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Droughts can be studied from an atmospheric perspective by analysing large-scale dynamics and thermody-
namics, and from a hydrological perspective by analysing interaction of precipitation, evaporation, soil moisture
and temperature at the land-surface. Here, we study it from both perspectives, and assess the moisture (evap-
orative) sources of precipitation in the Rhine basin during the exceptionally dry summers of 2003 and 2018. We
use ERA5 re-analysis data (1979-2018) and the Eulerian moisture tracking model WAM-2layers in order to
determine the moisture sources of the Rhine basin. During an average summer, these evaporative sources are
mostly located over the Atlantic Ocean, and there is a large contribution from continental evaporation, mostly
from regions west of the Rhine basin. Both in 2003 and 2018 the absolute moisture source contribution declined
over the ocean. In both years the anomalous moisture fluxes over the boundaries of the Rhine basin are mainly a
result of anomalous wind and not because of anomalous moisture advection by the mean wind. Due to high
pressure (blocking) over Europe, moisture is transported from the ocean with anticyclonic flow around the Rhine
basin, but not into the basin. In 2018, unlike 2003, moisture is transported from the east towards the basin as a
result of the anticyclonic flow around the Scandinavian blocking. The large-scale synoptic situation during the
summer of 2018 was exceptional, and very favourable for dry conditions over the Rhine basin. Although blocking
also occurred in 2003, the exact synoptic conditions were less favourable to dryness over the Rhine basin. In
2003 however, the recycling of moisture within the basin was much lower than the climatology and 2018,
especially in August, possibly indicating the drying out of the soil resulting in the second heatwave in August
2003. To conclude, although the summer of 2003 and 2018 were both exceptionally dry, their characteristics in
terms of moisture sources and recycling, and thereby their dependence on the large-scale circulation and land-
atmosphere interactions, were found to be very different. It is therefore imperative that droughts are also studied
as individual events to advance understanding of complex interactions between the large-scale atmospheric
processes and the land surface.

1. Introduction agricultural region over western Europe suffered from severe-to-extreme

drought (Toreti et al., 2019).

Drought is a multi-disciplinary problem with large societal and
economic impact. Recent examples are the drought in 2003 in western
Europe resulting in reduced crop yields, forest fires, overheated power
plants, and most striking, excess death (Fischer et al., 2007; Schar and
Jendritzky, 2004). During the dry summer of 2018 52% of the

The multidisciplinary aspect of drought is highlighted when
explaining different drought perspectives. The climate perspective, to
start with, focuses on synoptic situations such as atmospheric blocking
conditions or other large-scale dynamic features (e.g. weather regimes,
blocking indices, wave patterns), in relation to the climatology. The
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meteorological view on drought is a lack of (or less-than-normal) pre-
cipitation, or a large imbalance between precipitation and evaporation.
A hydrologist will describe drought as a lack of water in the soil-
vegetation system, or as low river discharge. Lastly, drought from an
ecological and agricultural perspective would focus on affected nature
areas, forest fires, and reduced crop yields. These perspectives can be
studied on a global scale, but are often also analysed for specific regions.
The selection of these regions depends, again, on the different per-
spectives. A hydrologist probably focuses on a river catchment, where an
ecologist would rather look to an area with similar vegetative
conditions.

Here, we aim to combine the view of the climate/meteorologist and
the hydrologist. We do so, by analysing the anomalous moisture sources,
which are evaporative sources of precipitation over a region, of the
Rhine river basin during the extremely dry summers of 2003 and 2018.
We focus on the Rhine basin as hydrological catchment, which was
clearly affected in 2003 and 2018, and where the lack-of-precipitation
can also be translated to river runoff. By determining moisture sources
of a basin, both large-scale dynamic and thermodynamic effects are
captured, as well as land-atmosphere interactions, which gives further
insights on the two drought events. In addition, evaporative sources,
either continental (local) or oceanic (non-local) can give an indication of
the vulnerability of the Rhine basin to ongoing and future land-use
changes.

Moisture sources in relation to drought events are often studied for
the US (Bosilovich and Schubert, 2001; Brubaker et al., 2001; Dirmeyer
and Brubaker, 1999; Dominguez et al., 2006; Herrera-Estrada et al.,
2019; Roy et al., 2018; Zangvil et al., 2004, 2001), while only few
studies focus on central western Europe (Bisselink and Dolman, 2009;
Rosner et al., 2019; Stojanovic et al., 2018), and none specifically for the
Rhine catchment. On the other hand, the droughts of 2003, and to lesser
extend 2018, are studied extensively in terms of large-scale circulation
(Black et al., 2004; Black and Sutton, 2007; Cassou et al., 2005; Drouard
et al.,, 2019; Kornhuber et al., 2019; Spensberger et al., 2020),
land-atmosphere interactions (Ferranti and Viterbo, 2006; Fischer et al.,
2007), hydrology (Philip et al., 2020) and future projections (Beniston,
2004; Schar et al., 2004; Stott et al., 2004; Vogel et al., 2019; Wehrli
et al.,, 2020). Related to future projections, there is relatively high
confidence and understanding in the thermodynamics aspects of
drought under climate change (Shepherd, 2014), where increases in
temperatures will result in more heatwaves and droughts in the future
(Schar et al., 2004), as is also concluded specifically for the 2018
drought (Vogel et al., 2019; Wehrli et al., 2020). Differently, future
changes in dynamics are very uncertain and not yet well understood
(Shepherd, 2014; Woollings, 2010). For example, changes in frequency
and persistence of blocking conditions are uncertain, especially because
western Europe has a low signal-to-noise ratio (Woollings, 2010), and
simulating blocking with high-resolution models remains challenging
(Schiemann et al., 2016). Furthermore, soil moisture temperature and
soil moisture precipitation feedbacks are shown to be important in
droughts (Seneviratne et al., 2010), however the suggestion that
droughts intensify and propagate via land-atmosphere feedbacks is not
yet well understood (Miralles et al., 2019). To summarize, multiple as-
pects of droughts need further investigation, starting with understand-
ing and simulating the current climate before projecting it towards the
future. Here we take the approach by comparing two individual recent
extreme drought events in terms of moisture sources, whereby we can
combine the perspectives from the larger-scale circulation and the
land-atmosphere interactions. With this perspective on moisture trans-
port and recycling in light of the 2003 and 2018 drought, we bridge
between the meteorological and hydrological communities. In addition,
an event-approach is consistent with developing physical storyline ap-
proaches (Hazeleger et al., 2015; Shepherd, 2016), where understanding
is advanced by studying complex physical, and potentially
socio-economic and ecological interactions of individual climatological
relevant events.

Weather and Climate Extremes 31 (2021) 100302

The objectives of this study are to (I) characterize and compare the
2003 and 2018 summer droughts in the Rhine basin in terms of moisture
sources, (II) explain the differences and similarities in patterns of the
moisture sources by analysing anomalies in wind and specific humidity
separately and (III) put the dry summers further in context, by studying
the inter-annual variability of summer precipitation over the Rhine in
relation to large-scale circulation (blocking) and moisture recycling
within the basin.

2. Methodology
2.1. ERA5 data

We use the latest reanalysis dataset ERA5 data (Hersbach et al.,
2020) from the European Centre for Medium Range Weather Forecast
(ECMWF). The spatial resolution of the ERA5 data is 0.25°. We obtain
specific humidity and zonal and meridional wind at multiple levels in
the atmosphere (850, 700, 500, 300, 200 hPa; Table 1). Further, we
obtain zonal and meridional wind, precipitation, evaporation, surface
pressure, and dewpoint temperature at or near the surface (Table 1). The
wind and specific humidity variables provide instantaneous values. We
use dewpoint temperature and surface pressure to obtain specific hu-
midity at the surface. Further characteristics of the obtained variables
are given in Table 1. We obtain the variables from 1979 until 2018 (40
years) over the following domain: 10°-75° N, and —105° E to 30° W
(Fig. 1).

2.2. Theory and tracking method WAM-2layers

To determine the moisture sources of the Rhine basin we use the
Eulerian moisture tracking method Water Accounting Model on 2-layers
(WAM-2layers; Van der Ent et al., 2010; Van der Ent et al., 2014). This
model solves for every grid cell the water balance, which we define here
as:
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density of water, g is the gravitational constant, p,is the surface pressure,
0 indicates the pressure at the top of the atmosphere, and g, u and v are
defined in Table 1.

The water balance model is adapted to perform either forward (from
evaporation forward in time to precipitation) or backward (from pre-
cipitation backward in time to evaporation) tracking. We use backward
tracking of precipitation in the Rhine basin to determine the moisture
sources. WAM-2layers performs the tracking on two integrated layers in
the atmosphere, hence the atmospheric information is integrated to two
layers. The model assumes well-mixed layers, and the division of the two

P,
where S = plﬁqup,Fx =

Table 1
Obtained variables from ERAS5, including the levels in the atmosphere, time step
and unit.

Variable Level(s) in the atmosphere Time Unit
step
Zonal (east-west) wind u 10m + 850, 700, 500, 300, 6-hourly ms!
200 hPa
Meridional (north-south) 10m + 850, 700, 500, 300, 6-hourly ms !
wind v 200 hPa
Specific humidity g 850, 700, 500,300,200 hPa 6-hourly kg
kg !
Evaporation E Surface hourly m
Precipitation P Surface hourly m
Surface pressure p; Surface 6-hourly  Pa
Dewpoint temperature d2m  2m 6-hourly K
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Fig. 1. Domain on which we perform the tracking,
with the defined continental regions (North America,
Africa, western Europe, Rhine basin, eastern Europe)
and oceanic regions (tropical, extratropical, high lat-
itudes, Mediterranean Sea) in different colours of
respectively green and blue. We also indicated the
Rhine basin and the box surrounding it is used to
analyse the moisture fluxes over those boundaries.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

layers depends on the surface pressure by: pgyize = 7438 + 0.72 * ps
[Pa] (van der Ent et al., 2013). Evaporation only contributes to the
lowest layer, and transport between the layers occurs via vertical
component F,, which is determined from closing the water balance be-
tween the two layers. Last, to take into account the non-closure of the
data, a sigma term is added, resulting in the following equation:

aSm,k aF)c.m,k + aF‘y,m.k
or ox dy

=0Py —E,;x+F, + o, 2

where m indicates tracked moisture, k indicates either the bottom or the
top layers, and sigma indicates the source area of interest. In this study,
& =1 within and 0 outside of the Rhine basin. Note that E and P switched
sign as backward tracking is performed. E,, are the resulting moisture
sources that we will show throughout this study. For more information
on the model we refer to Van der Ent (2014). This model was originally
developed to perform moisture tracking with ERA-Interim reanalysis
data, where the variables were saved at multiple model levels. Benedict
et al. (2019) adapted WAM-2layers to perform tracking on climatic data
at five pressure levels (850, 700, 500, 300 and 200 hPa), instead of
multiple model levels (Benedict et al., 2019). For validation of this
adapted version of WAM-2layers we refer to Benedict et al. (2019).

Here, we use this adapted version of WAM-2layers to determine the
moisture sources of the Rhine basin with ERA5 data on five pressure
levels. We tracked precipitation falling in the Rhine basin back in time
during May-June-July-August. The model runs with a time step of 6 min,
and the instantaneous moisture fluxes are linearly interpolated over
time towards these 6 min time intervals. The model runs over the same
domain as the variables were obtained: 10°-75° N, and —105° E to 30°
W.

In addition to analysing the moisture sources, another interesting
variable to quantify is the amount of moisture recycled within a basin.
The precipitation recycling ratio of a basin is the amount of precipitation
occurring in a basin that is generated locally by evaporation (Pjyq),
versus the total amount of precipitation occurring in a basin (P =
Piocat + Padvected)- Thereby we assume that on monthly timescales almost
all tracked evaporation within the basin results in local precipitation,
the implications of these assumptions are in the discussion section.
Hence the precipitation recycling ratio is defined as:
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where A is the area of the Rhine basin.

2.3. Experimental set-up

The analyses are focused on the Rhine basin, indicated in Fig. 1, and

on the Northern Hemisphere summer period, here defined as May-June-
July-August. We perform the analyses on a 40-year time period
(1979-2018), with a focus on the summer of 2003 and 2018. Data is not
detrended.

First, precipitation and discharge averages over May-June-July-
August are analysed, to get a better overview of the anomalous events
of 2003 and 2018 within the whole timeseries 1979-2018. We analyse
monthly averaged daily observed discharge at Lobith (Rijkswaterstaat).
In addition, we use temperature from ERA5 averaged over the Rhine
basin to further elaborate on the events (not shown). Precipitation is
obtained from the ERAS5 re-analysis data, as will be used later for the
moisture source analysis. We show the yearly cycle of daily precipitation
and evaporation amounts, compared to the climatology. We apply a 20-
day smoothed window on the daily timeseries, and we visualise one
standard deviation around the climatological values.

Second, absolute moisture sources in mm month™! are visualised
spatially. We also show anomalies compared to climatology (summers
1979-2018) together with the anomalies of 500 hPa geopotential height
obtained from ERAS5. Normalized moisture sources (absolute moisture
sources divided by the amount of precipitation occurring over the basin)
are shown averaged over May-June-July-August and averaged over
different regions. These regions are either continental or oceanic
(Fig. 1): high latitude ocean (north of 60°N), extratropical ocean (be-
tween 30° and 60°N), tropical ocean (south of 30°N), Mediterranean
Sea, North America, Africa, western Europe (west of 10°E) and eastern
Europe (east of 10°E).

Third, to further explore the results of the moisture sources, we take
one step back and analyse the moisture fluxes (F, and F,) over the
boundaries of the Rhine basin. We simplified the boundaries of the
catchment with a box (47°-52° N and 5°-12° W; Fig. 1), which makes
the analyses on the moisture fluxes more straightforward and easier to
interpret. For 2003 and 2018, we study the anomaly in moisture flux
compared to the climatological flux per month, and whether this
anomaly is a result of an anomaly in moisture (q’) or in wind (' or v).
With this analysis, we can further enhance our understanding which
processes (dynamics or thermodynamics) played an important role
during those anomalous events.

The zonal moisture flux Fy (uq) is studied over the eastern and
western boundary of the box over the Rhine basin, and can be obtained
as hourly values per month in 2003 and 2018:

ug=(u.+u)*(qe+q)=uq. + uge+ uq + uq @

where ugq is the hourly flux in 2003 and 2018, u, and g.are the clima-
tological monthly means, and v’ and ¢’ are the anomalies with respect to
the climatological monthly mean. As we want to know the average flux
over a boundary per month, we average over time (month), and over
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latitude (47°-52° N) and height (900, 850, 700 and 500 hPa) along the
boundary:

(ugy=((uc+u)*(qe+q))=(ueqcy + (U q:)+ (ueq)+ (uq) 5)

Rewriting gives:
(ug) = (ueqe) = (U qe) + (ueq) + (W'q) (6)

where the left hand side (LHS) indicates the total anomaly of a specific
year and month over the boundary uq compared to the climatology
(ucqc), and the right hand side (RHS) the contributions to the total
anomaly from anomalies in wind (i q.) , moisture (u.q ), and combined
wind and moisture (u'q).

The same method is applied to separate the anomalies for the
meridional moisture flux F, (vq) over the North-South boundaries, where
we average over the same height (900, 850, 700 and 500 hPa) and over
longitude (5° W to 12° W), resulting in:

(vg) = (veqe) = (Vo) + (veq) + (V) @)

where the LHS indicates the total anomaly of a specific year and month
over the boundary (vq) compared to the climatology (v.q.), and the RHS
the contributions to the total anomaly from anomalies in wind (v'q.),
moisture (v.q ), and combined wind and moisture (v q ).

3. Quantifying the 2003 and 2018 summer droughts over the
Rhine basin

Averaged over the Rhine basin, the summers of 2003 and 2018 have
the lowest amount of precipitation of the last 40 years (Fig. 2). More
precisely, the monthly average precipitation is 69.7 mm month™! for
2003 and 68.8 mm month™! for 2018, both deviating two standards
from the mean (102 mm month ). By fitting a Gumbel distribution to
the summer precipitation anomalies from 1979-2018, we find a return
time of 20 and 40 years, for respectively the summer of 2003 and 2018.
Also under averaging over June-July-August instead of May-June-July-
August 2003 and 2018 are the driest summers in the time range. Thereby
we have to note that the extremely dry year of 1976 is not included in
this analysis as this ERA5 data is not yet available. We find an expected,
positive correlation between precipitation over the Rhine basin and
discharge at Lobith, with a correlation coefficient of 0.64. This corre-
lation likely increases if evaporation is subtracted from precipitation,
according to the hydrological water balance.

3250 ® Years: 1979- 2018 b
T 3000 [ O 2003
» 2018 °
m [ ] °
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Fig. 2. May-June-July-August averages of precipitation over the Rhine basin in
mm month~! against May-June-July-August averages of discharge in Lobith in
m? s7! for every year from 1979 to 2018. The years 2003 and 2018 are indi-
cated with respectively an orange and purple circle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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The average discharge in Lobith over MJJA in 2018 (1 501 m3s )
and 2003 (1 419 m® s™1) falls within the range of two standard de-
viations from the mean (2 103 m® s ). Lowest discharge averaged over
four summer months occurred in 2011. In 2003 and 2018, high tem-
peratures presumably also resulted in more snow melt from the Alps and
therefore less exceptional values for discharge as we found for precipi-
tation. However, later in the season exceptionally low discharges of 810
m®s! occurred in October-November 2018, compared to a climatology
of 1809 m® s~! in October—November. In this season, groundwater level
and soil moisture content was probably still very low from the previous
dry months, and snow melt does not play a role anymore. The year 2003
was not so exceptionally dry in October—-November, however discharge
was still on the low side (1 214 m®s™1) compared to the mean.

3.1. Month-to month description of dry summer 2003

Fig. 3 shows the smoothed daily variations of precipitation and
evaporation for the year 2003 and 2018, and also for the climatology.
Although 2003 started in January with enormous discharge amounts
reaching 9 500 m® s}, precipitation in the winter of 2003 was already
below normal, except for the beginning of February (Fig. 3b). In March
and April, daily precipitation values around 1 mm day ! were found,
while climatological values are around 2 mm day ' (1 mm day ! falls
outside one standard deviation from the mean). During this period, a
high-pressure system developed over western Europe, resulting in dry
conditions. These dry conditions continued into May 2003, while the
month ended rather wet. June shows the opposite signal, with a wet start
and a dry ending of the month in terms of precipitation. Moreover, June
was very warm with a positive temperature anomaly of 4.3 °C over the
Rhine basin. Evaporation was much higher than average (more than one
standard deviation) at the end of June, due to high temperatures, and
possibly to increased radiation because of clear skies under the high-
pressure system. In that period, probably enough water was present in
the soils and plants to evaporate. Thereafter, daily evaporation values
dropped below the climatology in July and even lower in August. The
same signal is found for precipitation which is low in July, and even
lower in August. Especially the middle-to-end of August was very dry. In
addition, a second heatwave occurred in August 2003 affecting whole of
southwestern Europe, with positive temperature anomalies of 4 °C over
the Rhine basin.

3.2. Month-to-month description of dry summer 2018

The winter of 2018 started with daily precipitation rates above 5 mm
day~! (Fig. 3b), while end of February and beginning of March were
rather dry. From May 2018 onwards high pressure over Scandinavia and
western Europe resulted in fewer clouds, more incoming radiation and
therefore higher evaporation rates. The latter is clearly visible from
Fig. 3a with in May 2018 daily evaporation rates above one standard
deviation from the climatology. Similarly, though opposite, less pre-
cipitation occurred from May onwards. The high-pressure system
remained persistent until July, but disappeared shortly in June. During
this blocking period, temperature was high and precipitation rates low.
Precipitation rates were often more than one standard deviation less
than the climatology, especially and consistently in July and August
(Fig. 3). Evaporation over the Rhine basin was below climatology from
July onwards. In contrast to 2003, where whole of Europe was dry, in
2018 north western Europe was dry while the south of Europe was
relatively wet.

4. .Monthly moisture sources during the summer of 2018 and
2003 - comparison with climatology

The climatological moisture sources (averaged over 40 years) for the
months May, June, July and August are shown in the left column of
Fig. 4 and Fig. 5, and the integrated moisture fluxes derived from the
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Fig. 3. (a) Evaporation and (b) Precipitation over the Rhine basin and over time in mm clay’l using a 20-day smoothed window, for the climatology (1979-2018) in
green, and the year 2018 and 2003 in black straight and dotted respectively, all based on ERA5 reanalysis data. The green shading indicates one standard deviation of
the 20-day smoothed window. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

tracking model WAM-2layers. The amount of precipitation over the
Rhine basin is indicated in the subtitles. Fig. 6 shows the normalized
moisture sources averaged per region (upper plot ocean region, and
lower plot land regions). We first discuss the climatological moisture
sources and fluxes, and then the sources specific for the two dry
summers.

In all summer months the climatological moisture sources cover a
large oceanic area, including the Caribbean Sea, Gulf of Mexico and the
North Atlantic Ocean. Although the local contributions per grid cell
appear small, a normalized average over the tropical and extra tropical
North Atlantic (between 30° and 60° N) region results in about 50% of
the precipitation in the Rhine basin (Fig. 6). Much smaller ocean con-
tributions (~1-5%) come from the polar North Atlantic and Mediter-
ranean Sea. Because of the pre-dominantly western winds, most
(oceanic) moisture sources are located west of the Rhine basin. Over
land, we find small contributions from North America, even smaller
contributions from North Africa, and as expected larger contributions
from west and eastern Europe, with increasing sources for decreasing
distance to the basin. The largest moisture sources (~6 mm month™ 1)
are found in the Rhine basin itself, indicating high recycling of moisture
over this region in summer. These large moisture sources over land
happen because evaporation is highest in summer time over land
(Fig. 3). The recycling of precipitation is around 8% in summer over the
Rhine basin, and much lower in winter. When analysing the climato-
logical moisture sources per summer month, only small differences be-
tween months appear, while the overall pattern is similar.

4.1. Description of the moisture sources in 2003 compared to climatology

2003 was the second driest summer over the Rhine basin in our 40-
year time series, based on precipitation averages over May, June, July
and August (see Fig. 2). Here, we discuss the moisture sources of the dry
summer of 2003 (absolute sources in middle column and anomalies in
right column Fig. 4) and in the next section for 2018, and thereafter we
compare the sources for the two dry summers. The normalized sources
per region are indicated in Fig. 6 for 2003 with an orange cross.

In May 2003 the precipitation over the Rhine basin is only 6 mm
month ! less than the climatology of about 100 mm month ™!, May 2003

is characterized by larger than normal moisture fluxes over the Atlantic
Ocean, over the Netherlands and northern Germany towards the Baltic
States. In this month, higher than normal pressure occurred over
southern and eastern Europe and lower than normal pressure over Ice-
land (Fig. 4c), inducing stronger flow over the Netherlands (Black et al.,
2004), as is also visible from the geopotential heights being closer
together. The higher than normal pressure over the Iberian peninsula
‘blocks’ the moisture transport from those regions towards the Rhine
basin, resulting in negative anomalies of absolute moisture sources from
the Iberian peninsula.

In June 2003, there is a clear dipole in geopotential over the Atlantic
and western Europe, with lower than normal pressure over the ocean
and higher pressure over the continent, indicating an Atlantic Low
weather regime (Cassou et al., 2005). The high pressure system over the
Rhine basin induces a strong anti-cyclonic transport of moisture
around/northward of the Rhine basin (Fig. 4e and f). As a result, only
half of the precipitation compared to normal falls within the basin, 55.5
mm month ™! in 2003 whereas 102.4 mm month™! precipitates in the
climatology. Normalized, still more moisture came from western Europe
and the Rhine basin itself (in this month primarily from Spain/southwest
France), and there is also a small positive normalized contribution from
the extratropical oceanic region (Fig. 6).

In July 2003 the high pressure system over western Europe weakens,
but it is still present. The moisture fluxes are close to normal in this
month, however the anomaly in absolute and normalized moisture
source is negative over the entire ocean and land domain. There is also a
negative anomaly in evaporation (1 mm day~!, not shown) over the
South of France, which indicates dry soils.

The pattern persists into August, with a negative anomaly in absolute
moisture source over land, and half of the precipitation amounts (45
mm month 1) compared to the climatology (97.3 mm month™1). In this
month we find lower moisture fluxes and the hypothesized dry soils
could still persist. This is further discussed in Section 5.2 on the
connection between recycling and precipitation within the basin.

4.2. Description of the moisture sources in 2018 compared to climatology

In the second column of Fig. 5 we show the absolute moisture sources
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a) May climat.  103.19 mm month~! b) May 2003 97.09 mm month~! c) Anomaly May 2003
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Fig. 4. Absolute moisture sources (colours, mm month~!) and vertically integrated moisture fluxes for May June July and August for the climatology (1979-2018)
(a,d,g,j), and 2003 (b,e,h,k). The anomalous moisture sources are zoomed on the Rhine basin and the 500 hPa geopotential height anomalies (m) are also shown (c,f,i,
1). Titles show the average precipitation over the Rhine basin in mm month ™. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Absolute moisture sources (colours, mm month~!) and vertically integrated moisture fluxes for May June July and August for the climatology (1979-2018)
(a,d,g,j), and 2018 (b,e,h,k). The anomalous moisture sources are zoomed on the Rhine basin and the 500 hPa geopotential height anomalies (m) are also shown (c,f,i,
1. In the titles we indicate the average precipitation over the Rhine basin in mm month . (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

of May, June, July and August 2018, and in the third column the
anomalies in absolute moisture sources, with a focus on the Rhine basin.
In Fig. 6 the normalized moisture sources per region are indicated for
2018 with a purple cross.

In May 2018, we find much smaller moisture fluxes over the
Netherlands, UK, France and Germany compared to climatology.
Anomalous northward directed moisture fluxes are found along the
coast of Scandinavia, and anomalous southward directed moisture
fluxes at the coast of France and Spain. Hence, in May 2018, little
moisture is transported from the west towards the Rhine basin,
explaining the low amounts of moisture source contribution from the
land region west of the Rhine basin, and from the Atlantic Ocean (Fig. 5b

and c). From the normalized moisture sources (Fig. 6), we find that the
contribution from the extra tropical ocean region is almost half of its
climatological contribution in May (18% in 2018 compared to 35% in
climatology). In contrast, a large positive contribution in moisture
source was found in May from eastern Europe, with a normalized
contribution of 34% compared to the climatology where this amounts to
9%. This anomalous contribution of moisture source from eastern
Europe is also clearly visible from Fig. 5b and c, and is explained by the
moisture fluxes from east to west (to the Rhine basin) over Poland. This
anomalous moisture transport in May 2018 is related to a high-pressure
system which was located over southern Scandinavia, resulting in a
blocking of the westward flow towards western Europe and an
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enhancement of the anti-cyclonic flow from eastern Europe towards the
Rhine.

In June 2018 the high-pressure system persisted and expanded over
the United Kingdom and Ireland (Fig. 5f). The absolute moisture source
anomalies show a similar pattern as in May 2018, with a negative
anomaly west of the Rhine basin (Fig. 5f), which is in line with the small
moisture fluxes west of the basin, and a positive anomaly east of the
Rhine basin, although smaller than in May. The negative anomaly in
terms of moisture sources from the extratropical ocean is also clearly
visible from the normalized contributions (Fig. 6), where the contribu-
tion of June 2018 falls outside one standard deviation of the distribu-
tion. The normalized positive anomaly in moisture source contribution
from eastern Europe falls outside one standard deviation as well, but is
not as anomalous as in May. Together, the smaller contribution from the
East, and the still negative anomaly from the Atlantic, leads to anoma-
lously low precipitation in the Rhine in June 2018 (~70 mm month ')
compared to the climatology (102 mm month™1).

July was the driest month over the Rhine basin with precipitation
amounts less than half of the climatological values (~48 mm month ! in
2018 compared to 104 mm month ! averaged over 40 years). The high-
pressure anomaly persisted over Europe in July 2018, and expanded
towards northern Scandinavia, resulting in strong northwards moisture
fluxes over the North Sea and along the coast of Norway (Fig. 5h). The
moisture fluxes over the Netherlands and the Rhine basin, and thereby
the contribution of absolute moisture sources over the Atlantic, North
America and West Europe, are still small, similar as for May and June

2018. The only exception is the mid-southern part of France, where the
moisture sources are enhanced, as is clearly visible from Fig. 5i. In this
dry month in July, we do find that the normalized sources over land are
equal or higher than average, except for North America and Africa. Thus,
in this exceptional dry month, there is relatively more moisture recycled
locally over land. The relation between dryness and recycling is further
investigated for all summers in the 40-year study period in Section 5.2.
Besides, the large moisture fluxes found in the south of Europe in July
2018 likely explain the positive moisture source anomaly over the South
of France, and can additionally explain the high precipitation amounts
in southern Europe in July 2018 (Toreti et al., 2019), although that
should be studied in more detail and is beyond the scope of this study.

In August 2018 the high-pressure anomaly (blocking) moved east-
ward into eastern Europe. As a result, moisture was transported further
land inwards over western Europe compared to the previous months.
Although more moisture could reach the Rhine basin, the absolute
moisture sources are still anomalously low over the largest part of
Europe and the Atlantic Ocean. However, the normalized moisture
source contributions from land are higher compared to the average,
except for Africa. Over land, negative anomalies in soil moisture,
because of the preceding drought, could be an explanation of the low
moisture sources. If we analyse evaporation from ERA5 for August 2018
compared to the climatology we find over western Europe negative
anomalies of evaporation of 3 mm day ! (Figure not shown), indicating
dry soils.
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4.3. Mechanisms of anomalous moisture fluxes — effects of wind and
humidity

In the previous sections we found that during the drought of 2003
and 2018 moisture fluxes into the Rhine basin were anomalous, both in
size and direction, resulting in anomalous moisture sources (Figs. 4-6).
The moisture fluxes, and sources, give us a combined picture of changes
in thermodynamics (i.e. moisture contribution to moist static energy)
and changes in dynamics (wind speed and direction) during those
extreme summers. Here, we will separate the contributions from
anomalous moisture and anomalous wind, as described in the method-
ology, to quantify their contributions to the total moisture fluxes over
the boundaries of the Rhine basin in 2003 and 2018. We first discuss the
climatological fluxes and then the anomalies for 2003 and 2018, and
which component contributed to these anomalies. The zonal moisture
fluxes are indicated in Table 2, and the meridional moisture fluxes in
Table 3 (LHS of Eq (6) and (7)). The total anomalies in 2003 and 2018,
and the different anomalies contributing are shown in Figs. 7 and 8.

We find that in May, June, July and August the climatological zonal
moisture fluxes increase over the course of summer from 8.55 to 6.34 kg
kg~! ms~!in May to 22.25 and 18.78 kg kg ! m s! in August, over the
west and eastern boundary respectively. These zonal moisture fluxes
increase over summer, as more moisture is available for transport due to
higher temperatures and more evaporation. The climatological zonal
moisture flux over the eastern boundary is always smaller than over the
western boundary, as wind speeds decrease over land. The climatolog-
ical meridional (north-south) moisture fluxes (Table 3), are much
smaller than the zonal moisture fluxes (Table 2), as the flow is pre-
dominantly westerly. The largest meridional fluxes are found in May and
August, and the meridional fluxes over the northern boundary are al-
ways larger than the fluxes over the southern boundary. The latter is
related to lower windspeeds in the south, as moisture levels are higher in
the south because of higher temperatures.

Contributions to anomalous moisture fluxes in 2003 In May 2003
we find a doubling of the zonal moisture flux, both over the western and
eastern boundary (see also Fig. 4b). Nevertheless, there is still diver-
gence of moisture within the marked region, as the flux over the north
boundary is remarkably large as well (see next section). The anomalous

Table 2

Climatological moisture flux u. g. and moisture flux occurring in 2003
U2003 G2003 and 2018 uz018 g2018 averaged over month and boundary (east and
west) in g kg~! m s~!. These are the components of the LHS of Eq (6), when
subtracted resulting in the yellow bars in Fig. 7.

(ue qc) [gkg™' m (u2003 G2003) [gkg ' m (2018 gaons) [g kg™ m
s71] s71] s71]

west east west east west east
May 8.55 6.34 19.19 12.16 —7.53 —12.66
June 16.15  15.04 22.62 18.67 -0.42 319
July 21.44  19.54 22.63 17.45 4.84 5.18
August  22.25  18.78 13.76 18.53 19.52 12.25

Table 3

Climatological moisture flux v.q. and moisture flux occurring in 2003
V2003 2003 and 2018 vag18 @201 averaged over month and boundary (north and
south) in g kg’1 m s L. These are the components of the LHS of Eq (7), when
subtracted resulting in the yellow bars in Fig. 8.

(Ve ) [gkg™ ' m (V2003 G2003 ) [ kg ' m (V2018 gaors YIg kg ™' m
s’l] s’l] s

north  south north south north south
May 3.84 2.68 12.41 4.08 4.93 -0.33
June 1.03 0.74 7.36 1.24 -6.21 -6.17
July 2.04 1.0 7.97 0.52 -3.46 -5.16

August  4.99 2.34 -345 -0.93 9.94 —0.33
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zonal moisture flux is a result of anomalous zonal wind (green bar
Fig. 7a-b). This positive anomaly in zonal moisture flux is still present
although much smaller in June, where the anomaly is a result of both
anomaly in moisture and wind. In July, the zonal moisture fluxes are
comparable with the climatology. In contrast, August shows a negative
anomaly in zonal moisture flux over the western boundary and almost
no anomaly over the eastern boundary. In that month, the western
boundary is located in the middle of the high-pressure system, with very
low winds, and the eastern boundary is located on the edge of the high-
pressure, with higher windspeeds comparable to the climatology.

The meridional flux in May 2003 over the northern boundary is
remarkably large. Due to the high pressure over Germany/Poland
(Fig. 4c) all moisture is transported northwards over this boundary. The
meridional moisture flux over the northern boundary is also in June
(7.36) and July (7.97) much larger than the climatology (1.03 and 2.04),
indicating much more transport of moisture northwards, and thus out of
the Rhine basin. Not more moisture is transported into the basin over the
southern boundary in these months, thus resulting in divergence of
moisture. In August, we find fluxes of opposite sign, with negative flows
of moisture over the northern boundary (thus into the Rhine basin) and
south boundary (thus out of the Rhine basin), still leading to divergence
of moisture. The southward moisture fluxes are related to the high
pressure occurring in August 2003, with northerly winds on the east side
of the highest pressure. This anomaly in moisture flux can almost totally
be related to an anomaly in the wind compared to the climatology.

Contributions to anomalous moisture fluxes in 2018 In May 2018
we find negative zonal moisture flux over both the eastern and the
western boundary, indicating eastern winds. Furthermore, the zonal
moisture flux is more negative over the eastern than over the western
boundary. The contribution of the anomaly in wind also results in this
negative anomaly. In June 2018 we still find slightly eastern winds over
the western boundary, while we find slight positive values, thus western
wind over the eastern boundary, resulting in large divergence of mois-
ture in this month. From July onwards positive zonal moisture fluxes
dominate, although much smaller than the climatology. In August, the
zonal moisture fluxes are closest to climatology compared to the rest of
the months.

For the meridional moisture fluxes over the northern and southern
boundary we find negative values in all months except for the northern
boundary in May and August. Thus, instead of the climatological
southerlies we have mostly northerlies in 2018, related to the Scandi-
navian blocking. In August we have the expected southerlies, though
double the size as normal. In all months with large anomalies in the
moisture flux, we find that this is a result of anomalous wind. In June
and July, we find that for both the south and northern boundary the
contribution from the multiplied wind and moisture anomaly is opposite
in direction of the total anomaly (Fig. 8c and d).

Overall, we can see from the absolute and normalized moisture
sources, that the behaviour of the dry summers in 2003 and 2018 are
quite different. In 2018, the lack of moisture transport from the Atlantic
Ocean and western Europe is very clear, while in 2003 this is not the
case, except for August 2003. In May and June 2018, we also find
enhanced moisture sources east of the Rhine basin, which are not
observed for 2003. Thus, slightly different synoptic situations, with a
blocking system located a bit more north or eastwards, can already lead
to very different sources, as is found when we compare 2003 and 2018.

Furthermore, we quantified the anomalies in moisture fluxes over
the boundaries of the Rhine basin during the summers of 2003 and 2018.
We find in both summers anomalous conditions in terms of moisture
fluxes, although 2018 is more persistent in the anomalies compared to
2003. In addition, we find that the anomalies in moisture fluxes are
mostly related to anomalies in the wind (dynamics). We therefore
conclude that the exceptional dynamical situation played an important
role in both droughts.
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boundaries is shown in Fig. 1.
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5. Inter-annual variability

Finally, the two driest summers in the Rhine basin of (at least) the
last 40 years are put into a longer time perspective by evaluating inter-
annual variability in summer precipitation in relation to large-scale
synoptics (Section 5.1) and local moisture recycling (Section 5.2).

10

5.1. Inter-annual variability in Rhine precipitation related to large-scale
synoptics

Fig. 9 shows the correlation per grid cell between monthly anomalies
of geopotential height at 500 hPa (Z500) and monthly precipitation
timeseries over the Rhine basin. The correlation is performed for sum-
mer months May, June, July and August for the entire 40-year
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Fig. 9. (a) Spatial correlation of 500 hPa geopotential height anomaly fields (Z500) and precipitation averaged over the Rhine basin. Correlation is performed on 40
years of monthly summer data (May, June, July, August), (b) anomaly of geopotential height at 500 hPa averaged over MJJA 2003 and (c) 2018.

timeseries. Similar results were obtained when the correlation was
performed with geopotential height at 850 hPa instead of 500 hPa.

Strong negative correlations are found over western Europe (Fig. 9a),
indicating that positive anomalies in Z500 relate to lower-than-normal
precipitation values. In other words, high pressure over the Rhine
basin relates to dry conditions over this same basin. Values of —0.78 are
found just west of the Rhine basin, and are the strongest absolute cor-
relations over the domain, implying that Rhine precipitation is mostly
sensitive to its local Z500 value. The negative correlation region is
located over the Rhine basin and west of it, indicating that a blocking
occurs over the Netherlands, blocking moisture to be transported with
the prevailing westerlies from the North Atlantic towards the Rhine
basin.

The pattern visible in Fig. 9a clearly resembles the positive phase of
the summer North Atlantic Oscillation (NAO), sometimes also called
“Blocking” pattern. This summer NAO, is one of the four weather re-
gimes occurring over the North Atlantic during summer (Cassou et al.,
2005; Folland et al., 2009), and is associated to dry and warm conditions
over western Europe (Cassou et al., 2005; Folland et al., 2009; Lavers
et al.,, 2013; Meehl and Tebaldi, 2004; Pfahl and Wernli, 2012).
Furthermore, a persistent anticyclone over the British Isles (as found in
Fig. 9a) was associated with a remarkable cooling of the surface waters
of the northern North Atlantic (Gervais et al., 2018). Duchez et al.
(2016) argues that this negative anomaly in sea surface temperature is
the reason for the 2015 heat wave over Europe. Similar negative
anomalies in SST were found for 2003 (Black and Sutton, 2007),
although not directly related to the heatwave over land. Further inves-
tigation is needed to establish the relationship between the North
Atlantic cold SSTs, the summer NAO and heat over Europe.

Around western Europe, we find a wave like pattern in the correla-
tion, with positive correlations over southeast Greenland and the Lab-
rador Sea and negative correlations over northeast North America
(Fig. 9a). Furthermore, there are positive correlations over the Medi-
terranean Sea. This ‘wave-train’ of positive and negative correlations
suggest a strongly meandering jet stream (e.g. high amplitude waves).
High amplitude waves, with wavenumber 7, are often associated with
persistent surface weather conditions, such as dry conditions over
western Europe (Kornhuber et al., 2017), together with dry conditions
over other parts of the world. This wave-7 pattern occurred throughout
the summer of 2018 (mid-June to early July) and at the start of August
2003 (Kornhuber et al., 2019). In addition, Drouard et al. (2019) shows
the significant contribution of summer North Atlantic Oscillation by
amplifying the wavenumber 7-pattern in extreme summer conditions in
Europe from end of June until mid-July 2018. Coumou et al. (2014)
provides evidence that many persistent (monthly time scales) weather
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extremes in recent summers were caused by high-amplitude quasi-sta-
tionary waves with wave number 6 to 8.

The correlation pattern in Fig. 9a implies the favourable large-scale
conditions for dry summers over the Rhine basin, with a strongly
meandering jet and blocking located west of the Rhine basin. For com-
parison, we show the Z500 anomalies during the dry summers 2003 and
2018 (Fig. 9b and c). To further investigate if the large-scale conditions
in 2003 and 2018 were indeed very similar to the correlation pattern,
and how it compares to other summers we correlate each summer Z500
anomaly with the favourable large-scale conditions for dry summers
over the Rhine basin (Fig. 9a). Or differently phrased, is the Z500
anomaly during the 40 years on the location where it reduces the pre-
cipitation over the Rhine basin? The results are shown per summer in
Fig. 10.

From comparing Fig. 9a and c, we already find that the Z500
anomaly in 2018 is very comparable with the correlation pattern, as is
now quantified with a correlation value of 0.6 (Fig. 10). This correlation
for 2018 is highest in the 40-year timeseries, indicating the exceptional
conditions for a dry summer. In addition, when performing the corre-
lation per month (not shown), all months show a positive correlation,
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which did not happen in all other 40 years. Nevertheless, it should be
noted that from the Z500 anomaly in 2018 the clear wave-train signal
with high amplitude waves is less pronounced. The wave-7 pattern only
occurred over two weeks during this summer, and therefore is probably
averaged out in this MJJA average. As we have not removed trends here,
it might be that we already observe the effect of a northward displace-
ment of the jet in response to climate change (De Vries et al., 2013;
Lorenz and DeWeaver, 2007).

The correlation value is positive as well for 2003 (Fig. 10), however
not as high as for 2018. The correlations per month show a negative
correlation for July 2003, where the other months show clear positive
correlations. In addition, we find a clear wave-train (high amplitude
wave) in the Z500 anomaly, although the location of the anomalies is
shifted compared to the correlation pattern. For 2003 the wave-7 pattern
was observed at the start of August (Petoukhov et al., 2013), during the
second heatwave of that summer.

Other remarkable years with high correlation values are 1992, 1989
and 1994, but in these years the positive Z500 anomalies were shifted or
not as strong and therefore not resulting in dry conditions for the Rhine
(2500 anomalies for 1992, 1989 and 1994 not shown).

5.2. Inter-annual variability in Rhine precipitation related to local
moisture recycling

The precipitation recycling ratio is defined in the methodology, and
applied to the Rhine basin. It is a common indicator for the amount of
moisture recycling within a region. It is the ratio of local precipitation,
precipitation related to evaporation which occurred in the basin itself,
over total precipitation. Differently formulated; the amount of locally
generated precipitation in a region versus the total precipitation (locally
generated precipitation and precipitation due to convergence of mois-
ture fluxes by the large-scale flow) in a region. In the summer period this
ratio is higher compared to winter, as more evaporation over land takes
place in summer, thus the local contribution to precipitation in the
Rhine basin is higher. Precipitation recycling indicates the dependence
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Fig. 11. Scatter plot with monthly precipitation over the Rhine basin in mm
month ™! against monthly precipitation recycling ratios for the months May,
June, July and August, using different symbols to indicate the months. 2003
and 2018 are encircled with respectively orange and purple. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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of a basin on its local processes, and thus the local land-atmosphere
interactions.

In Fig. 11 we show monthly precipitation averaged over the Rhine
basin against the monthly precipitation recycling ratio per summer
month (May, June, July and August; indicated with different symbols).
We find a negative correlation of —0.33, indicating that in dry summer
months usually more recycling of moisture takes place compared to wet
summer months. This negative relationship between precipitation and
precipitation recycling was also found by Bisselink and Dolman (2008),
who show for central Europe (including the Rhine basin) that local
evaporation contributes more to precipitation in dry summers. Addi-
tionally, in the previous section we find a positive correlation of dry
summers for the Rhine basin with high pressure over western Europe.
And high pressure (e.g. blocking) results in a decrease of moisture
advected into the basin, which will lead to an increase in the precipi-
tation recycling ratio. If only the amount of local precipitation de-
creases, a decrease in precipitation recycling should be observed.

When correlating precipitation and precipitation recycling per
month, we find the strongest correlation in May, while it decreases into
summer, with lowest correlation in August. Related to this, we find on
average higher recycling ratios at the start of summer (0.059 in May and
0.054 in June) and lower recycling ratios at the end of summer (0.046 in
July and 0.037 in August). The high ratios in May are related to a
relatively small contribution from advection (see Table 2) in this month,
while the lower ratios at the end of summer can be related to a general
decrease in evaporation, and thus a decrease in precipitation generated
by local evaporative fluxes.

In 2003, the recycling ratios in May and June are almost twice as
high as in July and August (orange circles in Fig. 11). In June 2003,
when the first heatwave occurred, recycling is above average (0.067 in
June 2003 compared to 0.054 as climatology). The second heatwave
occurred in August 2003, however, the recycling ratio is very low in this
particular month (0.025 in 2003 compared to 0.037 in climatology).
This indicates that the local precipitation decreased, probably because of
dry soils at that point in time, indicating the importance of land-
atmosphere feedbacks.

For the summer months in 2018, we find high recycling ratios in
combination with low precipitation, especially in May, June and July
when the high pressure system was persistent (Fig. 5), and the moisture
fluxes did not reach the Rhine catchment (e.g. moisture was not
advected into the Rhine basin). In August 2018, precipitation was still
low but the advected amount of moisture increased (see Fig. 5k)
resulting in a similar precipitation recycling ratio as in the climatology.

It is interesting to see the different characteristics of the recycling
ratio in the two dry summers. Much higher recycling ratios are found in
May, June and July in 2018 compared to 2003. This indicates the effect
of the blocking pattern in 2018, which was more persistent and/or
effective in blocking moisture advection into the basin. In addition the
strong easterly flow in May and June 2018 contributed to recycling,
which did not take place in 2003. Bisselink and Dolman (2009) studied
the recycling of moisture over Europe in very wet and dry years, they
found that in the dry months June 2003 and July 2006 precipitation
recycling is enhanced, which we also found for the Rhine basin (Fig. 11).
We conclude that a similar, and stronger, relationship is present for the
dry summer of 2018.

Precipitation recycling has been a common approach in the 1990s to
study land-atmosphere interactions (Seneviratne et al., 2010), although
mainly covering the United States. More specifically, over the Mis-
sissippi River basin wet and dry years were studied in terms of moisture
recycling, and higher recycling over the Mississippi basin was found
during the drought year of 1988 (Bosilovich and Schubert, 2001; Dir-
meyer and Brubaker, 1999). Intuitively, it makes sense that more
moisture inflow into a region is blocked during dry conditions. As a
consequence, it also indicates that a basin during dry conditions depends
more on local evaporation, which can decrease substantially during
droughts (as in 2003 for the Rhine basin), indicating the importance of
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Fig. 12. Daily precipitation sums [mm day ] averaged over the summer months May, June, July and August (MJJA) over the Rhine basin for (a) ERA5 data from
1979 to 2019, (b) the E-OBS dataset from 1980 to 2019, and (c) the genRE precipitation dataset from 1997 to 2015.

land-atmosphere feedbacks.
6. Discussion on methodology

To determine the moisture sources of the Rhine basin over a long
time period, we use the new reanalysis dataset ERA5 and an adapted
version of the Eulerian moisture tracking model WAM-2layers. The
ERAS product is state-of-the-art when it comes to data assimilation and
high temporal and spatial resolution and provides all needed variables at
multiple levels in the atmosphere to perform the tracking. Here, we
shortly address the performance of ERA5 to simulate summer convective
precipitation over western Europe. Beck et al. (2019) compared ERA5
with the previous reanalysis dataset ERA-Interim across North America,
and found ERAS5 remarkedly better in representing precipitation and
land surface variables linked to the terrestrial hydrological cycle
(Albergel et al., 2018; Tarek et al., 2020). Fig. 12 shows the daily pre-
cipitation amounts averaged over May, June, July and August in ERA5
over western Europe, compared with two observational datasets. The
EOBS dataset (Haylock et al., 2008) v21.0e is analysed from 1980 to
2019 with a resolution of 0.25°. The genRE dataset (van Osnabrugge
et al., 2017) is available from 1997 up to 2015, with a hourly time
resolution, and a spatial resolution of 1.2 km, specifically designed for
the Rhine region. We find that in general over the Rhine basin a similar
precipitation pattern is found for the ERA5, EOBS and genRE dataset,
with higher precipitation amounts over the Alps, but also over the
Ardennes, and the black forest in Germany. EOBS seems to underesti-
mate precipitation over the Alps, where less gauge stations are available.
This underestimation of precipitation in EOBS in mountainous areas has
been reported (Hofstra et al., 2009). From this analysis we can conclude
that ERAS performs well in simulating summer precipitation over the
Rhine basin.

We use the Eulerian tracking model WAM-2layers as this model is
cost effective, and the adapted version used in this study is validated and
shown to perform well for tracking moisture over the Mississippi river
basin (Benedict et al., 2019). The largest assumptions in the model are
the mixed layer approach, and the vertical transport between the two
layers, which is determined from closing the water balance between the
two layers (Van der Ent, 2014).

Here, we study the normalized moisture sources of the Rhine basin
per month and region. With 6-hourly input data the synoptic patterns
are captured and provide enough detail for the monthly average mois-
ture sources. However, when daily sources need to be investigated, a 6-
hourly timestep might not be enough. As the tracking is performed on a
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limited domain (shown in Fig. 1), moisture sources originating outside
of this domain are not accounted for. In addition there is a loss term of
water, as the water balance does not close on a daily timescale (Benedict
et al., 2019; Findell et al., 2019). Those two factors combined form a
residual term, which is 10% on average over MJJA 1979-2018, and 10%
and 15% for respectively 2003 and 2018. The larger residual term in
2018 is explained by the anomalous sources from east of the Rhine basin
where the domain is relatively limited in extend. The residual term can
be higher per individual month as the lifetime of (tracked) moisture in
the atmosphere is about 5-10 days (Van der Ent and Tuinenburg, 2017;
Laderach and Sodemann, 2016; Trenberth, 1998), and thus moisture
related to precipitation in the first days of a month can be accounted for
in the preceding month (keep in mind we track moisture backwards in
time). This residual term also impacts the precipitation recycling ratio
where we assume that all tracked moisture within the Rhine basin in a
certain month results in precipitation within that same month.

7. Conclusion and outlook

We studied the similarities and differences in the drought of the
summers 2003 and 2018 in terms of Rhine’s moisture sources. By ana-
lysing moisture sources, evaporative regions which result in precipita-
tion over the Rhine basin, we could study both large-scale processes as
local land-atmosphere interactions, and both dynamics and thermody-
namics. The combination of different scales (synoptic and local) in view
of moisture transport (advection and recycling) provides a new
perspective and thereby further insights into the extreme summer
droughts of 2003 and 2018.

We determined the moisture sources of the Rhine basin from 1979 to
2018 with a focus on May, June, July and August using ERAS5 reanalysis
data and an adapted version of the Eulerian moisture tracking model
WAM-2layers (Benedict et al., 2019; Van der Ent, 2014). During an
average summer, Rhine’s moisture sources are mostly located over the
Atlantic Ocean, together with a large contribution from continental
evaporation, mostly from regions west of the Rhine basin (Fig. 6).

The droughts of 2003 and 2018 stand out as the driest summers in
the 40-year timeseries in terms of precipitation over the Rhine basin.
Both are two standard deviations below the mean precipitation over
May, June, July and August. In both summers we find a decrease in
absolute moisture sources from oceanic regions, although the normal-
ized contributions are different between the two years (Fig. 6). The
anomalous moisture fluxes over the boundaries of the Rhine basin in
2003 and 2018 are a result of anomalies in wind, thus anomalous
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dynamics (Figs. 7 and 8). The differences in normalized sources are due
to the different locations and persistence of the high-pressure systems,
blocking moisture to be transported to the Rhine basin. We find that
2018 is most favourable in terms of large-scale synoptics to result in dry
conditions over the Rhine basin, while this is to a lesser extent the case
for 2003 (Figs. 9 and 10). When focusing on land-atmosphere in-
teractions, we found in general higher recycling of moisture within the
basin under drier conditions. This relationship was observed for 2018, as
a decrease in moisture advected into the basin resulted in higher recy-
cling. In August 2003 however, recycling was lower than normal,
although it was very dry, indicating a smaller contribution of local
precipitation in this month probably due to drying out of the soils, which
enhanced the heatwave (Fischer et al., 2007).

Here, we have analysed two past drought events in terms of moisture
sources. Using this methodology, there is also potential to study
droughts in seasonal prediction, as is currently relevant seeing the dry
conditions for Western Europe in the spring of 2020, and under future
projections, for example to indicate vulnerability to land-use changes.
By studying moisture sources and recycling during droughts, we capture
both the large-scale circulation and land-atmosphere interactions. To
further enhance our understanding on these processes we need case
specific studies, as by analysing composites and statistics, important
processes playing a role cannot be distinguished. This study highlights
the unique nature of the two droughts of 2003 and 2018 that we studied.
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