipitation simulated by the COSMO model accumulated from
00:00 UTC 15 May to 00:00 UTC 18 May 2010. The simulated precipitation is in good
agreement with the observations of heavy precipitation in the target region (see again
Fig. 3a). The location of the precipitation maximum is slightly shifted towards the east
and a band of high precipitation values is simulated north of the maximum that was not
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observed. Some of the mismatches (e.g., over the Carpathian Mountains) may also
be due to incomplete observational coverage. In general the simulated precipitation
pattern is acceptable considering the relatively coarse resolution of 14 km and the large
model domain. The spatial average of the 72 hourly accumulated precipitation over the
target region amounts to 55.5 mm in the COSMO simulation and 61.0 mm in the E-OBS
data set. In comparison to ECMWF analyses, the simulated wind, sea level pressure
and humidity structure at 00:00 UTC 16 May 2010 (beginning of the precipitation event)
is properly simulated by the COSMO model (not shown). The location and intensity of
the low pressure system and the high values of moisture east of the low are very
similar in the COSMO run compared to the analysis, indicating a correct simulation of
the large-scale dynamics and moisture transport. All together, the COSMO model is
able to reasonably reproduce the heavy precipitation event in eastern Europe in May
2010, which is necessary for a meaningful interpretation of the tagging results.

The hourly precipitation averaged over the target region in eastern Europe (specified
in Fig. 3a) is plotted in Fig. 5. The thick black line indicates the total simulated precipi-
tation. The main amount of precipitation is simulated between 12:00 UTC 15 May and
00:00 UTC 18 May, in agreement with observations (Bissolli et al., 2011). Precipitation
continues until 12:00UTC 19 May. With the tagging technique this total precipitation
can be decomposed into different sources, as shown by the colour shading. A variety
of different sources contribute to the precipitation in the target region. The two largest
sources are moisture from the North Atlantic (Atl_n) and local evaporation from the Eu-
ropean land surface (Lnd_eur) with total contributions of 37 % and 27 %, respectively
(see Table 1). Additionally, moisture from the Middle East (Lnd_mea), the Mediter-
ranean and the southern sources Lnd_afr and Tro contributes between 7 % and 11 %
each. Contributions from the sources Bls and Atl_s are negligible. Hence a combination
of regional evapotranspiration and a convergence of remote moisture from the Atlantic
and from tropical regions constitutes the majority of the moisture supply for the precip-
itation event, while moisture from the Mediterranean only has a fraction of about 10 %.
Note however that the vertical distribution of the moisture is important for the genera-
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tion of precipitation, and the Mediterranean moisture might contribute considerably to
the near-surface moistening of the atmosphere.

Figure 6 shows the horizontal distribution of the vertically integrated water vapour
from the six most important moisture sources at 12:00UTC 16 May 2010, i.e., close
to the precipitation peak in the target area. Moisture from the two southerly sources
Tro and Lnd_afr is transported within an extended band from a local maximum over
western Africa (around 15°N) over the Sahara towards the Mediterranean and, to-
gether with the developing low pressure system, to eastern Europe (Fig. 6a and b).
Particularly the strong northward excursion to 60° N of the Lnd_afr tracer is notable.
The moisture evaporating from the European land masses converges locally in the re-
gion of the precipitation event (Fig. 6¢ and d). Mediterranean moisture is transported
with the low pressure system towards eastern Europe in a cyclonic path (Fig. 6f). The
weak evaporation from the Mediterranean during the simulation period is reflected in
relatively low values of precipitable water of the Med tracer. Moisture from the North
Atlantic is uniformly distributed over the western part of the model domain, including
Central and eastern Europe (Fig. 6e).

To further illustrate the transport path of moisture from southerly sources (Tro and
Lnd_afr tracer) backward trajectories have been calculated from the target region
based on the ECMWF analysis data. The trajectories have been started at 12:00 UTC
16 May 2010 from vertical levels between 950 hPa and 500 hPa in steps of 50 hPa.
Figure 7a shows the selection of trajectories with a northward movement of at least 30°
during the calculation time of 168 h. The air parcels move from western Africa around
10° N towards eastern Europe within 9 days. The trajectories are coloured with spe-
cific humidity, showing a moistening of up to 1ngg’1 in a region around 15° N, 10° W.
The black dots mark the positions of the air parcels over western Africa at 00:00 UTC
10 May 2010. As the air parcels are located in the mid-troposphere at this point (not
shown) the moistening is not directly connected to surface evaporation. It might instead
be related to an African easterly wave system, which developed during 10 May 2010
near the location of the air parcels over western Africa, as shown in the infrared satellite
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image in Fig. 7b. African easterly waves are organised, westward moving systems of
intense convection that form over tropical Africa. The vertical moisture transport due to
this convection may have led to the moisture increase along the trajectories (see again
Fig. 7a). The subsequent advection of this tropical moisture towards Europe indicated
by the trajectories is also diagnosed as a specific tropical moisture export event by the
objective Lagrangian analysis performed by Knippertz et al. (2013).

In summary, the tagging experiment shows that both local moisture recycling through
evapotranspiration from land surfaces and long range transport of moisture from the
North Atlantic and western Africa are important for the formation of the precipitation
event in May 2010. In the following, the robustness of these results with respect to
the applied methodology is assessed through a comparison with Lagrangian source
diagnostics.

5 Results of the Lagrangian analysis

For the application of the Lagrangian moisture source diagnostics, backward trajecto-
ries have been calculated based on wind and humidity fields from the COSMO simula-
tions analysed in Sect. 4, starting from the same target region as defined for the tagging
study. Every 6 h between 00:00UTC 15 May and 00:00 UTC 18 May 2010 backward
trajectories have been started from about 8700 starting points in the target region dis-
tributed on a 25 x 25km grid in the horizontal and on vertical levels from 1000 hPa to
550 hPa in steps of 30 hPa. The trajectories have been calculated backwards to 20 April
2010 to be consistent with the setup of the Eulerian tagging experiment. For the period
from 20 April to 13 May input data have been taken from the tagging analysis simu-
lations (see Sect. 2.1). Note that this might lead to small inconsistencies because of
discontinuities in the wind and humidity fields. By analysing moisture changes along
the trajectories, the source regions of the precipitating water have been determined
(see Sect. 2.2).
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Figure 8a shows a map of the moisture uptakes within the ABL identified by the
Lagrangian diagnostics. These uptakes can be linked directly to moisture evaporating
from the surface below, as the boundary layer is considered to be well mixed. Moisture
uptakes in air parcels located above the ABL are plotted in Fig. 8b. Positive moisture
changes above the boundary layer can be connected to convection, turbulent mixing
processes, or to errors and inconsistencies in the trajectory calculation. For these up-
takes above the ABL the direct link of the uptake location and surface evaporation is
thus less straightforward. However, the spatial patterns of ABL and above ABL moisture
uptakes are similar (Fig. 8a and b). They show a distinct maximum of comparable mag-
nitude in the region of the event in eastern Europe. Furthermore, two main branches
of moisture transport can be identified: a south-westerly branch with moisture uptakes
over south-western Europe, the Mediterranean, North Africa, and the North Atlantic as
well as a north-westerly branch with uptakes over central and northern Europe and the
northern North Atlantic. A small signal over Africa between 0 and 20° N is found in the
uptakes above the ABL, which corresponds to the influence of the Tro and Lnd_afr trac-
ers found in the Eulerian tagging study and the discussion at the end of Sect. 4. The
moisture of trajectories entering through the model boundaries is also diagnosed as
moisture uptake, analogously to the boundary boxes of the tagging setup that mark the
moisture entering the model domain. In Fig. 8b this leads to moisture uptake signals
above the ABL at the domain boundaries east of Greenland, south of Newfoundland,
and over tropical Africa. As the results are very similar for moisture uptakes within and
above the ABL, the sum of all uptakes is used in the following quantitative comparison.

6 Comparison of the Eulerian and Lagrangian approaches

In this section we compare the results of the Eulerian tagging approach and the La-
grangian diagnostics. While the Eulerian method is based on a simulation with a nu-
merical model, which includes a detailed representation of all relevant processes of
the atmospheric moisture cycle (evaporation, microphysics, etc.), in the Lagrangian ap-
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proach these processes are only conceptually represented by moisture changes along
trajectories. A quantitative comparison shows whether the two methods yield consis-
tent estimates of the moisture sources contributing to the heavy precipitation event.
Moreover, the sensitivity of the Eulerian approach with respect to the parameterisation
of tracer surface evaporation is explored in this section by including results from the
Evap_tag parameterisation in the comparison.

To directly compare the moisture source estimates from the different diagnostics,
each moisture uptake from the Lagrangian approach (Fig. 8) has been assigned to the
corresponding source region specified in the tagging setup (see Fig. 4). The uptakes
diagnosed at the domain boundaries have been associated with the box initialisations
of the tagging approach. For a small fraction of the precipitation no moisture sources
can be determined by the Lagrangian method. This precipitation can be related to small
moisture changes along the trajectories (below the threshold of 0.2g kg‘1 in six hours,
see Sodemann et al., 2008) or to moisture contained in the air parcel at the beginning
of the analysed period (if the trajectory does not leave the model domain). The latter is
conceptually similar to the atmospheric tracer of the tagging experiment.

Figure 9 shows the time series of relative contributions of the moisture sources spec-
ified in Fig. 4 to the precipitation in the target region between 00:00 UTC 15 May and
00:00UTC 18 May 2010 from the two different parameterisations of the Eulerian tag-
ging approach and the Lagrangian source diagnostics. Integrated contributions for the
whole event are given in Table 1 and shown in Fig. 10. As already discussed in Sect. 4
the Evap_tot parameterisation (tracer evaporation equals the net flux of total moisture)
is associated with a high fraction of remote moisture sources, mainly from the North
Atlantic and the tropics (Fig. 9a). In contrast, the Evap_tag parameterisation, in which
the evaporation is proportional to the gradient of each individual tracer, shows much
larger contributions from local sources (Fig. 9b). This is due to the enhanced mixing
in the surface layer, which leads to the replacement of humidity from remote sources
with locally evaporating vapour. For the case of the May 2010 event analysed here, the
Evap_tot results indicate two main moisture sources, the western European land mass
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and the North Atlantic, as discussed in Sect. 4. With the Evap_tag parameterisation the
contribution of European land evapotranspiration is considerably higher, with 65 % for
the Lnd_eur and between 14 % for the Lnd_mea tracer (Fig. 10, Table 1). On the other
hand, contributions from the North Atlantic are greatly reduced (only 9 % from Atl_n).
The results from the Lagrangian diagnostics (Fig. 9c¢), which are based on specific hu-
midity variations along trajectories, are mostly intermediate between the two tagging
realisations. The fraction of western European moisture is in between the values indi-
cated by the two Eulerian estimates, with up to 60 % at the first day and between 40
and 50 % on 16 and 17 May. For the first day the fraction of Mediterranean moisture is
higher compared to the Eulerian results, as is the fraction of the Bls source at the last
day of the precipitation event. The tropical and African land moisture contributions indi-
cated by the Lagrangian diagnostics are small, but detectable. The temporal variability
of the moisture sources contributing to the precipitation event is relatively small, but
mostly consistent between the different methods, which indicate larger contributions
from the Mediterranean in the beginning of the event and more moisture from easterly
sources (Lnd_mea, Bls) towards the end (see again Fig. 9).

Given that the Lagrangian diagnostics is completely independent from and conceptu-
ally different to the Eulerian tagging approach, the similarity of the results is remarkable.
Both methods show that the North Atlantic and evapotranspiration from the European
land surface are the dominating sources for the heavy precipitation event. The con-
tributions of these two main sources obtained from the Lagrangian diagnostics are in
between the estimates from the two tagging realisations (see again Table 1). Never-
theless, the relative importance of the different moisture sources varies between the
methods, and especially the differences between the two tagging approaches are rela-
tively large. In summary this shows that, on the one hand, a large uncertainty is asso-
ciated with the parameterisation of surface evaporation in the Eulerian approach but,
on the other hand, qualitatively similar conclusions can be drawn from the Lagrangian
and Eulerian diagnostics. Further comparison studies are necessary to investigate the
generality of these results.
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7 Analysis of exemplary trajectories

In order to compare the two approaches in more detail, we study the moisture changes
along two exemplary trajectories shown in Fig. 11. Trajectory A follows a zonal path
from the North Atlantic to eastern Europe, the path of trajectory B is more meridional
from North Africa over the Mediterranean. In addition to changes in total specific humid-
ity (which are used to diagnose surface evaporation in the Lagrangian approach), the
different Eulerian moisture tracers have been tracked along these trajectories. Evaluat-
ing variations in these tracers during moisture uptakes and losses can help to validate
some of the assumptions made in the Lagrangian diagnostics. The tracers from the
COSMO simulation with the Evap_tot parameterisation are used for this analysis.

Figure 12 shows a synopsis of data relevant for diagnosing the moisture transport
along the trajectory path. Hour 0 corresponds to the start of the trajectory over eastern
Europe and hour —-240 to the end of the backward trajectory over the North Atlantic.
In Fig. 12a the trajectory altitude is shown together with the height of the ABL (scaled
by a factor of 1.5, see Sect. 2.2). Figure 12b shows the specific humidity along the
trajectory, which is decomposed into the different moisture sources specified for the
tagging experiment. In Fig. 12c the relative contributions of these tracers are displayed,
which facilitates the detection of changes in the relative tracer composition. The black
line indicates the accounted moisture fraction from the Lagrangian analysis, i.e., the
fraction of the specific humidity that can be related to previous moisture uptakes (see
Sodemann et al., 2008). Finally, the coloured thick line in the lower part shows the
moisture source areas corresponding to the actual trajectory position. If the Lagrangian
and the Eulerian tagging method are in perfect agreement, a moisture uptake by an
air parcel located in the ABL will only consist of the tracer from the corresponding
area source. Moisture losses due to precipitation will be equally distributed among the
tracers.

For the example trajectory A this concepts appears to work well at most times. Be-
tween hours —240 and -168 the trajectory is located over the North Atlantic and all
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moisture uptakes are associated with the corresponding Atl_n tracer. Later, the tra-
jectory moves over the Mediterranean and the European continent. Large positive
changes in specific humidity (around hours —114, —60 and —36) occur when the air
parcel is located in the ABL and mainly consist of moisture from the underlying source.
By design, the accounted fraction of the Lagrangian diagnostics increases during these
moisture uptakes. The uptake at hour —114 contributes less to the final precipitation
compared to the uptakes at around hour —60 and —36 because of interim moisture
losses due to precipitation. When moisture is lost around hours —60 and —12 the rel-
ative fractions of the tracers stay mostly unchanged, which also indicates consistency
between the Eulerian and the Lagrangian diagnostics. However, there are also fea-
tures that are not consistent in both approaches. The increase of Lnd_eur and Lnd_afr
moisture between hours —144 and —80 and the contribution of Bls moisture in the last
24 h cannot be explained by the Lagrangian method, in which all moisture uptakes are
attributed to the underlying source. These moisture contributions are connected to hor-
izontal or vertical mixing of moisture, which is not captured in the trajectory calculations
and not parameterised in the Lagrangian diagnostics.

Trajectory B takes a path from Sub-Saharan West-Africa near 10° N over the North
Atlantic, the Sahara and the Mediterranean towards eastern Europe (Fig. 11). Over
Africa the trajectory is located at high altitudes and contains a mixture of moisture
from tropical, African land and unaccounted sources (Fig. 13). The strong daily cycle
of the continental boundary layer is visible in Fig. 13a. During the day the ABL strongly
expands associated with a humidity increase in the air parcel. These moisture uptakes
are composed of a mixture of different sources (Tro, Lnd_afr and Atl), which cannot be
captured by the Lagrangian diagnostics. The most important moisture uptakes for the
precipitation in the target region occur during the last 48 h. Most of the uptakes in the
ABL are associated with the underlying sources, the Mediterranean and the European
land mass. The increase of North Atlantic moisture between hours —-48 and —24 is
again not diagnosed by the Lagrangian method. To illustrate the cause of this increase,
Fig. 14 shows a vertical profile of the sum of the Atlantic tracers (Atl_s and Atl_n)
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along the analysed trajectory. When the trajectory is located over the North Atlantic
between hours —130 and -80 (Fig. 13), Fig. 14 shows high specific humidity values
of Atlantic origin in the boundary layer. Between hours —130 and —96 high moisture
values are found also above the ABL, which indicates that the ABL scaling factor of 1.5
(see again Sect. 2.2) might be too conservative to capture all this residual moisture.
There is no increase of the North Atlantic tracers in the air parcel during this period,
as it is located at a high altitude of around 5000 m. When the trajectory descends
around hour —40, also North Atlantic moisture is present over the Mediterranean and
the European continent. This moisture mixes with the dryer descending air, which leads
to the increase of Atlantic moisture in the last 48 h in Fig. 13.

This detailed analysis indicates that the concept of the Lagrangian approach to link
moisture uptakes in the ABL to evaporation from the underlying surface is mostly con-
sistent with the more advanced Eulerian tagging approach, which comprises an explicit
representation of evaporation and precipitation. Nevertheless, some inconsistencies
occur due to vertical and horizontal mixing of moisture from different sources that is
not captured by the Lagrangian approach. This particularly affects moisture uptakes
far above the ABL. In this case, the assumption of a vertically well-mixed atmosphere
and a direct connection between a moisture uptake and evaporation from the under-
lying surface may not be valid. This is consistent with the recent findings of Goessling
and Reick (2013).

8 Conclusions

In this study the moisture sources for the flood event in eastern Europe in May 2010
have been analysed with an Eulerian tagging approach implemented in the COSMO
limited-area model and a Lagrangian diagnostics based on backward trajectory cal-
culations. Between 15 and 18 May 2010 a region at the border of Poland, the Czech
republic and Slovakia was affected by intense precipitation with accumulated values of
more than 200 mm in three days. This heavy precipitation was related to a low pressure
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system that formed over northern Africa about two days before the event and moved
over the Mediterranean towards eastern Europe.

The diagnostics applied in this study, though varying in the accentuation of differ-
ent moisture contributions, consistently indicate two main sources contributing to the
heavy precipitation event: moisture from the North Atlantic and local evapotranspiration
from the European land surface. The land evapotranspiration is fuelled from previous
precipitation and the remote sources of this precipitation cannot be determined with
the techniques applied here. Moisture from the Mediterranean Sea with a fraction of
about 10 % is not a major contributor to the event, in contrast to what one might guess
from the cyclone track over the Mediterranean towards eastern Europe. A further in-
teresting moisture source indicated by the tagging method is connected to large-scale
transport of tropical moisture from western Africa, which might be associated with an
African easterly wave present over western Africa about 5 days before the precipitation
in eastern Europe. Up to 15 % of the precipitation can be accounted to this tropical
source.

The inter-comparison of the tagging approach with different parameterisation
schemes for tracer evaporation (Evap_tot, based on the net flux of total moisture, and
Evap_tag, based on vertical gradients of individual tracers) and the Lagrangian diag-
nostics yields overall similar results for the moisture sources of the precipitation event
in eastern Europe, while there are some differences in the relative importance of the
different source regions. The Evap_tot approach emphasises remote sources, while in
the Evap_tag approach such remote moisture is more easily replaced along the path to
the location of the event, enhancing contributions from local sources. More detailed in-
vestigations of the surface layer mixing and a more advanced parameterisation scheme
accounting for two-way humidity fluxes are required to reduce the uncertainty associ-
ated with the parameterisation of surface evaporation. The results of the Lagrangian
diagnostics are similar to the Eulerian results, with the fraction of remote versus local
moisture sources lying in between the two realisations of the tagging technique. An
in-depth analysis of the changes of tagged and total humidity along exemplary trajec-
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tories supports the linkage of moisture uptakes within the atmospheric boundary layer
to evaporation from the underlying surface. However, more complex mechanisms ac-
counted for in the tagging approach, like mixing above the ABL, are not captured by
the Lagrangian diagnostics. Overall, this comparison indicates that the two comple-
mentary approaches are both very useful for studies of the atmospheric water cycle.
For detailed case studies, the Eulerian tagging approach is clearly more comprehen-
sive, although finding the most suitable pre-specification of the considered moisture
sources can be difficult in some cases. For climatological studies, the Lagrangian ap-
proach is a computationally unexpensive alternative that can be run for large areas and
long time periods. In the future, Eulerian tagging simulations on long time scales with
regional models and high spatial resolution might become possible as well, building
upon the experience from the one-month tagging simulation by Sodemann and Stohl
(2013).
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Table 1. Relative contributions of the different moisture sources to the precipitation in the target
region between 00:00 UTC 15 May and 00:00 UTC 18 May 2010 (in %). The first column shows
results from the COSMO tagging simulation with parameterisation Evap_tot, the second column
from the simulation with parameterisation Evap_tag, and the third column from the Lagrangian
diagnostics.

Evap_tot Evap_tag Lagr.

Atm 3 1 5
Med 11 5 11
Lnd_mea 7 14 13
Lnd_eur 27 65 47
Lnd_afr 7 8 3
Tro 7 3 0
Atl_s 1 0 0
Atl_n 37 9 17
Bls 2 0 3
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Fig. 1. Schematic plot illustrating the concept of tagging analysis. The heavy precipitation event

is denoted by hpe.
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30w

16 May 2010, 00 UTC

Fig. 2. Left panels: ECMWF operational analysis of potential temperature (shading, in K), wind
arrows at 850 hPa and potential vorticity at 330K (2 pvu contour) at 00:00 UTC (a) 14, (b) 15,
and (c) 16 May 2010. Right panels: ECMWF operational analysis of specific humidity (shading,
in gkg'1), geopotential height and wind arrows at 850 hPa at 00:00 UTC (b) 14, (d) 15, and
(f) 16 May 2010. The red box in (f) marks the target region of the tagging experiment and the
Lagrangian moisture diagnostic.
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(b)

Fig. 3. (a) Observed (E-OBS data set, Haylock et al., 2008) and (b) simulated (COSMO) 72-
hourly accumulated precipitation in mm between 00:00 UTC 15 May and 00:00 UTC 18 May
2010. The black frame in (a) shows the target region.
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Fig. 4. Initialisation set-up of the tagging tracers for the case study of the May 2010 flood event.
Light grey shaded areas show surfaces where evaporating water is tagged. Water tagged within
an atmospheric box is shown by dark grey shading. The small black frame indicates the target
region in Eastern Europe that was affected by the heavy precipitation event. The large outer

frame corresponds to the model domain.

29363

Jladeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

ACPD
13, 29333-29373, 2013

Eulerian and
Lagrangian moisture
source diagnostics

A. Winschall et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O

il


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

15.05. 16.05.

17.05.

® R _abs
Atm

n

— 7 ® Lnd_mea

= | nd_eur
Lnd_afr
Tro

m Atl_s
Atl_n

= Bls

Precipitation [mm/h]
1.0

0.5

0.0
!

Fig. 5. Time series of hourly precipitation (in mm) from individual moisture sources (shading)

24

48

72

Simulation time [h]

in the target region in eastern Europe (see Fig. 3a).

29364

96

120

144

Jadeq uoissnasigq | Jaded uoissnosiq

Jladed uoissnasiq | Jaded uoissnosiq

ACPD
13, 29333-29373, 2013

Eulerian and
Lagrangian moisture
source diagnostics

A. Winschall et al.

=
)

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O

il


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

o
(%2}
2 ACPD
Tro Lnd_afr 8
A g' 13, 29333-29373, 2013
-
QO
-O -
g Eulerian and
__ Lagrangian moisture
source diagnostics
)
73 .
0 A. Winschall et al.
(2}
@,
o
=}
;,U Title Page
©
()
;
)
73 ,
:
(2}
@,
- IR
=}
-
QO
©
: K I
.
EQﬁ‘II\

soW

Full Screen / Esc

Fig. 6. Vertically integrated tagged water vapour (kg m~2, blue shading) and vertically integrated
tagged cloud water (red contour of 0.1kg m’2) from sources (a) Tro, (b) Lnd_afr, (¢) Lnd_eur,
(d) Lnd_mea, (e) Atl_n and (f) Med and sea level pressure (black contours every 10 hPa) at
12:00 UTC 16 May 2010.
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Fig. 7. Left panel: 168 h backward trajectories from the region of the precipitation event, started
at 12:00UTC 16 May 2010, with the condition of at least 30° northward movement during the
calculation time (only every second trajectory is shown). The black dots mark the position of the
air parcel at 00:00UTC 10 May 2010. Right panel: EUMETSAT infrared image at 00:00 UTC
10 May 2010. The white colours in the tropics indicate convective cloud systems.
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Fig. 8. Moisture sources for the May 2010 precipitation event identified with the Lagrangian
approach. The maps show moisture uptakes (in units of mm (72 h)'1) for the precipitation in the
target region specified in Fig. 3a accumulated from 00:00 UTC 15 May to 00:00 UTC 18 May
2010. (a) shows moisture uptakes within, (b) shows the uptakes above the ABL. The black
frame in both panels indicates the model domain of the COSMO simulation. Note the non-
linear scale.
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Fig. 9. Relative contribution of the different moisture sources to the hourly precipitation in the
target region in eastern Europe between 00:00UTC 15 May and 00:00 UTC 18 May 2010.
Results are shown from (a) the COSMO tagging simulation with Evap_tot parameterisation,
(b) the COSMO tagging simulation with Evap_tag parameterisation, and (c) the Lagrangian

moisture source diagnostics.

96 120
simulation time in h

29368

Jaded uoissnosiq | J4aded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

ACPD
13, 29333-29373, 2013

Eulerian and
Lagrangian moisture
source diagnostics

A. Winschall et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/29333/2013/acpd-13-29333-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

20 30 40 50 60
1

10

o | L

Atm Med Mea Eur Afr Tro Atls Atin Bls

Fig. 10. Relative contribution of the different moisture sources to the precipitation in the target
region between 00:00 UTC 15 May and 00:00 UTC 18 May 2010 (in %). Three bars are shown
for each moisture source, the left one representing the COSMO tagging simulation with pa-
rameterisation Evap_tot, the middle one the COSMO tagging simulation with parameterisation
Evap_tag, and the right one the Lagrangian diagnostics.
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Fig. 11. Exemplary 10-day backward trajectories from eastern Europe started at 12:00 UTC
16 May 2010 with a trajectory path ending over the Atlantic (A) and over Africa (B). Colours
indicate the specific humidity along the trajectories in g kg’1.
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Fig. 12. Moisture source analysis along a 10-day trajectory moving from the Atlantic to eastern
Europe (trajectory A in Fig. 11). (a) Trajectory height (red, in m) and scaled boundary layer
height (gray shading, in m). (b) Specific humidity (in gkg'1) along the trajectory decomposed
into the different moisture sources of the tagging experiment (see Fig. 4). (¢) Relative contribu-
tions of the tracers to the specific humidity (shading) and accounted fraction of the Lagrangian
diagnostics (black line). The coloured thick line in the lower part indicates the source areas
corresponding to the actual position of the air parcel.
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Fig. 13. Same as Fig. 12, but for a trajectory moving from Africa towards eastern Europe

(trajectory B in Fig. 11).
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Fig. 14. Vertical profile of the tagged specific humidity (in g kg_1) of the sum of both Atlantic
tracers along trajectory B in Fig. 11. The height of the air parcel is shown by the red solid line,
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the scaled boundary layer height is indicated by the black dashed line.
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