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Summary

Hydrometeorological extremes such as floods and droughts are the result of anomalous
transport of water in the atmosphere, impacting the land. Recent examples are the dev-
astating floods in southern Louisiana (United States) in 2016 and drought over Western
Europe in 2018. In this thesis the water cycle and its extremes are investigated for the
mid-latitudes, on various temporal and spatial scales, encompassing climate science, me-
teorology and hydrology. The main focus is on the Rhine and Mississippi river basins,
two socially, economically and ecologically relevant study areas. From a scientific point
of view, studying their different climatic drivers provides insight in different transport
mechanisms, and the ability to simulate those. Additionally, anomalous moisture trans-
port associated to extreme precipitation over the coast of Norway is studied. In the
Introduction of this thesis two key scientific challenges concerning the water cycle and
its extremes are identified. The first challenge is to increase process understanding of
the water cycle and its extremes, and the second addresses how these are regionally af-
fected by climate change. This is done with a global modelling approach, making use of
reanalysis data, simulations from a global climate model, a moisture tracking tool, and a
global hydrological model (all described in Chapter 2). Observational products are used
to verify the model results.

In Chapter 3 we study anomalous transport of moisture and its relation to extreme pre-
cipitation events for three regions (North, South and West) along the coast of Norway. As
part of mid-latitude cyclones, excess moisture is transported to higher latitudes in narrow
corridors, so-called atmospheric rivers. When these filaments of moisture in the lower
troposphere encounter a mountain range, such as the fjords in Norway, forced lifting can
result in extreme precipitation. We show a climatology (1979 to 2014) of cold season (Oc-
tober to March) precipitation events based on the 99th percentile of daily precipitation,
of which more than 85% is related to an atmospheric river. Furthermore, those selected
precipitation events are associated with a positive phase of the North Atlantic Oscillation
(NAO) for all three regions. Two characteristic patterns conducive to anomalous mois-
ture transport can be identified with significant time before the event (5 days), which is
helpful for forecasting. When the event approaches, regional differences become apparent,
with for the North and West regions zonal flow impinging upon the south-north oriented
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coastline, while for the South region a significant southerly flow was found. To predict the
precise location and impact of subsequent extreme precipitation events, higher resolution
models are needed to capture the exact orography.

The relation between precipitation and moisture transport is further explored in Chap-
ter 4 for the Mississippi river basin. We determine the origin of precipitation over the
Mississippi basin for present and future climate (RCP4.5), using high resolution (~25
km) climate simulations. Precipitation falling over the Mississippi basin is tracked back-
ward in time using an Eulerian offline moisture tracking tool, to determine the moisture
sources. We find that the most important continental sources are the Mississippi basin
itself, and the area southwest of it, while the most relevant oceanic sources are the Gulf of
Mexico/Caribbean and the Pacific. Those sources vary per season, with more transport
from the oceans to land in winter, and more recycling of moisture within the basin in
summer. We conclude that the moisture sources of the Mississippi River basin in the
future 1) enhance over the oceans in winter, due to future increased evaporation over
the oceans, resulting in more future winter precipitation, and 2) show a relative decline
over terrestrial areas in summer. The latter conclusion indicates that potential land-use
changes will have relatively little impact on precipitation over the Mississippi basin in the
future, compared to present climate.

The moisture sources of the Rhine basin are investigated in Chapter 5, specifically for
the recent summer (May to August) droughts of 2003 and 2018. During those summers
persistent blocking prevented moisture to be transported from the oceans towards the
Rhine basin, as we found that the contribution in moisture source from the Atlantic was
much lower in 2003 and 2018 compared to an average summer. These anomalous mois-
ture sources in 2003 and 2018 were mostly a result of anomalous wind, and not so much
due to anomalous moisture advection. In 2018, moisture was transported from the east
towards the basin, due to the anticyclonic flow around the Scandinavian blocking. The
large-scale circulation in 2018 was especially favorable for dry conditions over the Rhine.
Although blocking also occurred in the summer of 2003, conditions were less favorable
for dryness over the Rhine basin. In 2003 the recycling of moisture within the basin
was lower than average (and lower than 2018), especially in August, suggesting drying
out of the soils, and explaining the enhanced drought in August in 2003 through posi-
tive land-atmosphere feedbacks. The unique character of both extreme events indicates
that hydrometeorological extremes should be investigated in detail to enhance our under-
standing of these extremes, and of the complex processes ranging from the larger-scale
circulation to interactions with the land-surface.

To study the global hydrological cycle and its response to climate change, it is common
to force a hydrological model with meteorological data from a climate model. In Chapter
6, we assess and compare the benefits of an increased resolution of a global climate model
(GCM) and global hydrological model (GHM) in simulating the hydrogical cycle for two
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basins with long observational records: the Rhine and Mississippi basins. Increasing the
resolution of a GCM (1.125° to 0.25°) results in an improved precipitation budget over
the Rhine basin, attributed to a more realistic large-scale circulation. These improve-
ments with increased resolution are not found for the Mississippi basin, possibly because
precipitation is strongly dependent on the representation of still unresolved convective
processes. The (improved) monthly-averaged precipitation from the GCM is reflected in
(improved) monthly-averaged actual evaporation and discharge from the GHM, although
an increase in resolution in the GHM does not lead to significant changes in discharge. A
straightforward resolution increase in the GHM is thus most likely not the best method
to improve discharge predictions, which emphasizes the need for better representation of
processes and improved parameterizations that go hand in hand with resolution increase
in a GHM.

In the Synthesis (Chapter 7) we reflect back on the two scientific challenges identified
in the Introduction concerning the water cycle and its extremes. The first challenge on
enhanced process understanding is addressed in all Chapters, as different moisture trans-
port mechanisms are investigated for distinct geographical areas, on different temporal
and spatial scales. In Chapter 5, the second challenge on regional projections is addressed,
by investigating the moisture sources of the Mississippi basin in present and future cli-
mate. In my vision, enhanced understanding of the future climate can be mostly gained
from an increased understanding of the present, rather than from simulating the uncertain
future. In the case of understanding the water cycle and its extremes in present climate,
combined efforts from climate science and the fields of hydrology and meteorology are
needed.
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Introduction



Chapter 1 Introduction

1.1 Motivation

Water is an integral part of our weather and the earth’s climate system. An illustrative
example is how precipitation determines our day-to-day weather, and via the runoff from
rivers the availability of our freshwater resources. In this thesis I study how water vapour
flows through the atmosphere, driven by the regional circulation, and results in precipi-
tation which affects society. The uneven distribution of water vapour in the atmosphere
can result in extreme precipitation and subsequent flooding, while a long-lasting lack of
precipitation can cause drought. Floods and droughts are hydrometeorological extremes,
resulting from the interactions between atmospheric and hydrological processes at dif-
ferent time and spatial scales. These processes need to be better understood in present
climate to make predictions for the future. Impacts of hydro-meteorological extremes are
well-known. I give three recent examples of events to illustrate their relevance, and as
basis for the research conducted within this thesis.

In August 2016, when I just started my PhD research, a stationary low-pressure sys-
tem brought prolonged rainfall over the state of Louisiana and Mississippi in the United
States. It rained for almost two days in a row, which resulted in river flooding in following
days. Because of this natural disaster over 30 000 people had to be rescued from their
flooded homes and cars, and 13 people were killed due to the flood (van der Wiel et al.,
2016a). Where low pressure systems or tropical cyclones result in moisture transport to-
wards south-eastern US, extratropical cyclones transport moisture north eastwards over
the Atlantic towards Europe. This moisture transport over the Atlantic is characterized
by long narrow filaments of water. As these corridors of moisture look like rivers on
satellite images, the term atmospheric river was suggested (Zhu and Newell, 1998). The
amount of moisture that atmospheric rivers transport is equivalent to about 10 times the
average daily discharge of the Mississippi river (Ralph and Dettinger, 2011). Once these
atmospheric rivers experience orographic lifting, when reaching steep cliffs of the Euro-
pean continent, extreme precipitation can occur. This was the case over the West Coast
of Norway, where in October 2014 locally up to 300 mm of rain fell in less than 5 days,
causing floods and damages in several valleys (Lussana et al., 2018). In contrast, condi-
tions characterized by prolonged absence of precipitation, were found over Scandinavia
and western Europe in the last few summers, resulting in droughts and record-breaking
warmth. Especially the spring and summer of 2018 were exceptionally dry and hot over
England, The Netherlands, Belgium, Germany and Scandinavia (Rosner et al., 2019).
The rainfall-deficit and extreme heat had major impacts on water supply and agriculture,
and induced wildfires. In 2019, a heatwave impacted western Europe, with temperatures
in The Netherlands first measured above 40°C. At the time of writing, summer of 2020,
a very dry spring is a concern for many farmers and local water managers.
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What all those extremes have in common is that there is a large-scale driver (e.g. Sill-
mann et al. 2017), a synoptic circulation, resulting in anomalous moisture transport and
anomalous precipitation. For the United States, the large-scale driver relates to subtrop-
ical dynamics, as excess moisture is transported from the Caribbean and Gulf of Mexico
towards the US in hurricanes or a low level jet, depending on the season. For the case of
the local flood in Norway, the large-scale driver was an extratropical cyclone transporting
high amounts of moisture to the coast of Norway, where it was forced over the local topog-
raphy and resulted in extreme rainfall. Opposite, a lack of moisture transport over longer
time scales of weeks, when the large-scale driver is a persistent high-pressure system,
can result in a drought or heatwave impacting several countries. Besides the large-scale
drivers, regional feedbacks with the land surface can strengthen extremes (Sillmann et al.,
2017).

These examples of hydrometeorological extremes show the complex processes at play, act-
ing at different time and spatial scales (Figure 1.1), in different geographical locations
(Figure 1.2) and different seasons. To understand such events we need a multidisciplinary
approach encompassing climate science, meteorology and hydrology. Further understand-
ing of the large-scale driving processes and local surface feedbacks is needed, as many
processes are not yet fully understood. For example, the synoptic circulation during hy-
drometeorological events is often tightly coupled to the variability of the storm-track,
the region where most storms occur. Related to the storm-track, one of the four emerg-
ing questions concerning clouds, circulation and climate posed by Bony et al. (2015) is:
“What controls the position, strength and variability of storm tracks?” Deepening our pro-
cess understanding is crucial to improve forecasts and projections, not only for extreme
situations but also for the water cycle in general.

In this thesis, I identify process understanding of the water cycle and its extremes as
the first key scientific challenge. More specifically, I quantify moisture transport and
how it impacts the land surface in two climatologically different regions, North America
and north western Europe. I do so from the global perspective as regional moisture
transport is tightly coupled to the global atmospheric circulation. The second key scientific
challenge addresses how the water cycle and its extremes are affected by climate change.
Anthropogenic climate change is unprecedented, and this already affects and will continue
to affect the global water cycle on regional scales (Stocker et al., 2013). The weather
is chaotic by nature with non-linear dynamics that lead to internal variations in the
system. This internal variability is especially large in the mid-latitudes, and it poses
the challenge to detect trends from the background ‘noise’ (Stott et al., 2013; Woollings,
2010). Moreover, the dynamical changes due to climate change are uncertain, which makes
regional projections extra challenging (Marotzke et al., 2017; Shepherd, 2014).
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Figure 1.1: Time and spatial scales of hydrometeorological processes that are relevant in this
thesis. Blue colours indicate meteorological processes, green colours hydrological processes,
and black colours concern both meteorology and hydrology.

In summary, my thesis deals with improving our current understanding of the essential
processes that govern the water cycle and hydrometeorological extremes, and their re-
gional future projections. In the following sections I will explain fundamental concepts
and describe modelling tools which set the stage for the specific research questions out-
lined in the last section of this Introduction, and which are answered in the subsequent
Chapters.

1.2 DMoisture transport in the atmosphere

1.2.1 Physical background

The atmospheric general circulation of the earth, and therefore atmospheric moisture
transport, is foremost a result of differential solar heating. This means that the sun heats
the tropics more than the poles, thereby creating a meridional temperature gradient in the
mid-latitudes. As a result of this gradient, and the rotation of the earth, zonal geostrophic
wind increases with height (vertical shear) up to the tropopause. This consequence of the
thermal wind balance is called the jet stream: a ‘river’ of high wind speeds up in the
troposphere whirling eastwards around the globe. Due to the meridional temperature
gradient and the vertical shear, baroclinic instabilities form in the mid-latitudes. It is
these instabilities that relate to storms that grow, and lead to mixing of warm humid
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air masses from the tropics and dry cold air masses from the poles, causing a reduced
gradient. The speed and direction of storms (i.e. mid-latitude cyclones) are determined
by the strength and waviness of the jet stream. The preferred region where mid-latitude
cyclones occur is termed the storm-track (Blackmon, 1976; Hoskins and Valdes, 1990).
Fronts associated to mid-latitude cyclones, govern the day-to-day variability of weather
in the mid-latitudes, bringing precipitation and unsettled weather. As the temperature
gradient from equator to pole is larger in winter, baroclinicity and the jet stream are
more intense in this season (Shaw et al., 2016). Therefore, mid-latitude cyclones are the
main cause of precipitation over Europe in winter. In summer, the meridional temper-
ature gradient weakens, so does baroclinic instability. Increased solar heating results in
enhanced land evaporation and triggers convective, more locally generated, precipitation
over mid-latitude continents. The relative contribution between terrestrial and oceanic
sources of terrestrial precipitation is highly variable over space and time, also because of
internal climate variability. There is a growing need to further understand those sources
(Gimeno et al., 2020; Trenberth et al., 2003), and how these are affected by climate change
on a regional scale (Gimeno et al., 2020).

Three mechanisms of anomalous moisture transport in and towards the mid-latitudes are
shown in Figure 1.2 and discussed further, as they are relevant for the research conducted
in this thesis.

Atmospheric rivers. The first mechanism is that of moisture transport as part of mid-
latitude cyclones. High amounts of moisture can be found in the warm conveyor belt,
along the cold front of a mid-latitude cyclone. These regions of intense poleward moisture
fluxes are often quite narrow, and referred to in literature as Atmospheric River (AR;
Ralph et al. 2004; Zhu and Newell 1998), although this name has been debated (Dacre
et al., 2015; Wernli, 1997). In fact, those atmospheric rivers are continuously fuelled
by evaporation of the relatively warm ocean (Dacre et al., 2015), while travelling north
eastward over the Atlantic, as well as the Pacific. When these high amounts of moisture
in the lower troposphere encounter a mountain range, forced lifting can result in heavy
precipitation. Earlier work mainly focused on this mechanism for the east coast of the
United States. Over recent years, however, the relationship between ARs and (extreme)
precipitation received increased attention for coastal regions over Europe (Knippertz and
Wernli, 2010; Lavers et al., 2011; Lavers and Villarini, 2013; McTaggart-Cowan et al.,
2017, Ummenhofer et al., 2017). We investigate if there is a robust relationship between
ARs and extreme precipitation over coastal regions in Norway, and what the large-scale
pre-conditioning of such events is (Benedict et al., 2019a).

Low level jet. The second mechanism of moisture transport is specifically important
for the precipitation budget over the Mississippi basin. The Great Plains Low Level Jet
(GPLLJ) transports moisture from the relatively warm Caribbean and Gulf of Mexico
towards central United States (Figure 1.2). This low level jet should not be confused with
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the jet stream, as it is a maximum of wind speed in the lower troposphere, often occurring
during the night, and for the case of the GPLJJ mainly present in spring and summer.
The GPLLJ is the most significant circulation feature of the central US linking large-
scale atmospheric circulation with the regional climate (Tang et al., 2017). Although
multiple mechanisms have been suggested to cause this wind maxima at night, a full
theory explaining the observations is still missing. Suggested mechanisms are related
to the slope of the Great Plains, inertial oscillations, complicated radiative heating and
cooling of the terrain, and a combination of the subtropical high and the blocking effect
of the Rocky mountains. Besides the GPLLJ, another important phenomenon to bring
(extreme) precipitation to central and eastern US are tropical cyclones, which we do not
elaborate on here, as they are not studied within this thesis.

Blocking. In contrast to enhanced moisture transport, a lack of moisture transport can
lead to droughts and heatwaves, as was the case over Western Europe in 2003 and 2018.
This lack of transport, resulting in lesser-than-normal precipitation, is caused by a so-
called blocking. Blocking is a persistent weather pattern, generally an anticyclone, that
blocks the prevailing westerlies and mid-latitude storms (Rex, 1950; Woollings, 2010). It
is the result of a very wavy jet stream, which in turn is the result of amplified or breaking
Rossby waves (Pelly and Hoskins, 2003). Land regions situated below a blocking are
often related to bright weather conditions, generating cold spells in winter, while leading
to droughts and heatwaves in summer, if the blocking persist long enough. The lack
of moisture transport towards the Rhine basin, and relation to blocking conditions is
investigated in Chapter 5.

In general, when assessing moisture transport in the atmosphere, the atmospheric water
balance is a starting point for analysis:

0
T moisture convergence = E — P (1.1)

where evaporation E is the source of moisture in the atmosphere, and precipitation P the
sink. § is the vertical integral of moisture in the atmosphere, and moisture convergence
is the moisture flux vertically integrated over the atmosphere.

A key question is how the atmospheric water balance changes under anthropogenic global
warming, and if this affects moisture transport. To answer these questions, changes in
the atmospheric water cycle can be disentangled in two components: changes in ther-
modynamics (roughly speaking everything related to heat and moisture) and changes in
the dynamics (circulation patterns) (Shepherd, 2014). For the first, future changes are
quite robust, as the Clausius-Clapeyron relationship tells us that warmer air can hold
more moisture, under the assumption that relative humidity is constant. In contrast to
the robust changes in the thermodynamics, changes in the dynamical part of the water
cycle are much more uncertain. This uncertainty is especially present in the mid-latitude
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Figure 1.2: Geographical map indicating the Rhine and Mississippi basins, the regions
of interest in coastal Norway, and involved topography. The different moisture transport
mechanisms are schematically indicated: Great Plains Low level jet (with red arrows), high
moisture content (light blue) in form of atmospheric river and a mid-latitude cyclone (low
pressure in purple), and Blocking (high pressure in purple, rerouting of moisture indicated
with yellow arrows). This Figure is based on Figure 5 from Gimeno et al. (2020).

regions, where the signal from internal variability dominates over the signal of changes
due to a warming world (i.e. a low signal-to-noise ratio) (Shepherd, 2014; Woollings,
2010). Projections of changes in the water cycle are therefore most uncertain in these
mid-latitude regions.

1.2.2 Modelling

Global climate models. To further understand how the water cycle will be affected by
climate change, and to enhance process understanding of past events, one needs to per-
form simulations. In climate science, the tool to do so are global climate models (GCMs),
numerical simulations of the basic laws of physics (conservation of mass, energy and mo-
mentum), solved spectrally or on a grid covering the earth. The resulting grid consists of a
longitudinal, latitudinal and vertical component and provides atmospheric quantities such
as temperature, wind and humidity over time. A typical grid cell of a GCM has a size of
about 100 km, thereby limiting the amount of details that can be resolved. Atmospheric
processes acting on smaller scales than the size of a grid cell, such as turbulence, convec-
tion, and cloud processes, cannot be resolved explicitly, and need to be parameterized.
Consequently, models do not capture all processes acting in the real world. However, they
are useful, and the only tool available to test how the atmosphere behaves under changing
initial and boundary conditions.
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Before GCMs were developed, numerical models were invented to provide the well-known
weather forecast (Bauer et al., 2015). These numerical weather prediction (NWP) models
are based on the same physical laws as a climate model, and also incorporate the land-
surface and (sometimes) the ocean and sea ice. In this thesis we make use of the global
climate model EC-Earth (Hazeleger et al., 2010, 2012). This model is based on the NWP
system (Integrated Forecasting System IFS) of the European Centre of Medium-Range
Weather Forecasts (ECMWTF), but performs free simulations of the climate system. In this
thesis we use simulations from the EC-Earth model at two different spatial resolutions,
and with initial and boundary conditions of current and future climate. With these
simulations, we can test if increased model resolution results in improved water transport
trough the atmosphere-land continuum, and how this may look like in the future.

Moisture tracking models. In this thesis we focus on the atmospheric water cycle,
and specifically on moisture transport within and towards the mid-latitudes. To fur-
ther understand this moisture transport and the contributions of oceanic and terrestrial
evaporation to terrestrial precipitation, one can track moisture (water vapour) as it flows
through the atmosphere and determine the source (evaporation) and sink (precipitation).
Or reversed, when moisture is tracked backward in time, precipitation will be the source
and evaporation the sink. Forward tracking can be performed while the weather model
is running, what we call ‘online’ moisture tracking. The ‘offline’ option allows tracking of
moisture forward and backwards in time, as the tracking is applied to the output of NWP
models, GCMs, or reanalysis products (discussed in the next section). Furthermore, two
approaches can be taken: Lagrangian and Fulerian moisture tracking. In the Lagrangian
approach many parcels are released in the atmosphere and while dispersing their tra-
jectories are simulated, ideally from source to sink. Eulerian approaches are based on
solving the water balance for every grid cell. When a certain region is selected as source
or sink, the moisture there is tagged and accounted for when transported from grid cell to
grid cell. In this thesis we determine moisture sources using the Eulerian offline moisture
tracking model WAM-2layers (Van der Ent et al., 2010, 2014). The details of this model
are given in Chapter 2.

1.2.3 Observations

To verify how well models perform in simulating the atmospheric water balance, results are
compared to observations. In the case of this thesis, we use observational datasets where
measurements are interpolated to a consistent gridded field. Observational products of
precipitation are least accurate over data sparse regions, such as oceans and mountainous
regions like the Alps (Hofstra et al., 2009; Van Osnabrugge et al., 2017). Observational
products of evaporation are more uncertain, as measurements on larger scales are still
limited (Wang and Dickinson, 2012). Alternatively, blended products of evaporation ap-
pear, combining information from multiple sources such as satellite remote sensing and
potential evaporation estimates from observations of near-surface air temperature and net
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radiation (Martens et al., 2016). Where precipitation and evaporation are observed at
the surface, quantifying moisture transport higher up in the atmosphere is more chal-
lenging. The only observations available are those from aircraft measurements, satellites
and radiosondes. These sources provide crucial information on the vertical structure of
the atmosphere. However, they do not provide a consistent gridded product of the whole
atmosphere. For that, we have to rely on reanalysis products. These products are the
result of forecast models simulating the past weather again, while constrained with ob-
servations. This process is called data assimilation and involves complex mathematical
techniques (Bauer et al., 2015). The result is a physically consistent dataset describing
the history of the atmosphere, land surface and ocean. A widely used reanalysis product
from the ECMWF was the ERA-Interim reanalysis dataset (Dee et al., 2011). Halfway
my PhD, a new reanalysis dataset named ERA5 (Hersbach et al., 2020) was produced,
with higher temporal and spatial resolution and improved parameterizations and data
assimilation techniques. These reanalysis datasets are relevant for climate analysis of the
past, when it comes to dynamic processes in the atmosphere. In this thesis, I use reanaly-
sis datasets to investigate past events and climatologies of anomalous moisture transport
impacting the land surface.

1.3 Impact: hydrology

Climate model output is used to assess and understand a broad range of impacts, from
flood frequency to wind power potential, and from heat stress in cities to agricultural
disasters, and so on. Although the focus of this thesis is mostly on atmospheric moisture
transport, we also assess the impact of atmospheric moisture on the terrestrial water cycle.
The moisture fluxes that are studied in this thesis are indicated in Figure 1.3.

1.3.1 Physical background

Precipitation and evaporation are the shared components between the atmospheric wa-
ter balance and the terrestrial water balance. Where evaporation acts as a source and
precipitation as a sink for the budget in the atmosphere, this is exactly opposite for the
terrestrial water balance:

ds

—=P-E- 1.2

- 0 (12)
where % is the change of water in the soil continuum and Q is river discharge. This

terrestrial water balance holds when integrated over a river catchment, and on a global
scale. Besides the terrestrial water balance, the surface energy balance plays an important
role in partitioning fluxes at the earth surface, and interaction with the atmosphere above.
The characteristics of the land-surface influence the partitioning of the available energy at
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Figure 1.3: Fluxes of the water cycle that are considered in this thesis: ocean and land
evaporation, moisture transport in the atmosphere, land precipitation and river runoff.

the surface into sensible and latent heat fluxes (Koster et al., 2004). Dry soils, for example,
can lead to an enhanced sensible heat flux and via the positive soil-moisture temperature
feedback intensify a heatwave (Fischer et al., 2007b; Seneviratne et al., 2010).

1.3.2 Modelling

Hydrological models use meteorological forcing to compute the water flow from land areas
to oceans. The quantification (modelling) of spatially and temporally resolved water fluxes
results in further understanding of the terrestrial part of the water cycle (D6l et al., 2016).
Moreover, hydrological models are also used for, among others, water use assessments,
understanding human interventions, and flood and drought forecasting. Eagleson (1986)
advocated that the processes involved in the terrestrial water cycle demand knowledge,
and need to be addressed, on the global scale. Global models simulating the water cycle
on land can be roughly divided into land-surface models (LSMs) and global hydrological
models (GHMs). LSMs originate from atmospheric science, where they were developed
to represent the land surface as part of weather and climate models. Consequently, LSMs
solve both the energy- and water balance, and often incorporate many soil layers. Most
LSMs describe evapotranspiration and snow melt in a more physically consistent manner
than GHMSs, but often lack groundwater reservoirs, human impacts and lateral routing
(Dol et al., 2016). In contrast, global hydrological models were traditionally designed to
simulate (sub-)surface water flows. GHMSs are based on solving the water balance, and
simulating water resources and lateral transfer of water (Bierkens et al., 2015; Haddeland
et al., 2011).

Compared to climate models, where flow phenomena are partly resolved between grid
cells, most hydrological models fully depend on parameterizations. Inherently, these pa-
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rameterizations introduce uncertainties. In fact, many parameters do not represent phys-
ical quantities (Melsen et al., 2016), partly due to model calibration. Uncertainties also
arise from model structure (D6l et al., 2016), and model resolution limits the description
of heterogeneities in topography, soil, and vegetation. Those uncertainties also arise in
global climate models. The spatial resolution of GHMs is around 50 km, which is higher
compared to GCMs (~100 km). Yet to date, there is a plethora of GHMs and LSMs
(and GCMs) available, all slightly different in model structure, land-surface description,
and parameterizations. The global climate model EC-Earth, which is used in this thesis,
includes the land-surface model H-TESSEL (Balsamo et al., 2009; Van den Hurk et al.,
2000). In addition, we use the global hydrological model W3RA (Van Dijk, 2010a; van
Dijk et al., 2013) to simulate discharge of the Rhine and Mississippi basins. With this
hydrological model we perform the same experiments as performed with the EC-Earth
climate model, we change the spatial resolution to see if including more details results in
better simulations of discharge (Chapter 6).

1.3.3 Observations

One of the most used variables for hydrological model evaluation is discharge, as it repre-
sents the integrated response of many hydrological processes occurring at catchment scale
(Fekete et al., 2012). Equally important, discharge observations are readily available for
many catchments around the world (Hannah et al., 2011). Different performance metrics
for evaluating simulated discharge exist, assessing low and high discharge, duration and
variability.

1.3.4 Study areas: Rhine and Mississippi river basins, coastal Norway

This thesis studies the water cycle in the mid-latitudes. More specifically, we focus on
two major delta regions, the Rhine and Mississippi River basins (Figure 1.2). These
are societally, economically and ecologically highly relevant study areas. The scientific
interest arises from their different climatic drivers, which allows insights in the ability to
simulate various mechanisms of moisture transport impacting hydrology. By using global
models to study these regions, different internal model structures do not influence the
results. Additionally, the mechanism of excess moisture transport to the coast of Norway
is also investigated.

Rhine River Basin. The River Rhine originates in the Swiss Alps and flows through
Switzerland, Germany, and the Netherlands, where it discharges into the North Sea.
In this thesis, we analyse discharge at Lobith, which is the location where the Rhine
enters the Netherlands. Therefore, the basin is defined upstream of Lobith. The average
discharge at Lobith is 2200 m? s~! (Table 1.1) and the highest discharges occur in late
winter and spring. The precipitation budget of the Rhine basin is mainly determined by
the Atlantic storm-track. In winter and spring, large-scale rainfall events, associated with
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Table 1.1: Basin characteristics of the two study basins including basin area, used gauge
station and its average discharge there.

Basin Basin area [km?] Gauge station Average discharge [m? s7!]
Rhine 165 000 Lobith 2200
Mississippi 2 981 100 Vicksburg 16 500

storms, occur over saturated soils, which can lead to extreme flood events. Snowmelt,
in combination with frozen soils, can occasionally lead to extreme flood events as well
(Hegnauer et al., 2014). About 65% of the available fresh water in the Netherlands is
supplied by discharge from the Rhine (Kramer et al., 2019).

Mississippi River Basin. The Mississippi River basin covers almost half of the United
States, and is in size 16 times larger than the Rhine basin (Figure 1.2 and Table 1.1).
This makes it the fourth-largest river basin in the world. The Mississippi River originates
at Lake Itasca, Minnesota, from where it flows south towards the Gulf of Mexico. The
two largest tributaries of the Mississippi are the Missouri and Ohio rivers. In this thesis,
we study discharge of the Mississippi basin at Vicksburg, where the average discharge is
16500 m? s~! (Table 1.1). In contrast to the Rhine basin, the precipitation budget of the
Mississippi is influenced by moisture input from multiple drivers: moisture is advected
from the Pacific, from the Caribbean, and from the Gulf of Mexico, and extreme pre-
cipitation occurs within tropical cyclones. In addition, convective precipitation plays an
important role over the Mississippi basin (Torio et al., 2004). Precipitation amounts vary
widely over the basin, and so does temperature. Most flood events occur in winter and
spring due to heavy (excess) precipitation, snowmelt, and rain-on-snow events (Berghuijs
et al., 2016; Van der Wiel et al., 2018).

1.4 Outline and research questions

At the start of this Chapter I illustrated the societal relevance of studying anomalous
moisture transport, by giving three examples of extreme hydrometeorological events. In
addition, two key scientific challenges related to the water cycle and its extremes in the
mid-latitudes were identified: enhanced process understanding and regional projections.
Thereafter, theory and tools were introduced for further understanding of the specific
research questions posed in this thesis, which we introduce here. In Chapter 2 we give
specific details on the datasets and models we use to conduct the research in this the-
sis.

The first study of this thesis concerns atmospheric rivers. Anomalous moisture transport
over the Atlantic is most pronounced in winter and can result in heavy precipitation and
flood events along the coast of Norway. I investigate the relationship between atmospheric
rivers and extreme precipitation for three regions in coastal Norway. In addition, the
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large-scale pre-conditioning of these atmospheric rivers is investigated, to see if there are
favourable patterns which result in these extreme precipitation events. This is potentially
useful information for forecasters. In Chapter 3, the main research question is:

How is extreme precipitation along the coast of Norway linked to Atmospheric
Rivers and how is their large-scale pre-conditioning?

Research on moisture transport continues in Chapter 4, although focussing on a different
region, the Mississippi River Basin. The precipitation budget of the Mississippi is partly
controlled by moisture transported with the Great Plains Low Level Jet, whereas convec-
tive precipitation is also important. The moisture sources of the Mississippi River Basin
are determined per season, by tracking precipitation backwards in time to see where the
moisture was evaporated. Sources under present climate and future climate conditions
are compared to understand the impact of climate change. The main research question
of Chapter 4 reads as follows:

How is the modeled atmospheric water budget over the Mississippi River basin
(with a focus on its moisture sources) projected to change in the future?

In Chapter 5, the moisture sources of the Rhine basin are investigated during the ex-
tremely dry summers of 2003 and 2018. With this approach, both the large-scale circula-
tion and the land-atmosphere processes during those droughts are captured. Additionally,
the inter-annual variability in Rhine summer precipitation is investigated in relation to
large-scale synoptics and local moisture recycling. Chapter 5 answers the main research
question:

What are the anomalous moisture sources of the drought over the Rhine basin
in summer 2003 and 20187

In Chapter 6 the effect of model resolution on representing the hydrological cycle of the
Rhine and Mississippi River Basin is studied. We use high and low-resolution global cli-
mate model output to force a high- and low resolution global hydrological model, and
evaluate how well precipitation, evaporation and discharge are simulated. The main re-
search question reads:

Can we improve the simulated hydrological cycle over the Rhine and Mis-
sissippi basin by increasing the resolution of climate- and hydrological
model?

In the Synthesis, Chapter 7, the findings of this thesis are embedded in the existing
literature, and an outlook on further research is provided along the two proposed key
scientific challenges.
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Chapter 2 Description of datasets and models

2.1 Introduction

In this Chapter we describe the observations, reanalysis datasets, and models we use in
this thesis (Figure 2.1). First, details on the atmospheric and hydrologic observations
are given (Section 2.2), followed by a description of the used reanalysis datasets (Section
2.3). Then, the global climate model EC-Earth and global hydrological model W3RA
are described in Section 2.4. Last, the derivation of the atmospheric water balance is
presented (Section 2.5), together with the moisture tracking tool WAM-2layers.

Observations Reanalysis Models
E-OBS, genRE, CPC (precipitation) ERA-Interim/Land CMIP5

ERA-Interim Global climate model EC-Earth
GRDC (discharge) ERA20C

ERAS Global hydrological model W3RA

GLEAM (evaporation)  Moisture tracking model WAM-2layers

Figure 2.1: Overview of observations, reanalysis data and models used in this thesis. Blue
colour indicates atmospheric variables, datasets and models, where green indicates hydrological
products. Black colour concerns both meteorology and hydrology.

2.2 Observations

In this thesis, observations are mainly used to validate model results. Thereby the focus is
on variables representing the hydrological cycle: precipitation, evaporation and discharge.
The dataset used to verify evaporation is discussed in Section 2.3 on reanalysis data.

For precipitation comparison over the Rhine basin, we use the E-OBS dataset version 12.0
(Haylock et al., 2008) with a spatial resolution of 0.25° from 1985 until 2015 (30 years).
This high-resolution gridded dataset with daily timestep is based on interpolation of the
most complete collection of station data over Europe (Klok and Klein Tank, 2009), and
is continuously updated. The E-OBS dataset shows good comparison (high correlations)
with existing data, especially in winter, although relative differences in precipitation can
be large. Usually, E-OBS shows biases towards lower precipitation values, and performs
worse in mountainous areas (Hofstra et al., 2009). For extra verification, we use the genRE
precipitation dataset (Van Osnabrugge et al., 2017), which provides hourly data on a grid
of 1.2 by 1.2 km over the Rhine basin, and is available from 1996 to 2015, to be updated
in real-time. This dataset was produced to meet the need for estimates of precipitation at
high temporal and spatial resolution, as input for regional hydrological forecasting models.
The genRE dataset interpolates gauge data to near real-time, and matches well with the
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E-OBS dataset on daily and yearly time scales (Van Osnabrugge et al., 2017). For the
Mississippi basin, the Climate Prediciton Center (CPC) 0.25° Daily US Unified Gauge-
Based precipitation dataset version 1.0 (Higgins and Joyce., 2000) is used from 1985 to
2015 (30 years). This dataset is based on the interpolation of gauge observations, and
the quality degrades in regions where the network of station observations becomes sparser
(Chen et al., 2008). The precipitation datasets described here are used for validation in
Chapter 4 and 6.

Daily discharge data for the Rhine at Lobith and the Mississippi at Vicksburg are ob-
tained from the Global Runoff Data Center (GRDC, 2007), which provides quality con-
trolled data. We obtained discharge data from 1985 until 2015 (30 years). Additionally,
recent discharge observations (until 2019) at Lobith are obtained from Rijkswaterstaat.
Discharge observations are used for the research presented in Chapter 5 and 6.

2.3 Reanalysis data

The idea and concept of reanalysis datasets, a physically consistent gridded product de-
scribing the history of the atmosphere, is provided in the Introduction (Section 1.2.3).
Reanalysis datasets are widely used in atmospheric and hydrological research, mostly for
validation and global to synoptic scale atmospheric studies. First, we provide technical
details of the reanalysis datasets, and then we shortly explain how the datasets are used
in this thesis.

We make use of the global reanalysis datasets provided by the European Centre for
Medium Range Weather Forecast (ECMWF). The ERA-Interim reanalysis dataset (Dee
et al., 2011) is based on the integrated forecasting system (IFS) release cy31r2. It in-
cludes the land-surface scheme TESSEL (Viterbo and Beljaars, 1995). Data assimilation is
based on the 4D-Var system, which assimilates historical measurements (like satellite and
weather station observations) with a 12-hourly time step (Dee et al., 2011). ERA-Interim
has a spatial resolution of around 80 km and 60 vertical levels (T255L60), however the
atmospheric variables are also interpolated to different grid resolutions. Most atmospheric
variables are available with a 6-hourly time step, while surface variables such as evapo-
ration and precipitation are accumulated with a 3-hourly timestep. The ERA-Interim
dataset is available from 1979 until 2019, and is superseded by ERA5 reanalysis.

The ERA5 dataset (Hersbach et al., 2020) is currently available from 1979 to within 5
days of real time, and will extend further back in time to 1950. ERAS is based on the IFS
cy41r2, and 4D-Var data assimilation, which benefits 10 year of developments. Much more
historical observations are assimilated compared to ERA-Interim. The spatial resolution
of ERA5 is around 30 km (at the equator), with 137 vertical levels (T639L137). The
output frequency of the ERA5 reanalysis data is hourly.
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In addition, the ERA-Interim/Land reanalysis (Balsamo et al., 2013) is shortly addressed,
where precipitation from ERA-Interim is corrected with satellite data, and an improved
land-surface scheme H-TESSEL is used (Balsamo et al., 2009). ERA-Interim/Land is
only available until 2010. Lastly, the ERA20C dataset (Poli et al., 2016) is used for extra
verification. ERA20C is based on IFS cy38rl and performs the assimilation on fewer
variables than ERA-Interim.

The ERA-Interim and ERAD reanalysis datasets are extensively used in this thesis. The
ERA-Interim dataset is used to investigate the link between atmospheric rivers and ex-
treme precipitation over Norway in Chapter 3. Furthermore, ERA-Interim is used for
validation of the moisture tracking tool in Chapter 4, and for validation of the global
hydrological model in Chapter 6. In Chapter 6 the ERA-Interim/Land and ERA20C
reanalysis datasets are used for extra validation. The newest ERA5 dataset is used to
study the moisture sources of the Rhine basin during the extremely dry summers of 2003
and 2018 in Chapter 5.

For the verification of actual evaporation over Europe and North America, we use the
GLEAM (Global Land Evaporation: the Amsterdam Methodology) dataset version 3.0a
(Martens et al., 2016) from 1985 until 2015 (30 years). The GLEAM dataset is a result
of a set of algorithms (models) dedicated to estimate global terrestrial evaporation from
satellite data. The product is primarily driven by potential evaporation estimates based
on the Priestley-Taylor equation (Priestley and Taylor, 1972) and by passive microwave
remote sensing data, but also includes different precipitation products and reanalysis
data (Martens et al., 2016). The GLEAM dataset is used for comparison of evaporation
in Chapter 4 and 6.

2.4 Models

The models that we use in this thesis are presented here, and outlined in Figure 2.1.
First, simulations from the global climate model EC-Earth are described and thereafter
details on the global hydrological model are given. The theory on moisture tracking and
the tracking tool WAM-2layers are described in Section 2.5.

Besides using the simulations of one climate model, other model simulations from the
Atmospheric Model Intercomparison Project (AMIP) CMIP5 (Taylor et al., 2012b) are
used in Chapter 4. For present climate, atmosphere only CMIP5 data is taken from
1979 to 2008, and from 2070 to 2100 for future climate based on the Representative
Concentration Pathway (RCP) 4.5 emission scenario (Van Vuuren et al., 2011).

2.4.1 EC-Earth global climate model

In this thesis, we make use of global climate simulations performed with the atmospheric
global climate model EC-Earth V2.3 (Hazeleger et al., 2010, 2012). The EC-Earth model
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is based on the European Centre for Medium-Range Weather Forecasts numerical weather
prediction model Integrated Forecasting System (IFS) cy31rl. An improved hydrology
scheme (H-TESSEL; Balsamo et al. 2009; Van den Hurk et al. 2000) is implemented in
EC-Earth. Actual evaporation is computed by this scheme using a tile approach, such
that each grid cell can contain multiple land-use types.

Simulations are performed with a high spatial resolution, with a lower spatial resolution,
and both for present and future climate (Haarsma et al., 2013). The high resolution
experiments have a horizontal spectral resolution of T799, which corresponds to 25 km (at
the equator), and 91 vertical levels (further referred to as High or T799). For comparison in
resolution, the same model simulations are performed with a spectral horizontal resolution
of T159, corresponding to 120 km (at the equator) and 62 vertical levels (further referred
to as Low or T159), which is the common resolution of the current generation of climate
models. The parameterization packages of the high and low resolution simulations are
the same (Van Haren et al., 2015). The land-surface characteristics are described in the
IFS model documentation (2007, IFS Documentation Cy31rl, Book Chapter, ECMWF)
and are interpolated to the requested resolutions (T799 and T159).

In the present-day simulations, observed greenhouse gases and aerosol concentrations were
applied, while future concentrations were derived from the RCP4.5 scenario (Van Vuuren
et al., 2011). Sea surface temperatures (SSTs) were imposed using daily data at 0.25°
horizontal resolution from NASA (http://www.ncdc.noaa.gov/oa/climate/research/
sst/oi-daily.php) for the 2002 to 2006 period. The SSTs for the future were calculated
by adding the projected ensemble mean change using the 17 members of the coupled
climate model ECHAMS5/MPI-OM in the ESSENCE project (Sterl et al., 2008) under
the SRES A1B emission scenario (Nakicenovic et al., 2000). This scenario is compatible
with the RCP4.5 scenario, but the median global temperature increase by the end of the
twenty-first century is about 1° C smaller (Rogelj et al., 2012). Further details on model
setup can be found in Baatsen et al. (2015) and Haarsma et al. (2013).

For both resolutions, the experiment consists of 6 members of 5 years for present climate
(2002-2006) and future climate (2094-2098), resulting in a data set of 30 years for each
period and each resolution. A 10 year spin up run at low resolution (T159) was made for
both the present and the future, followed by a 9 month (from January to October) spin
up run at T799 resolution. The 6 member ensemble was made by taking the atmospheric
state of one of the first 6 days of October as initial state for each member. Thereafter,
the model was run for another 3 months until 1st of January before the data were used
for the analysis. After this spin up the spread in the atmospheric states was sufficient to
treat the 6 runs as independent members (Haarsma et al., 2013).

The atmospheric variables are available at a 6-hourly time interval and on five pressure lev-
els in the atmosphere (850, 700, 500, 300, and 200 hPa). Surface variables are available at
a 3-hourly time interval. Precipitation and evaporation are accumulated products.
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The high resolution simulations of present and future climate are used in Chapter 4 to
investigate the moisture sources of the Mississippi river basin under a changing climate. In
Chapter 6 we study the potential of higher spatial resolution simulations in representing
the hydrological cycle over the Rhine and Mississippi basins.

2.4.2 W3RA global hydrological model

The global hydrological model W3RA is used to simulate the hydrological cycle of the
Rhine and Mississippi basins. This hydrological model is based on the landscape hydrol-
ogy component model of the AWRA system (AWRA-L; van Dijk et al. 2013; Van Dijk
2010a,c; Van Dijk and Renzullo 2011). AWRA-L can be considered a hybrid between a
simplified grid-based land surface model and a non-spatial, or so-called lumped, catchment
model applied to individual grid cells. The model consists of two hydrological response
units (HRUs); deep-rooted tall vegetation (forest) and shallow-rooted short vegetation
(herbaceous), each of them occupying a fraction of a grid cell. Vertical processes are
described for each HRU individually. There is no lateral redistribution of water between
grid cells. The model consists of three soil layers and runs with a daily time step. Actual
evaporation is calculated with the energy balance. For the full technical details about
the model algorithm and parameters, we refer to the technical documentation (Van Dijk,
2010c). The main evaluation of the model on global scale is documented in van Dijk et al.
(2013). The model does not contain reservoirs.

The global hydrological model W3RA is used in Chapter 6 to determine if increased
model resolution leads to a better representation of the hydrological cycle for the Rhine
and Mississippi basins.

2.5 Atmospheric moisture tracking

2.5.1 Derivation of the atmospheric water balance

Before a description of the moisture tracking model is given, the atmospheric water bal-
ance, which forms the basis of the tracking model, is derived. For completeness, we present
the full derivation here. This derivation is based on Seager and Henderson (2013).

The local rate of change of specific humidity (moisture) in the atmosphere (g in kg kg™!) is
determined by advection of moisture, and by its sources and sinks (S in kg kg™! s71):

dq 0(ugq) 0(vq) J(wq)
6t+c9x+c9y+6p_

S (2.1)

where u,v and w are the wind components in respectively the zonal, meridional and
vertical direction. Equation 2.1 can be written in the mass divergence form as V-u =0
in pressure coordinates, and is valid at every location in the atmosphere. We integrate
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Equation 2.1 over the vertical column, from the surface (surface pressure py) to the top
of the atmosphere (where p = 0). We divide each term of the balance by the gravitational

constant g and the density of water p,, to get the units of m s

1 Ps 6 Ps a Ps a Ps 6
x (/ % 1 +/ ) +/ 09 4 +/ (wg) dp) —E-P (22
ow8 \Jo Ot o Ox o Oy 0 dap

where E is surface evaporation and P is surface precipitation, respectively the source and
sink. We extend the first three terms on the left hand side (LHS) of Equation 2.2 by
applying Leibniz theorem (taking into account a constant pressure 0 at the top):

/’[’sa_qd _g/’[’s
o 0P %

psa il

/0 (ab;q) / (ug)dp —u(ps)q(ps)— o (2:3)
Ps

/0 ag’f) =% / (vq)dp - V(Ps)‘](Ps)aps

Where u(ps) = ug, v(ps) = vy and g(ps) = g5. The vertical advection term, in Equation
2.2 the last term on the LHS, is integrated:

P+ 0(wq)

[ %52 ap = apda(p) - 0(0a(0) = w.a. (24
0 p

We assume that there is no moisture at the top of the atmosphere, thus ¢(0) = 0. And

w(ps) = wy is the vertical velocity (in pressure coordinates) at the surface, which we can

write as:

(2.5)

_ Dps ops aps aps aps
qsWs = (s =d{s +

: + + Wy
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The last term on the right hand side (RHS) in Equation 2.5 is zero, because surface
pressure does not change with height. Combining Equation 2.4 and 2.5 gives:

(2.6)

/’“ owq) ,_ Ops_ - Ops Ops
) ap dp = qs ot qsUs ox dy

Now, the extended terms of Equation 2.3 and 2.6 are implemented into the vertical inte-
grated moisture balance presented in Equation 2.2:

21



Chapter 2 Description of datasets and models
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Three terms cancel each other on the LHS of Equation 2.7, and re-writing gives:

1(6‘/m d +6./m( )d +a‘/m( yz) E-P (2.8)
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Shortly written as:

dS OF, OF,
= —2=E-p 2.
ot * ox * ay (29)

_ 1 s _ 1 s _ 1 s
where S = pwgfo qdp , Fy = pTg/O (uq)dp , Fy, = pTg/O (vg)dp .
This is the resulting atmospheric water balance as presented in the Introduction, and as
used in Chapter 4 and 5.
2.5.2 Description moisture tracking model WAM-2layers
When moisture is tracked from its source (evaporation over a region) to its sink (precipi-

tation), Equation 2.9 can be adapted as follows, indicating forward tracking:

0Sy OFcm OF,,
—_—+—+
ot 0x ady

=6E+P, (2.10)

where m indicates the tracked moisture, and ¢ indicates the source area of interest, with
0 =1 inside the region of interest and ¢ = 0 outside the region of interest.

In this thesis, we are mostly interested in the moisture sources which bring precipitation
to a defined region. To determine these moisture sources, moisture is tracked backward
in time, which means that precipitation becomes the source and evaporation the sink.
Therefore, E and P switch sign compared to the forward tracking:

aSm 6Fx,m 6Fy,m
— + +
ot 0x ady

= —E, +6P (2.11)

E,; is the source of the tracked moisture, and is shown throughout this thesis as the
resulting moisture source.
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We use the Water Accounting Model-2layers (WAM-2layers; Van der Ent et al. 2010,
2014) to track moisture of our interest. WAM-2layers is an Eulerian offline moisture
tracking model which solves the atmospheric water balance (Eq. 2.9) for every grid cell.
The model can perform both forward and backward moisture tracking. We primarily
use backward tracking to determine the moisture sources of the Mississippi and Rhine
basins. WAM-2layers performs the tracking on two layers in the atmosphere, hence the
atmospheric information is integrated to two layers. The lowest layer (bottom layer)
extends from the surface (py) to the division (pgivision). The top layer extends from the
division (pdivision) t0 the top of the atmosphere where pressure is 0. The division between
the two layers depends on the surface pressure: pdivision = 7438 + 0.72 - p, [Pa] (Van der
Ent, 2014), which corresponds to about 800 hPa. This level was chosen as the vertical
distribution of wind velocities showed that the shear-layer is approximately at this level
(Van der Ent and Savenije, 2013). The model assumes well-mixed conditions in both
layers: P = P - ST", where k indicates either the top or bottom layer. Evaporation only
contributes to the bottom layer. Transport of moisture between the two layers can occur
via vertical component F,. This vertical transport (F,) is determined from closing the
water balance between the two layers. Furthermore, to take into account the non-closure
of the data a sigma term oy is added.

aSm,k an,m,k aFy,m,k
+ +
ot 0x ay

:6Pk_Em,k+Fv+0'ks (2412)
For more information on the model we refer to Van der Ent (2014).

2.5.3 Adaptions made to the WAM-2layers model: WAM-2layers-5pres

Originally, the WAM-2layers model was developed to perform moisture tracking with
atmospheric data on multiple model levels from ERA-Interim. However, we modified
the WAM-2layers model in order to run it with output from EC-Earth, which provides
atmospheric data at five pressure levels (850, 700, 500, 300, 200 hPa). We describe the
modifications here, where the validation of these modifications is provided in the next
Section 2.5.4.

First, atmospheric data on pressure levels can intersect with topography. We use surface
pressure to identify and eliminate levels which are situated below the surface. Thereafter,
we perform a spline interpolation on the vertical flux profiles (ug and vg) at pressure
levels to better estimate the real vertical wind profiles. A spline interpolation is chosen to
better capture the low level jet (LLJ). We perform a linear interpolation for the vertical
profiles of specific humidity. Afterwards, the interpolated data is integrated to two layers
(bottom and top), which is needed for the tracking model (see previous Section). Second,
we apply a linear interpolation of the moisture fluxes (% and %iyy) over time. Third,
when there is a local non-closure of the moisture balance (i.e. on gridcell level) it can
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happen that the amount of water vapor in a cell Sy is smaller than the amount of tracked
water vapor S, . We allow this to happen, in order to ensure water conservation. The
spatial resolution of the EC-Earth data (~25 by 25 km) is much higher than the spatial
resolution of the ERA-Interim data (~150 by 150 km) and therefore we decrease the time
step of WAM-2layers from 15 to 6 minutes.

2.5.4 Validation of WA M-2layers-5pres model

This Section provides a validation of the question: Can we apply moisture tracking to
atmospheric data at five pressure levels? The validation is two-fold, and with a focus on
North America. First, vertical profiles from moisture fluxes obtained with ERA-Interim
at multiple model levels are compared to the vertical profiles obtained from ERA-Interim
at the five pressure levels available with EC-Earth. Second, we run the adapted version
of the WAM-2layers model with ERA-Interim at the pressure levels that are available in
the EC-Earth model, and we compare these results with the simulations from the original
WAM-2layers code with ERA-Interim at model levels.

First, the vertical profiles of specific humidity and moisture fluxes (zg and vq) from ERA-
Interim at model levels and five pressure levels are compared. Hereby we assume that the
vertical profiles from the model levels represent the truth’. To make a direct compari-
son between the profiles obtained from model level and pressure levels, the information
available at five pressure levels is interpolated to the model levels. Figure 2.2 shows an
example of the interpolation of the zonal (#g) and meridional moisture flux (vg) at a
random location and time step. Both a linear and a spline interpolation were performed
(Figure 2.2). The bias from these interpolated profiles compared to the ’truth’ profiles
was determined, and we found reduced biases when performing a spline interpolation for
the moisture fluxes. The main reason is that the spline interpolation better captures the
low level jet, as is illustrated with the spline interpolation in Figure 2.2. For the vertical
profiles of specific humidity, we perform a linear interpolation, as the spline interpolation
did not substantially reduced the bias, and is computationally more expensive.

However, the question remains if the vertical profiles of specific humidity and the moisture
fluxes interpolated from pressure levels represent the ’truth’ well enough. To further
estimate this, the variance of the 'truth’ vertical profiles over time is determined. This
variance is compared to the root mean square error (RMSE) between the 'truth’ vertical
profiles and the newly obtained interpolated profiles. The results are shown in Figure 2.3
for the zonal moisture flux (u#g). We find that the variance over time in the ’truth’ profiles
is an order of magnitude larger than the difference between profiles obtained at model
levels (’truth’) and pressure levels. In other words, the variance of the ‘truth’ profile
dominates over the difference between the ‘truth’ and pressure level profiles. Based on
this result, we conclude that the interpolated profiles represent the reality well enough to
use for moisture tracking.
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Figure 2.2: Vertical profiles (latitude= 27 °N, longitude = 106 W) of meridional (vq [g kg™
m s71]) and zonal moisture fluxes (ug [g kg™! m s7!]) obtained from ERA-Interim at 18 model
levels (black line), and five pressure levels (black dots). The blue triangles and red dots show
the result of interpolation from the five pressure levels to model levels using respectively a
spline and linear interpolation.
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Figure 2.3: a) Variance [g kg™ m s7!] in time of zonal moisture flux profiles (uq) from model
levels ("truth’) and b) the root mean square error (RMSE [g keg™! m s71]) of zonal moisture
flux from model levels compared to pressure levels.
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Second, we run the adapted version of the WAM-2layers model with ERA-Interim at
the pressure levels which are available in the EC-Earth model, and we compare these
results with the simulations from the original WAM-2layers code with ERA-Interim at
model levels (Table 2.1). Validation is done by comparing the moisture sources of the
Mississippi river basin for the year 2002. The first row of Table 2.1 indicates the non-
closure of the water balance with the WAM-2layers model (i.e. how much water is lost
between source and sink), when run with ERA-Interim at model levels (first column) and
run with ERA-Interim at 5 pressure levels (second column).

Although we did not assess the closure of the atmospheric water balance using ERA-
Interim data, we did study the closure of the atmospheric water balance within the EC-
Earth data. We find that over the whole domain, and over the time period of one year
(2002) the atmospheric water budget closes almost totally (-0.06%). However, per time
step (6-hourly) the local non-closure of the balance per gridcell can be substantial (up
to 20 mm d~!). The largest non-closure occurs mostly under large gradients of specific
humidity. The non-closure can occur because we use instantaneous 6-hourly atmospheric
data (wind and specific humidity), and because we have a coarse representation of the
lowest layer of the atmosphere where the highest amounts of moisture occur (between
surface pressure and 850 hPa). Furthermore, we do not use the same numerical methods
for discretization as were used in the spectral EC-Earth model. Finally, the fact that
atmospheric data is transformed from model levels to pressure levels also contributes to
the non-closure of the water balance (Seager et al., 2010; Seager and Henderson, 2013;
Trenberth, 1991). Nevertheless, the non-closure at local gridcell level does not lead to a
non-closure of the water balance over the whole domain in 2002 in the EC-Earth data.
As mentioned, we have not assessed the (local non-)closure of the atmospheric water
budget in ERA-Interim, but expect similar results as for EC-Earth as both models are
based on the same numerical weather prediction model (IFS). ERA-Interim does provide
atmospheric variables close to the surface, however due to data assimilation other biases
may be introduced (Trenberth et al., 2011). These reasons explain the non-closure as
presented in the first row of Table 2.1.

Furthermore, Table 2.1 quantifies the contributions per source region in percentage. The
source regions are indicated in Figure 2.4. We find very small differences in using model
levels versus 5 pressure levels between sources from continental areas (Mississippi basin
and surrounding continental areas) and the Pacific. For the Atlantic, Gulf of Mexico
and Caribbean the differences are slightly larger. By using the data at pressure levels we
lack information in the lowest layer which leads to an underestimation of the velocities
associated with the low level jet, which is an important mechanism in the warm season to
transport moisture from these regions towards the Mississippi basin. Note that we do not
perform the tracking globally, to reduce computational costs, and therefore some tracked
moisture crosses the boundaries of the domain (domain is shown in Figure 2.4). This
outflux over the boundaries is indicated in Table 2.1 (East, West, North and South). We
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Table 2.1: Relative contribution of moisture sources per region contributing to precipitation
over the Mississippi [%] averaged for the year 2002. The column with ERA-Interim model

levels indicates the results with the standard version of WAM-2layers and ERA-

Interim at

model levels. The column with ERA-Interim 5 pressure levels shows the results with the

adapted version of WAM-2layers with ERA-Interim data at 5 pressure levels.

Relative source in % ERA-Interim

model levels

ERA-Interim
5 pressure levels

2002 2002
Non-closure in WAM-2layers 100 - 99.6 = 0.4 100 -99.5 = 0.5
Tracked source Total 73.4 7.7
Mississippi basin 12.6 12.4
Continental (not Mississippi) 18.9 19.0
Atlantic 8.5 7.0
Gulf of Mexico/Caribbean 15.6 14.9
Pacific 17.8 18.2
Outflux over boundaries East 6.7 6.2
West 14.1 14.5
North 0.6 0.3
South 5.7 7.9
50°N
Pacific
40°N
Atlantic
30°N
20°N
140°W 120°W 100°W 80°W 60°W
Figure 2.4: Map of the domain on which we performed the moisture tracking, including

the source regions used for analyses: continental area outside Mississippi basin (green, not
hatched), Mississippi river basin (green, hatched), Pacific (blue left of the continent), Atlantic
(blue right of the continent, including Hudson Bay) and Gulf of Mexico/Caribbean (blue

dotted).
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find the largest outflux at the western boundary.

From this validation we conclude that the moisture sources of the Mississippi basin de-
termined with ERA-Interim at model levels and ERA-Interim at 5 pressure levels are
comparable, thus that we can apply WAM-2layers on the available data from EC-Earth.
In Chapter 4 the moisture sources of the Mississippi basin are studied for present and
future climate using the simulations from EC-Earth. In Chapter 5, the moisture sources
of past summers for the Rhine are investigated, using ERA5 reanalysis data as input
for the modified version of WAM-2layers. This adapted version is available on Github:
https://github.com/Immel1992/moisture\_tracking\_mississippi/.
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Chapter 3 Extreme precipitation and atmospheric rivers over Norway

A climatology of extreme cold season precipitation events in Norway from 1979-2014
is presented, based on the 99th percentile of the 24-hour accumulated precipitation.
Three regions, termed North, West and South are identified, each exhibiting a
unique seasonal distribution. There is a proclivity for events to occur during the
positive phase of the NAO. The result is statistically significant at the 95th per-
centile for the North and West regions. An overarching hypothesis of this work is
that anomalous moisture flux, or so-called atmospheric rivers (ARs), are integral to
extreme precipitation events during the Norwegian cold season. An objective anal-
ysis of the integrated vapor transport illustrates that more than 85% of the events
are associated with ARs. An empirical orthogonal function and fuzzy cluster tech-
nique is used to identify the large-scale weather patterns conducive to the moisture
flux and extreme precipitation. Five days before the event and for each of the
three regions, two patterns are found. The first represents an intense, southward-
shifted jet with a southwest to northeast orientation. The second identifies a weak,
northward-shifted, zonal jet. As the event approaches, regional differences become
more apparent. The distinctive flow pattern conducive to orographically-enhanced
precipitation emerges in the two clusters for each region. For the North and West
regions, this entails primarily zonal flow impinging upon the south-north orientated
topography, the difference being the latitude of the strong flow. In contrast, the
South region exhibits a significant southerly component to the flow.
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3.1 Introduction

Extreme precipitation events in Norway are often the result of anomalously large moisture
flux impinging upon the complex mountainous terrain. Azad and Sorteberg (2017); Sode-
mann and Stohl (2013); Stohl et al. (2008) have shown how so-called atmospheric rivers
(ARs), long narrow regions of intense water vapor transport within the lower atmosphere,
are integral to the transport of (sub- and extra-) tropical moisture to Norwegian latitudes.
Their studies incorporated a variety of techniques (synoptic analyses, clustering, tracer
transport), datasets (surface observations, model operational and reanalysis data) and
time frames (single events to a century) to imply that the connection of integral water
vapour transport and ARs is a robust result and to identify possible large scale structures
that are conducive to these events. Using the previous work as a foundation, the overar-
ching goal of this work is to use a cohesive long term dataset (reanalysis data) to identify
a large number of extreme precipitation events to better understand the climatology and
processes at work.

ARs are a key component to the global water cycle (Zhu and Newell, 1998) and to regional
extreme precipitation (Knippertz and Wernli, 2010; Leung and Qian, 2009; Ralph et al.,
2006; Stohl et al., 2008). As such, ARs can strongly affect short-term weather and flood
prediction, as well as seasonal climate anomalies (Ralph et al., 2004). In regards to the
latter, Stohl et al. (2008) note that the large moisture fluxes are relatively more important
during the positive phase of the North Atlantic Oscillation in Norway, associated with the
increased storminess in general during this phase. This result implies relevance to seasonal
predictability. Furthermore, other work has shown that there remains large uncertainties
regarding quantitative precipitation forecasts under climate change scenarios, making a
better understanding of precipitation processes vital for future climate services to properly
predict extreme precipitation events (Dettinger, 2011; Ralph et al., 2010).

An example of a Norwegian extreme precipitation event on 13 September 2005 was ex-
amined by Stohl et al. (2008). Vertically integrated water vapor images clearly identify a
coherent, narrow plume of moisture extending from the tropics and subtropics to south-
western Norway. The moisture transport along this plume was found to play a critical
role in producing orographically-enhanced precipitation resulting in landslides and flood-
ing that caused considerable damage to property and life. Further corroborative work re-
garding the importance of orographic enhancement can be found here (Bader and Roach,
1977; Browning and Pardoe, 1973; Harrold, 1973).

An intriguing comparison is found in the North Pacific, where moisture plumes have been
linked to extreme precipitation in western North America. The apparent dynamical sim-
ilarity in the two ocean basins implies the North Pacific and North America research is
likely relevant for extreme precipitation in Norway. An extensive series of research in this
region (Ralph et al., 2004, 2006, 2010; Wick et al., 2013) incorporating some combination
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of in-situ aircraft observations, satellite data, coastal wind profilers and GPS meteorolog-
ical stations, gridded precipitation data, global reanalysis data, and operational ensemble
prediction systems can be summarized in the following key findings: i) the overwhelming
majority of extreme precipitation events are associated with ARs, ii) forecasts of land-
falling ARs and their characteristics are significantly poorer than that of the large-scale
patterns related to the AR, and iii) quantitative precipitation forecasts (QPF) improve
with shorter forecast length, yet significant biases exist and biases can and do exhibit
a strong sensitivity to the local geography. The overarching conclusion can be stated
thusly: to properly capture extreme precipitation events, the large-scale flow patterns on
scales from planetary to the mesoscale need to be well resolved to provide an accurate
forecast of the location and intensity of the extreme precipitation (Ralph and Dettinger,
2011).

The analyses of Azad and Sorteberg (2017), Heikkild and Sorteberg (2012), Sodemann and
Stohl (2013), and Stohl et al. (2008) centered on Norway in conjunction with similar work
focusing on Great Britain and Northern Europe (Knippertz and Wernli, 2010; Lavers et al.,
2011; Lavers and Villarini, 2013; McTaggart-Cowan et al., 2017; Ummenhofer et al., 2017)
provide compelling evidence for the causal link between large-scale moisture transport and
extreme precipitation in Norway.

The objectives of this work are to i) systematically identify extreme precipitation events
using a cohesive long term dataset of 36 years, ii) explore their seasonal, intraseasonal
and geographic variability, iii) test the connection to ARs on the identified dataset of
events, and iv) use fuzzy clustering to examine their large-scale patterns. This work
will contribute to an improved understanding of the climatology and processes leading to
extreme precipitation along the coastline in Norway, which can eventually lead to more
accurate forecasts that can mitigate damage to life and property.

The outline of this Chapter is as follows. After a description of the data and methodology
(Section 3.2), a climatology of extreme precipitation events will be presented in Section
3.3. Section 3.4 will examine the large-scale atmospheric structures that lead to the
anomalous moisture flux that is integral to extreme precipitation in Norway. Finally,
study conclusions are presented in Section 3.5.

3.2 Data and Methodology

3.2.1 Data

The primary data source for this study is the European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERA-Interim; Dee et al. 2011) from 1979 to 2014. The
precipitation analysis is performed on a grid of 0.25° latitude by 0.25° longitude over
Norway, which is a bilinear interpolated field from the original 0.75° latitude by 0.75° lon-
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gitude resolution of ERA-Interim. To examine large-scale dynamic patterns, ERA-Interim
data are obtained on a grid of 0.75° latitude by 0.75° longitude over the Atlantic basin
(70°W to 20°E, 20°N to 80°N). Relevant variables that are examined are the: i) potential
temperature along the dynamic tropopause (defined as the two potential vorticity unit
surface), i) integrated vapour transport, iii) mean sea level pressure, and iv) daily total
accumulated precipitation (calculated by summing the 12-hour forecasted precipitation
from 0000-1200 and 1200-2400 UTC).

3.2.2 Climatology of extreme precipitation events

A climatology of extreme Norwegian precipitation is constructed based upon the 99th
percentile of daily precipitation amounts during the 1979-2014 time period (see Figure
3.1a). Figure 3.1b shows the topography of Norway. Distinct maxima of precipitation are
identified in north and southwest Norway via a closed contour of enhanced precipitation
(24 and 30 mm d~}, respectively, see black contour lines). A southern region is subjectively
identified in the absence of a climatological maximum, based upon an examination of
previous extreme storm reports that indicate a different flow pattern for storms in this
region. The region is represented by the black box in Figure 3.1 and ranges from 6.5°E
to 9°E and from 58°N to 59.5°N. The results of this work make a strong argument for
the distinction of this southern region. The three regions will hereafter be referred to as
North, West and South Norway, respectively. For each region, all dates with area-averaged
daily precipitation exceeding the 99th percentile are selected as extreme precipitation
events.

To objectively identify atmospheric rivers, the definition introduced by Rutz et al. (2014)
is employed. This definition is based on the vertically integrated horizontal water vapour
flux (hereafter, integrated vapour transport, IVT) and is defined as:

1 P100 hPa
IVT = —/ qVdp (3.1)
p

8 1000 hPa

where g is the gravitational acceleration, q is the specific humidity, V is the total wind
vector and p is pressure. The integration is computed using 50-hPa intervals from 1000
hPa to 500 hPa, and 100 hPa intervals from 500 to 100 hPa.

ARs are identified when the IVT exceeds the threshold of 250 kg m~! s7! for a contiguous
length of > 2000 km (Rutz et al., 2014). IVT objects are identified when they intersect
the respective precipitation region. If the above criteria are met at any of the four time
steps (0000, 0600, 1200 and 1800 UTC) during the day of the event, it is deemed to be
associated with an AR.

A primary focus of this work is to study the large-scale patterns related to moisture
transport and extreme precipitation events over Norway. Such events are typically char-
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a) 99th percentile of daily accumulated precipitation b) Orography
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Figure 3.1: In a) we show the 99 percentile of daily accumulated precipitation over Norway
in mm d~'. Regions defined as West and North Norway are defined with respectively the 30
mm d~! and 24 mm d~' contour line. South Norway is defined with the indicated black box.
In b) we show the elevation of our study area in m.

acterized by a persistent flow (on the order of 24-72 hours) of warm moist air impinging
on mountainous terrain. To avoid including warm season, convective events (on the or-
der of one to a few hours) only cases occurring during the cold season (defined here as
September to March) are used for further analysis. Furthermore, to avoid 'counting’ a
multi-day event more than once, events that occur on consecutive days are parsed to solely
the day of the most extreme precipitation. The rationale is that the multi-day events are
associated with a similar large-scale pattern.

3.2.3 Statistical and composite analysis

To study the variability in the large-scale pre-conditioning of the events, a two-step pro-
cedure is employed. Step one is an empirical orthogonal function (EOF) analysis of the
potential temperature on the dynamic tropopause (defined as the two potential vorticity
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unit surface) over the large domain (70°W to 20°E, 20°N to 80°N). The EOF analysis will
detect the underlying structure that best explains the variability in a multivariate dataset
(Richman, 1986). Information on the dynamic tropopause was chosen due to the fact that
AR structure and evolution are tightly coupled to the predominant circulation patterns
on the synoptic scale, including the location, strength and shape of the upper-level flow
at tropopause level (Sodemann and Stohl, 2013).

In step two a fuzzy cluster analysis is incorporated, based on the first two principal com-
ponents of the EOF analysis, to partition events into groups with similar large-scale struc-
ture. The analyses are conducted separately for each of the three regions and for different
timesteps ahead of the event (24-hour intervals beginning 120 hours before the event,
including the day of the event itself). All analyses are performed at 1200 UTC.

This method is thoroughly described and has been successfully applied by Harr et al.
(2008) with respect to the extratropical transition of the West North Pacific Typhoon Nabi
(September 2005). Their goal was to examine the predictability of the event in ECMWF
ensemble forecast data. Here, in contrast, ERA-Interim data are used to determine the
variability between the large-scale atmospheric patterns of many events as opposed to
ensemble members for a singular event.

For the fuzzy cluster analysis, the number of clusters is a subjective choice based on the
level of precision or detail desired (Harr et al., 2008). This analysis incorporates the
first two principal components (PCs) from the EOF analysis. The clustering procedure
randomly places centers of the number of clusters chosen in the PC1-PC2 phase space,
as a first guess. Each event member is also placed in the PC1-PC2 phase space, and thus
represented by the pair of PC values. Every event member is attributed to the nearest
cluster center. To find the solution with shortest distances between members and cluster
centers, the analyses iterates and calculates new cluster centers. Each point is evaluated
again in every iteration. When the distance to the cluster centers is minimized a stable
solution is found and the iteration ceases.

Here, both two and three-cluster solutions for all regions at the different times before
the event were created. After an in-depth examination of the data, we believe that the
two-cluster solution is more appropriate for this study because: i) the detail added by the
three-cluster solution is deemed insufficient to justify the increase in complexity, ii) cluster
members were more coherent over time with the two-cluster solution, in that the majority
of events remained in the same cluster for the 120 hours leading to the event, and iii) the
choice of a two-cluster solution allows for a direct comparison with the work of Sodemann
and Stohl (2013) wherein they identified two moisture transport configurations for the
month of December 2006; a month characterized by well above average temperature and
precipitation in Norway. The latter is especially appealing in that Sodemann and Stohl
(2013) equated the two patterns to the known characteristic life cycles of baroclinic waves
(Thorncroft et al., 1993), providing a valuable dynamical distinction.
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Figure 3.2: Histogram with monthly climatology for the selected events for every region,
the y-axis indicates the fraction of events in that month compared with the total amount of
events. Value above each bar indicates the 99 percentile of extreme precipitation for that
specific month in mm d~!.

Subsequent to the cluster analysis, the composite structure of the clustered members are
constructed. These composites can be created for any meteorological variable of interest.
Finally, the cluster members are established at 120 hours before the event and remain the
same until the event itself. We believe this is justifiable based on point ii) above.

3.3 Extreme precipitation climatology

The results of the climatological analysis of extreme precipitation are presented in this
Section. With the omission of multi-day events, the total cold season event counts are
101, 118, and 101 for the North, West and South regions, respectively. The fraction of
events per month for the three regions is presented in Figure 3.2. The area-averaged value
of the 99 percentile for each month and region is provided on top of the bars in Figure
3.2.

Each of the three regions exhibit a characteristic seasonal variability, providing further
motivation for the selection of three distinct regions. For North Norway, a maximum
fraction of event counts is found in December and January (22% and 23%), and there-
after in February and September (15% and 13%). There is a remarkable consistency of
event counts in West Norway from October through February with no clear maximum
(all around 16%). In contrast, a fall maximum (September, 22% and October, 28%)
and a minimum in late winter (February, 5% and March, 6%) are observed in South
Norway.
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To investigate the hypothesis that different flow patterns can be identified for each region,
the anomalies of mean sea level pressure (MSLP) at 1200 UTC and daily accumulated
precipitation anomaly for all events in each region are presented in Figure 3.3, for the
day of the events. The anomalies are calculated from the average MSLP at 1200 UTC of
all the events compared to the cold season average MSLP at 1200 UTC, and accordingly
for daily accumulated precipitation. The stippling indicates regions where the anomaly
is statistically significant at the 0.05 level according to the independent samples t-test.
Figure 3.4 shows the composites of the selected events of MSLP and precipitation for the
three regions.

A distinct similarity exists for all regions: the presence of a low and high pressure couplet
resulting in strong inferred low-level flow oriented in such a way as to result in enhanced
orographic uplift (Figure 3.3 b), d) and f)). The fundamental difference between the
regions is in the position of the pressure centers. For North Norway, the couplet is
meridionally-aligned, leading to strong zonal flow. Southwesterly flow is observed for West
Norway due to a southwestward (northeastward) shift in the low (high) pressure centers.
The pattern for South Norway exhibits a low-pressure center shifted to the southwest and
the high pressure center located far to the southwest. The result is a significant southerly
component to the inferred low-level low. The difference in flow pattern between West and
South Norway supports the decision to include the subjectively defined South region.

The precipitation anomalies in each region are apparent. Moreover, a secondary positive
anomaly over Great Britain is observed for West and South Norway. The implication
is that the very same moisture flux leading to extreme precipitation in South-Western
Norway is conducive to enhanced precipitation in Great Britain, a result consistent with
the study of Lavers et al. (2011) who linked winter flooding in Britain to atmospheric
rivers.

Also of note is the overlap of precipitation between the three regions (see Figure 3.4).
A clear secondary anomaly in West Norway is found in the North analysis (15 mm d~!
in West while 30 mm d~! in North). For the West analysis, enhanced precipitation
is observed in the North region (10 mm d~' in North while > 25 mm d=' in West).
Additionally, there is a significant overlap between the West and South regions. An
examination of the overlap of the events between the regions reveals that only two events
are identical for the North and West region. However, there is an overlap of 15 events
between the West and South regions, which is roughly 15% of the total number of selected
events. While this is a significant fraction, we believe the different flow patterns observed
in Figure 3.3 and 3.4 provide compelling evidence to consider the regions separately.

3.3.1 Inter region correlation

To further examine the association between regions, the inter region correlation, the
correlation of monthly event totals (number of events occurring per month) for regional
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couplets (South/West, South/North, and West/North) was computed. Using the 0.05
threshold, the results show there is a statistically significant correlation of monthly event
totals for all three couplets. The correlation was strongest for West/North (0.28) and
South/West (0.27), but weaker for South/North (0.11). As seen in Figure 3.3, the flow
patterns for the North and West regions are most similar, which explains the strongest
correlation. Less similar flow patterns are found for the couplets including the South
region, especially the South/North couplet.
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Figure 3.3: Left figures: Precipitation anomalies (mm) for all extreme precipitation events
for a) the North region, ¢) West region, and e) South region at the day of the events. Right
figures: Mean sea level pressure anomaly (hPa) for all the events for b) the North region, d)
West region and f) South region. For all figures holds that dotted regions indicate where the
anomaly is statistical significant.
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Figure 3.4: Composites of mean sea level pressure (hPa) in contours and total precipitation
(mm) in orange/red shading and IVT vectors and magnitude (kg m™! s71) in green/blue
shading at the day of the events for a) the North region, b) the West region and c¢) the South
region.
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Figure 3.5: Box and whisker plot of the NAO index of the North, West and South region
selected events. The boxplot shows the median, the upper quartile (Q1, 75%) and lower
quartile (Q3, 25%), the upper whisker (Q1-1.5-(Q1 - 02)) and the lower whisker (03 +1.5-
(Q1 - Q2)), and the outliers (in black dots).

3.3.2 Intra-seasonal variability

Previous work has illustrated that extreme precipitation events are more likely during the
positive phase of the NAO (Uvo, 2003; Stohl et al., 2008; Brands et al., 2017). The phase
and magnitude of the daily NAO index (data from the Climate Prediction Center) for
the events are presented in the form of box and whisker plots in Figure 3.5. The median
value is positive for all regions.

To establish the statistical significance of this result (i.e. a positive NAO index is more
likely for event days as opposed to non-event days), an independent samples t-test is
incorporated. The test is based on the average index value for each region as well as
the standard deviation and number of events. Since the NAO index is heavily correlated
in time, the number of independent data points is reduced. To account for this ’serial
correlation’; a so-called effective sample size is introduced. The effective sample size is
calculated for non-events and events by:

(1-p)
n—_tr’
1+p

n=

(3.2)
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Table 3.1: Table with significance test (independent samples t-test) for North, West and
South region.

North West South

Number of non-events 13048 13031 13048
Number of events 101 118 101
Mean NAO index of non-events 0.046 0.043 0.047
Mean NAO index of events 0.383 0.684 0.205
Autocorrelation non-events 0.871 0.871 0.873
Autocorrelation events 0.263 0.104 0.058
Effective number of non-events 900 902 887
Effective number of events 58 95 89
p-value 4.97e-04 1.90e-14 0.114
Significant (0.05 level) Yes Yes No

where 7 is the number of events and p is the auto-correlation. The results are presented
in Table 3.1. For non events, the effective sample size is reduced by roughly a factor of
15. The reduction is much less for events, as the NAO index is less correlated between

individual events.

A significance test at the 0.05 level indicates that the positive phase of the NAO during
the selected extreme events (Figure 3.5) is statistically significant for the North and West
regions. In contrast, the significance threshold is not met for the South region.

3.3.3 Link to Atmospheric Rivers

An overarching hypothesis of this work is that extreme precipitation in Norway can be
directly linked to anomalously large moisture transport (Lavers and Villarini, 2013). The
composite magnitude and direction of IVT on the day of the extreme precipitatoin events
are presented in Figure 3.4. The AR-like structure is evident as a relatively narrow and
elongated region of enhanced IVT for all regions. Concomitantly, the regional differences
in the inferred low-level flow discussed above are apparent in the IVT vector field.

Given the climatology of events, we objectively calculate what fraction of the identified
events are associated with ARs. Based on the criteria of Rutz et al. (2014), the majority
of cold-season events are linked to ARs: 87, 97 and 88% of events were associated with
an AR for respectively the North, West and South regions. To test the robustness of this
result, we examine the sensitivity to the IVT threshold value chosen by Rutz et al. (2014).
The above analysis is repeated by successively increasing the IVT threshold from 250 to
500 kg m~! s7! with steps of 50 kg m~! s~!. As the threshold increases, the fraction of
events attributable to ARs lowers (Figure 3.6a). More specifically, a 40% increase in IVT
threshold (from 250 to 350 kg m™! s71) results in a 25% decrease in identified ARs in
the South region but only a 5% decrease in identified ARs in the West region. With a
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threshold value of 350 kg m~' s™!, approximately 71% of the events in the North and 61%
in the South remain associated with ARs, while the number for the West exceeds 92%.
We believe these findings illustrate the results are not overly sensitive to the threshold
value from the study by Rutz et al. (2014), and that the West region inhibits largest IVT
fluxes (also seen in Figure 3.4).

Figure 3.6b further illustrates the sensitivity of IVT magnitude for ARs detected in the
three regions. The figure shows the density of IVT values for all ARs (above the 250
kg m~! s7! threshold) for each region. The IVT values in the detected ARs is lower in
the North compared to the South and the West region, consistent with the fact that on
average less moisture is transported to higher latitudes. The IVT in the West region is
on average higher than in the South region, even though South is lower in latitude than
West. However, the West region is the region with highest precipitation extremes (Figure
3.1).

a) Histogram b) Density Plot
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Figure 3.6: a) Percentage of identified atmospheric rivers compared to total events for the
three regions (north, west, and south) by changing the IVT threshold from default (250 kg
m™ s7!) to 500 kg m~! s7! with increasing steps of 50 kg m~! s71. b) Density plot of IVT
values for ARs detected (above 250 kg m™" s7!) in each region.

3.4 Large-scale pre-conditioning

The EOF and fuzzy cluster analyses are performed to define characteristic large-scale
patterns that pre-condition the atmosphere for anomalous moisture transport and extreme
precipitation in Norway.
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Figure 3.7: Spatial EOF patterns (contoured at an interval of 1.0 K, negative contours are
dashed) for potential temperature on the 2-PVU surface for the West region 120 hours prior
to the actual event for a) EOF 1 (which explains 18.6% of the variability) and b) EOF 2 (wich
explains 6.9% of the variability). The average potential temperature (K) is shaded.

3.4.1 EOF / Fuzzy cluster analysis

As an illustration of the method, the results of the EOF analysis for the West region 120
hours prior to the event are presented in Figure 3.7. The colours represent the average
potential temperature (PT) on the dynamic tropopause for all events. The first two
principal components are shown as PT anomalies (black contours). Principal component
one (PC1) explains the largest variability in the dataset (18.58%) and principal component
two (PC2) the second largest variability (6.94%).

The PC anomalies observed in Fig. 3.7 are largely similar in structure, with two cen-
ters of enhanced variability identified in the western and central Atlantic basin. The
primary difference between the PC1 and PC2 patterns is in the sign and the magnitude
of the anomalies: a positive-positive and a positive-negative couplet for PC1 and PC2,
respectively. PC1 represents a meridional displacement in the PT gradient, while PC2 is
associated with a meridionally-amplified flow pattern.

The first two principal components provide a framework for the fuzzy cluster analysis.
Figure 3.8 shows the clustering of the events in the PC1-PC2 phase space, where each
event is represented by a unique PC1-PC2 value. The primary difference between the two
clusters are the values of PC1. Please note that not all events are placed in a cluster.
These events will not be included in the subsequent analyses.

The composite structure of potential temperature (PT) on the dynamic tropopause for the
clustered events is presented in Figure 3.9 for both clusters. Cluster one is characterized by
an intense southward shifted jet (large PT gradient of 70 K over 30° latitude) over North
America and the western Atlantic. The jet exhibits a southwest to northeast orientation
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Figure 3.8: The first and second principal component phase space with the two-cluster
solution for the events selected for the West region 120 hours prior to the actual event. Each
dot represents a selected event. The light gray points define events that do not belong to any
cluster. The circles with the small dots are the cluster centers.

towards western Europe and Norway, with a weakening of the jet going eastward (smaller
PT gradient of 30 K over 30° latitude over England, Figure 3.9a). Although we cannot
confirm this from the composite plot, the observed structure in the eastern Atlantic is
consistent with the presence of anticyclonic wave breaking. The reversal of the meridional
gradient of PT is not immediately evident, likely due to the compositing of a number of
wave breaking events; however an analysis of individual events lends credence to the
veracity of the statement. In contrast to cluster one, cluster two is characterized by a
weak northward shifted jet (smaller PT gradient of 45 K over 30° latitude). This jet is
primarily zonal in nature, with very little undulation across the Atlantic basin (Figure

3.9b).

3.4.2 Composite Analyses

We will primarily focus on West Norway, as this region exhibits both the largest precipi-
tation amounts and the highest fraction of ARs. The cluster composites of MSLP, daily
precipitation and IVT magnitude and vector are presented for the time steps 120, 72, 24,
and 0 hours before the event (Figure 3.10).



3.4 Large-scale pre-conditioning

Figure 3.9: Composite analysis of potential temperature at the tropopause in K and wind

vectors for the West region 120 hours prior to the actual event for a) cluster one and b) cluster
two.

For both clusters and all time steps, the MSLP pattern exhibits a similar couplet with a
negative anomaly to the north inferring low-pressure and a positive anomaly to the south
inferring high pressure. The result is inferred low-level flow across the Atlantic basin which
is conducive to moisture transport towards western Europe and Norway in particular. The
primary difference between the two cluster composites is in the orientation of the pressure
centers. At 120 hours, a low-pressure center is located off the east coast of Greenland
in both clusters. A high pressure center is located in the eastern (western) Atlantic for
cluster one (two). Consistent with the dynamic tropopause analysis (Figure 3.9), cluster
one exhibits inferred low-level flow from the southwest to the northeast, whereas cluster
two is characterized by westerly flow.

As the time before the events occur decreases, the two clusters converge to a similar
structure in the eastern Atlantic / western Europe, with a low-pressure center between
Iceland and Norway and a high pressure center over western Europe. At the time of
the event, both clusters exhibit strong flow with a southwesterly component impinging
upon the mountainous terrain of southwestern Norway. Given the moisture convergence
resulting in extreme precipitation that defines the events and consistent with case study
analyses, it is logical to assume an orographic enhancement of precipitation due to the
conducive flow pattern.

There are minor differences between the clusters, even on the day of the event. The
inferred low-level flow is both more westerly and stronger (larger pressure gradient force)
for cluster one. In contrast, cluster two exhibits a more southerly component and weaker
flow. Both flow patterns are reminiscent of a positive NAO, however, the more meridional
and weaker flow observed in cluster two may indicate a larger fraction of negative NAO
events for cluster two. Further work would be needed to confirm this result.
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Figure 3.10: Composites of mean sea level pressure (hPa) in contours and total precipitation
(mm) in orange/red shading and IVT vectors and magnitude (kg m™' s7!) in green/blue
shading at 120 hours, 72 and 24 hours before the event and at the actual event itself (0 hours)
for the two clusters (CL1 and CL2) for the West region (cluster one in left figures and cluster
two in right figures).



3.5 Discussion and conclusions

In addition, the cluster composites of MSLP, daily precipitation and IVT magnitude
and vectors for the North and South regions at time steps 120 and 24 hours before
the event are presented in Figure 5.3. At 120 hours, the qualitative structure of the
composites are similar to those for the West region. A low-pressure center is observed
to the east of Greenland and high pressure to the south. The placement of the high
pressure system is also comparable, with a tendency for the highest pressure to be in the
eastern (western) Atlantic for cluster one (two). Both cluster patterns result in significant
moisture transport across the Atlantic basin.

Given the clear link between extreme precipitation in Norway and ARs and the context
of previous work on the topic of AR dynamics and predictability, the similarity of the
cluster analyses for the three regions 120 hours before the event is expected. The large
scale structure must be conducive to anomalous moisture transport towards Norway for
an extreme event to occur. That there are two relatively distinct patterns is consistent
with Sodemann and Stohl (2013) and the known characteristic life cycles of baroclinic
waves. This point will be raised in further detail in the following Section.

At 24 hours before the event, regional differences are more pronounced and, as also ob-
served in the West composites, the two clusters for each region become more similar. The
North region composites show southwesterly flow between Iceland and Great Britain. The
South region composites exhibit a southerly component to the flow towards southern Nor-
way. Both regional patterns are consistent with moisture transport towards the area of
extreme precipitation. Logically, as the flow pattern during events for each region must
be similar to result in extreme precipitation in that region.

The EOF/ fuzzy cluster/ composite results highlight previously reported facets of the
predictability of extreme precipitation associated with ARs. The presence and general
location of ARs are well predicted in today’s numerical weather prediction systems as they
are directly tied to the large scale flow patterns which are inherently more predictable
(Dettinger, 2011). While this study incorporates a reanalysis dataset rather than forecast
data, we believe the synoptic scale indicators out to 120 hours identified herein will be
reasonably consistent with today’s state-of-the-art global forecast models.

3.5 Discussion and conclusions

This study presents a climatology of cold season extreme precipitation events for Norway
from 1979 to 2014, based on the the 99th percentile of area-averaged precipitation from
ERA-Interim. Three regions are identified: North and West regions exhibit a climatolog-
ical maxima in precipitation, and a South region is based upon previous cases of extreme
weather. The performance of ERA-Interim in simulating precipitation over Norway is not
studied in detail here, as we focus on the large-scale processes related to these extreme
precipitation events. We have not assessed trends.
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Figure 3.11: Composites of mean sea level pressure (hPa) in contours and total precipitation
(mm) in orange/red shading and IVT vectors and magnitude (kg m~' s7!) in green/blue
shading at 120 hours (upper Figures) and 24 hours (lower Figures) before the event, for
the two clusters (CL1 and CL2) for the South region (left Figures) and North region (right
Figures).



3.5 Discussion and conclusions

Consistent with previous work, we found that extreme precipitation events are more
frequent during the positive phase of the NAO. These results are statistically signifi-
cant at the 0.05 threshold for the North and West regions, while no statistical signif-
icance was found for the South. Additionally, there is a statistically significant corre-
lation of monthly events (number of events occurring per month) for all three couplets
(West/North, West/South, North/South). This indicates an increased likelihood of an
event in a region during a month wherein an event occurs in another region.

An overarching hypothesis of this work is that anomalous moisture transport, or so-called
atmospheric rivers (ARs), are critical to cold season extreme precipitation in Norway. An
objective analysis illustrates that more than 85% of events are linked to ARs, and that the
causal link is not overly sensitive to the subjective threshold of 250 kg m~! s7! integrated
vapour transport provided by Rutz et al. (2014).

EOF and fuzzy cluster analyses are performed to define the characteristic synoptic scale
patterns that lead to extreme precipitation over Norway. Multiple days before the event
(120 hours), two patterns are identified, for all regions. The first represents an intense,
southward shifted jet that exhibits a southwest to northeast orientation. The second iden-
tifies a weak, northward shifted jet that is zonal in structure. This finding can be directly
compared to the results of Sodemann and Stohl (2013), who examined the month of De-
cember 2006 which was characterized by well above average temperature and precipitation
in Norway. They subjectively identified two moisture transport configurations associated
with the characteristic life cycles of baroclinic waves: 1) anticyclonic wave breaking asso-
ciated with a meridional jet, and ii) cyclonic wave breaking associated with a zonal jet.
The objective patterns found herein are consistent with their schematic representation.
It would be of interest to further explore the link between anomalous moisture transport
and wave breaking (Hu et al., 2017). Momentum fluxes associated with wave breaking
are important to the jet strength and structure and are typically conducive towards main-
taining the orientation of the jet and, hence, the type of wave breaking. These fluxes can
imply some measure of predictability that may be exploited.

As the time before the events occur decreases, the similarity of the two patterns for
each region lessens. The distinctive flow pattern conducive to orographically-enhanced
precipitation emerges in the two clusters for each region. For the North and West regions,
this entails primarily zonal flow impinging upon the south-north orientated topography,
the difference being the latitude of the strong flow. In contrast, the South region exhibits
a significant southerly component to the flow.

Taken as a whole, the results of this work confirm that similar large-scale flow patterns
as identified in the Pacific basin and North America are relevant to Norwegian extreme
precipitation events. The overwhelming majority of events (more than 85%) are associated
with ARs. Characteristic patterns conducive to anomalous moisture transport can be
identified with significant time before the event (5 days), which is helpful to and can
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improve forecasting. However, the identification of large-scale patterns 5 days before the
event is insufficient to predict the precise location of subsequent extreme precipitation.
Given the limited resolution of the reanalysis data employed, little can be said regarding
the sensitivity of the mesoscale structure of precipitation, which ultimately defines the
sensible weather impact. Future work will attempt to explore the direct link between
ARs and flooding, landslides and avalanches associated with extreme precipitation in
Norway.
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Chapter 4 Moisture sources of the Mississippi in a future climate

Assessment of the impact of climate change on water resources over land requires
knowledge on the origin of the precipitation and changes therein towards the fu-
ture. We determine the origin of precipitation over the Mississippi basin using
high resolution (~25 km) climate model simulations for present and future climate
(RCP4.5). Moisture resulting in precipitation over the Mississippi basin is tracked
back in time using Eulerian offline moisture tracking, in order to find out where
this water originally evaporated (i.e. the moisture sources). We find that the most
important continental moisture sources are the Mississippi basin itself and the area
southwest of the basin. The two most relevant oceanic sources are the Gulf of
Mexico/Caribbean and the Pacific. The distribution of sources varies per season,
with more recycling of moisture within the basin during summer and more trans-
port of moisture from the ocean towards the basin in winter. In future winters, we
find an increase in moisture source from the oceans (related to higher sea surface
temperatures), resulting in more precipitation over the Mississippi basin. In future
summers, we find an approximately five per cent decrease in moisture source from
the basin itself, while the decrease in precipitation is smaller (i.e. lower recycling
ratios). The results here are based on one climate model, and we do not study
low-frequency climate variability. We conclude that Mississippi’s moisture sources
will become less local in a future climate, with more water originating from the
oceans.
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4.1 Introduction

The atmospheric water budget is affected by climate change. Precipitation is expected to
increase at high latitudes and around the equatorial band (Gimeno et al., 2012; Trenberth,
2011), and a reduction is expected in sub-tropical subsidence regions (Allen and Ingram,
2002). Changes in mean annual evaporation follow the changes in temperature (Held and
Soden, 2006), with increasing evaporation rates over most of the oceans (Gimeno et al.,
2012). Higher temperatures in a future climate also result in more atmospheric water
vapor in the lower troposphere following Clausius-Clapeyron, amplifying the atmospheric
water cycle (Held and Soden, 2006). Besides thermodynamic effects, changes in circulation
patterns can affect the atmospheric water budget on a regional level. Both dynamic
(circulation) and thermodynamic effects are relevant when considering moisture sources
of a region, i.e. the evaporative sources resulting in precipitation over a defined area.

Hydrological basins are often used as study areas on a regional level, since changes in the
atmospheric water cycle also influence discharge and soil moisture characteristics, which
are important for water management. In addition, the origin of the precipitation, being
continental or oceanic, can indicate the vulnerability of a basin to ongoing and future land-
use changes. Furthermore, the location of the sources can also indicate whether there is
a greater need to improve the model representation of ocean or land evaporation.

So far, moisture source regions are mostly determined for present climate (Algarra et al.,
2019; Bosilovich and Chern, 2006; Bosilovich and Schubert, 2001; Brubaker et al., 2001;
Dirmeyer and Brubaker, 1999; Knoche and Kunstmann, 2013; Sodemann et al., 2008;
Stohl and James, 2005). Consequently, one of the remaining questions in atmospheric
moisture transport was stated in the review by Gimeno et al. (2012): “How will climate
change alter the location and significance of source regions and the transport of moisture
from these toward continental areas in the future?” Here, we focus on the atmospheric
water budget and the moisture sources of the Mississippi basin and how these are affected
by climate change.

The Mississippi basin is the fourth-largest river basin in the world, and it contains one
of the world’s most productive agricultural regions (the Corn Belt). In addition, it is
an important source of water to millions of people, as well as industry. Therefore, it is
important to understand its hydrological cycle and the local variations therein. The pre-
cipitation budget of the Mississippi basin is influenced by moisture input from multiple
drivers. Moisture is advected from the Pacific over the Western boundaries of the Missis-
sippi basin, resulting in high precipitation amounts and snow over the Rocky Mountains,
mainly in winter. At the southern boundary, moisture is advected from the warm tropical
Atlantic, Caribbean and the Gulf of Mexico resulting in relatively wet conditions in the
southeast. A large set of climate models indicates that in the future those wet regions
(southeast and Rocky Mountains) get wetter (CMIP3; Seager et al. 2010 and CMIP5;
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Seager et al. 2013). In summer time, moisture transport is related to the Great Plains
low level jet, ranging from the Gulf of Mexico inlands (Algarra et al., 2019; Helfand and
Schubert, 1995; Higgins et al., 1997). This supply of moisture, together with large surface
fluxes results in convective precipitation in summer over the Mississippi basin.

In present climate, moisture sources and moisture recycling of the Mississippi basin is
widely studied. First research was conducted by Benton et al. (1950), who studied the
different (continental and maritime) air masses bringing precipitation over the river basin.
Benton et al. (1950) concluded that 10% or less of the precipitation over the Mississippi
had its evaporative sources from within the basin, where Brubaker et al. (1993) found re-
cycled fractions ranging between 20% and 30% depending on the season. Later, Brubaker
et al. (2001) determined from a long climatology (36 years) of warm-season precipitation
that 32% of the moisture source originated from the Mississippi basin itself and about
20% from the Gulf of Mexico. Further, the establishment of anti-cyclonic flow around
the Bermuda High, a high pressure system over the Atlantic during summer, lengthens
the fetch of moisture sources from the Gulf of Mexico/Atlantic ocean into the Caribbean
and Tropical Atlantic. In the project by Dirmeyer et al. (2009), a climatology of moisture
sources per basin, including the Mississippi, were determined and visualized. Over time,
other moisture tracking methods were suggested and applied to the Mississippi basin, for
example the use of passive tracers (Bosilovich and Schubert, 2002; Bosilovich and Chern,
2006) and a Lagrangian tracking method (Stohl and James, 2005). The latter found
similar moisture sources for the Mississippi basin as Brubaker et al. (2001). Recently, a
moisture tracking model was used to explore the role of reduced moisture transport in
drought propagation over North America (Herrera-Estrada et al., 2019).

All studies mentioned above assess the moisture sources and moisture recycling of the
Mississippi basin/North America for present climate, because moisture tracking is mostly
applied to atmospheric reanalysis datasets. However, reanalyses do not provide informa-
tion on the future. As a consequence, one of the open questions in the field of atmospheric
moisture transport is how moisture sources are affected by climate change (Gimeno et al.,
2012; Guo et al., 2019). Findell et al. (2019) studied continental precipitation under rising
temperatures on a global scale, and emphasised the need to further study regions such
as the corn producing regions of North America, given their importance for agriculture.
Gimeno et al. (2013) detected regions of continental precipitation which are vulnerable to
changes in oceanic moisture sources (i.e. changes in evaporation). They selected regions
where climate change will likely lead to an increase in evaporation minus precipitation
(so-called hot spot regions) and performed forward tracking of moisture to identify which
continental regions were affected by these hot spot source regions. Ideally, a tracking al-
gorithm should be applied directly to simulations of future climate using a global climate
model (Gimeno et al., 2013), which is what we do in this study.
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We use 30-year high spatial resolution (~25 km) simulations of a global climate model
for present and future climate (RCP4.5, Van Vuuren et al. 2011). We choose to use high-
resolution global simulations as this benefits the representation of, amongst others, El
Nino-Southern Oscillation (Shaffrey et al., 2009), the global water cycle (Demory et al.,
2014), storm tracks (Hodges et al., 2011), and cyclones (Strachan et al., 2013). At the
expense of the high resolution, the simulations have a limited simulation length (6 mem-
bers of 5 years per period), and therefore we cannot study multi-decadal variability. We
focus on the mean change of the different terms of the atmospheric water budget, and
Mississippi’s moisture sources. Our two main research questions are stated as follows: 1)
How is the modelled atmospheric water budget over the Mississippi basin projected to
change in the future? 2) How will climate change alter the relative contribution of the
oceanic and terrestrial moisture source regions of the Mississippi basin?

We structure the Chapter as follows: Theory on atmospheric water vapor tracking is
provided in Chapter 2. In the methodology (Section 4.2), we shortly describe the data
from the climate model EC-Earth, the tracking model WAM-2layers and in the experi-
mental set-up the evaporation recycling ratio is introduced. In Section 4.3, we validate
precipitation and evaporation from EC-Earth and analyse how it is changing towards
the future. In Section 4.4, we show and discuss the moisture sources of the Mississippi
basin in present and future climate, and their seasonal variation. Finally, we discuss the
methodology, and we end with a summary and conclusion.

4.2 Methodology

4.2.1 Model data: EC-Earth

We use simulations with high spatial resolution (Haarsma et al., 2013) from the atmo-
spheric global climate model EC-Earth V2.3 (Hazeleger et al., 2010, 2012). More details on
the simulations is given in Chapter 2 (Section 2.4.1). Here, the high resolution (T799) sim-
ulations are used for present (2002-2006) and future climate (2094-2098; RCP4.5).

We obtain the following variables: evaporation E(t,x,y), precipitation P(t,x,y), surface
pressure p,(t,x,y), the two horizontal wind components at 10 m u10(t,x,y) and v1o(t,x,y),
dewpoint temperature at 2 m Ty(t,x,y), specific humidity in the atmosphere ¢(t,x,y,p) and
the two wind-components in the atmosphere u(t,x,y,p) and v(t,x,y,p). Specific humidity
at the surface is derived from dewpoint temperature at 2 m and surface pressure. Surface
data is available at a 3-hourly time interval and atmospheric data at a 6-hourly time
interval. One important constraint of the EC-Earth data compared to reanalysis data is
that the atmospheric variables are only saved at five pressure levels in the atmosphere,
namely 850, 700, 500, 300 and 200 hPa.
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4.2.2 Validation data: ERA-Interim, CMIP5 and observations

We compare E and P from EC-Earth with other model simulations of the Atmospheric
Model Intercomparison Project (AMIP) CMIP5 (Taylor et al., 2012b) from 1979 to 2008
for present climate, and from 2070 to 2100 for future climate based on the RCP4.5 scenario.
This project also includes simulations with EC-Earth, although with a different set-up and
lower resolution than the climate runs we perform the tracking for. Furthermore, we use
reanalysis data from ERA-Interim (1985-2014; Dee et al. 2011) and ERA-Interim/Land
(1985-2010; Balsamo et al. 2013). We also include observational data of the Climate
Prediction Center (CPC) 0.25° Daily US Unified Gauge-Based dataset version 1.0 (1985-
2014; Higgins and Joyce. 2000) for precipitation and the GLEAM dataset (1985-2014;
Martens et al. 2016) for evaporation. Details of the datasets are given in Chapter 2.

4.2.3 Tracking method: WAM-2layers

We use the Water Accounting Model-2layers (WAM-2layers; Van der Ent et al. 2010, 2014)
to determine the moisture sources of the Mississippi basin. Information on the Eulerian
WAM-2layers offline moisture tracking models is given in Chapter 2 (Section 2.5.2). The
WAM-2layers model is modified in order to run it with input data from EC-Earth, which
provides atmospheric data at five pressure levels. The validation of the adapted version
of WAM-2layers applied to EC-Earth data is provided in Chapter 2 (Section 2.5.4).

4.2.4 Experimental set-up

Here we describe the analyses in the same order as we discuss the results. First, we
compare monthly basin-averages of daily evaporation and precipitation from EC-Earth
with CMIP5 model simulations, reanalyses, and observations. We indicate the inter-
annual variance per model by showing the standard deviation of the monthly means per
month, where we take the average of the standard deviations over all models for the
CMIP5 ensemble. Variance between models, for the CMIP5 ensemble, is determined as
standard deviation between each year for the different models and then averaging over
the years.

Secondly, we quantify the spatial changes of E, relative humidity (RH) and P towards the
future over Northern America. We determine if the change is statistically significant by
bootstrapping the monthly averages per season (3 months per season times 30 years) to
a sample of 1000. Then we calculate the 95% confidence intervals. If there is no overlap
between the confidence intervals of the present and future variable, the change is deemed
significant.

In this study, we are mostly interested in the moisture sources which result in precipitation
over the Mississippi basin. To determine these moisture sources, moisture is tracked
backward in time (Equation 2.12 in Chapter 2). We analyse the moisture sources per
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season (DJF, MAM, JJA, SON), for present climate, future climate and the difference (A
fu -pr). We determine the statistical significant differences in absolute moisture sources
per season using bootstrapping and 95% confidence intervals (as described before). For
further quantification, we determine the contribution of moisture source per geographical
region. These regions are defined as follows: Mississippi basin itself, continental areas
outside the basin, Pacific ocean, Gulf of Mexico/Caribbean and the Atlantic ocean (see
Figure 4.1). To allow a fair comparison between present and future moisture sources, the
sources are normalized with the area-averaged precipitation falling over the Mississippi
basin in the respective period. We indicate the robustness of the relative sources with
error bars, which show the 95% confidence intervals after bootstrapping 1000 realizations
(Efron and Tibshirani, 1994) of the monthly average sources over the regions.

When tracking moisture backwards in time, we can determine the ratio between evapora-
tion moisture source summed over the region (A) and the total evaporation summed over
the region, which we call the evaporation recycling ratio ,:

SE,, dA
€ = /A— (4.1)
/[, OE dA

The averaged evaporation recycling ratio is shown per month for present and future
climate. To support the results, we include an extra analysis where we perform forward
tracking to determine the moisture sinks (precipitation) from a selected source region
(evaporation over the southern Great Plains and northeast Mexico). These results are
discussed in Section 4.4.2.

4.3 Evaporation and precipitation in present and fu-

ture climate

4.3.1 Comparison of EC-Earth with CMIP5 model results and observa-
tions

We first compare monthly basin-averages of daily evaporation and precipitation from EC-
Earth with other model results (CMIP5 model means and ensemble mean), reanalyses
and observational data (Figure 4.2).

For evaporation, we find a pronounced yearly cycle with smallest rates (~0.5 mm d=!)
and inter-annual variances in winter and largest rates (~3 mm d~!) and inter-annual
variances in summer. The variability among the CMIP5 models (black thin errorbars) is
largest in summer, when absolute values are largest. We find higher evaporation values in
October-May in EC-Earth compared to most other CMIP5 models, the CMIP5 ensemble
mean, and observations. For all months (shown for April, July and October), the spread
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Figure 4.1: Map of the domain on which we performed the moisture tracking, including
the source regions used for analyses: continental area outside Mississippi basin (green, not
hatched), Mississippi basin (green, hatched), Pacific (blue left of the continent), Atlantic (blue
right of the continent, including Hudson Bay) and Gulf of Mexico/Caribbean (blue dotted).

because of inter-annual variability in EC-Earth falls within the possibilities of CMIP5
output given by the model means (grey dotted lines).

In a future climate, we find increased values of evaporation in winter and spring (~0.2
mm d~!) using EC-Earth. Increased evaporation rates in spring and summer are found by
comparing the ensemble mean of historical AMIP CMIP5 simulations with the ensemble
mean of future (RCP4.5) AMIP CMIP5 simulations. Ferguson et al. (2018) performed a
similar analysis using the coupled runs from CMIP5 and the future simulations based on
the RCP8.5 scenario, and found significant increases for evaporation in every month of
the year except for July and August.

Furthermore, we compared the spatial pattern of evaporation simulated by EC-Earth over
the whole domain with the reanalysis product ERA-Interim (the GLEAM product only
provides evaporation over land, and is therefore not useful to do a spatial comparison).
Over land, EC-Earth and ERAI are very comparable, with a similar spatial distribution
(not shown). Over the ocean, evaporation in EC-Earth is higher over the Gulf of Cali-
fornia, Gulf of Mexico and the Gulf Stream. It should be noted that EC-Earth has fixed
SSTs and only simulates from 2002-2006, which makes the comparison non-trivial. Within
all models, we find high daily precipitation values in the beginning of summer, which is
mainly related to convective precipitation, and lower values of daily precipitation in win-
ter (Figure 4.2b). There is a large variability in precipitation within the model means of
CMIP5, in summer ranging from 1.5 mm d~! to 4 mm d~! (grey dotted lines). Precipi-
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tation simulated by EC-Earth falls mostly within this spread of model means, except for
April and October. We find the peak in precipitation in May and June for CMIP5, CPC,
and ERA-Interim/Land whereas precipitation from EC-Earth peaks in April and May,
falling outside the variability. However, the inter-annual variance from EC-Earth always
overlaps with the inter-annual variance and model variance around the CMIP5 ensemble
mean. The higher values for precipitation in winter and spring in EC-Earth compared to
most other models were also found for evaporation. The model mean precipitation of the
EC-Earth AMIP CMIP5 runs shows a similar pattern in precipitation, and evaporation,
as the high-resolution simulations used in this study (not shown).

In a future climate with EC-Earth, higher precipitation amounts over the Mississippi
are simulated in winter and spring (an increase of ~0.5 mm d~!). In July and August
a decrease in precipitation over the basin is found towards the future. Precipitation
from the ensemble mean of the CMIP5 future simulations is in every month higher than
the ensemble mean from CMIP5 for the present (Figure 4.2b). The study by Ferguson
et al. (2018) found a significant increase in precipitation over the Mississippi basin from
November to May using the coupled runs from CMIP5 and the RCP8.5 scenario for future
simulations.

Despite the biases in precipitation in EC-Earth, the changes towards the future still
contain valuable information, as studies show that there is a weak or non-existent relation
between obvious metrics of observable quantities and projections (Knutti et al., 2010). In
the next Section, we will focus on the spatial changes of components of the atmospheric
water balance towards the future.

4.3.2 Spatial changes in evaporation and precipitation in EC-Earth

In simulations of future climate with EC-Earth (2094-2098; RCP4.5) we find an increase
in 2 m temperature of 2.5°C to 3°C over the ocean, and 3°C to 4°C over land, with
the largest increases in the northern parts of the domain (not shown). Because of these
higher temperatures, and an increase in evaporation in general, larger amounts of column
integrated water vapor () are found over the whole domain and again especially in the
northern parts.

We show the spatial distribution of the change in evaporation, relative humidity and
precipitation towards the future for winter (DJF) and summer (JJA) in Figure 4.3. Over
the oceans, a general increase in evaporation is projected for the future, with locally
increases up to 50 mm month™!, for example over the Gulf Stream. Especially in winter
(DJF) and autumn (SON, not shown) evaporation also increases over the southern parts
of the domain, including the Gulf of Mexico (Figure 4.3a). This increase in evaporation
over the ocean is the result of an increase in saturated vapor pressure, which is driven by
an increase in SST, and a relative humidity that significantly but unsubstantially changes
towards the future (0-2 %, Figure 4.3b).
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Figure 4.2: Monthly averages of a) basin-averaged daily evaporation [mm d~!] and b) basin-
averaged daily precipitation [mm d~!] over the Mississippi basin. The grey shading denotes
the AMIP CMP5 1979-2008 coverage of model means around the ensemble mean (black line).
Additional plotted data includes: ensemble mean from CMIP5 future RCP4.5 (2070-2100;
black dashed), CPC 1985-2014 precipitation and GLEAM 1985-2014 evaporation (blue), ERA-
Interim 1985-2014 (yellow), ERA-Interim/Land 1985-2010 (brown), EC-Earth present (6 x
2002-2006; red solid line) and future climate (6 x 2094-2098; red dashed line). The errorbars
indicate the standard deviation between the monthly values (inter-annual variance), in the
corresponding color. We only show the errorbars for the present day datasets (observations,
EC-Earth pr, AMIP CMIP5 pr and ERAI/Land) for the months April, July and October. The
variance around ERALI is comparable to ERAI/Land and not shown. The thin black errorbar
around the ens mean of AMIP CMIP5 present indicates the standard deviation in the model
spread.
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4.3 Evaporation and precipitation in present and future climate

In contrast to oceans which provide an infinite source of water to evaporate, land evapo-
ration is limited by soil moisture and a rise in temperature does not automatically imply
an increase in evaporation. We find that soil moisture availability limits evaporation in
winter, as the change in evaporation and relative humidity are spatially correlated, both
positive in the North and both negative in the South-West (Figure 4.3a and b). In the
North (over the Mississippi basin), an increase in evaporation combined with an enhance-
ment in relative humidity points to an increase in the supply of water (Van Heerwaarden
et al., 2010), thus an increase in soil moisture. In the South-West, a decrease in evapo-
ration leads to an increase in sensible heat flux, which heats up the boundary layer and
which decreases the relative humidity. It should be noted that other aspects like frozen
ground, snow cover and vegetative seasonality can also influence the relation between soil
moisture and evaporation in winter, but are not assessed in this study.

The same signal with decreased evaporation rates and decreased relative humidity is found
in spring and summer over Mexico (Figure 4.3d and e). This decrease in evaporation
towards the future is also found by Seager et al. (2007), using a large suite of climate
models. In summer (JJA) over the Mississippi basin, except for the north-western corner,
an increase in evaporation corresponds with a decrease in relative humidity. Here, soil
moisture may not be the limiting factor and the increase in evaporation could be mainly
related to an increase in temperature (highest increases of temperature were also found
in the northern parts). If increases in temperature dominate over increases in humidity,
relative humidity will decrease (Figure 4.3e).

For precipitation, we find an increase in winter and spring over the Mississippi basin
(Figure 4.3c and 4.2b), especially in the central and eastern part of the basin. The
strongest increase in precipitation in winter outside the Mississippi basin occurs along the
North-West coast and the strongest decrease outside the Mississippi basin over the South
Pacific and southeastern North America and Mexico. In summer, we find a slight decrease
in precipitation over the Mississippi basin (Figure 4.2b and 4.3f). The most obvious
positive change in summer (JJA) is found over the tropical Pacific with much higher
precipitation rates in future, while over the Caribbean a negative change of precipitation
to the future is found.

Additionally, we also find a clear dipole of positive and negative changes in E and P over
the Northern Atlantic ocean. This has been attributed to a too far North location of the
Gulf Stream in the ECHAM5/MPI-OM model (Sterl et al., 2008), which is used to deter-
mine the SST projections of the EC-Earth future simulations. Furthermore, the changes
in circulation (wind) over North America to the future are very small (not shown), except
for JJA where we find a strengthening of the circulation over central North America,
which is discussed further in Section 4.4.2.

65



Chapter 4 Moisture sources of the Mississippi in a future climate

b) ARH (fu-pr) DJF ©) AP (fu-pr) DJF

7 _".‘1’7'2

150°W 120°W 90°W 60°W 150°W 120°W 90°W 60°W

-40 -20 O 20 40 =10 0 10 -40 -20 O 20 40
mm month~! % mm month~!

Figure 4.3: Spatial patterns of the change in EC-Earth RCP4.5 (a,d) evaporation AE (future
- present) in mm month™!, (b,e) relative humidity ARH (future - present) in %, and (c,f)
precipitation AP (future - present) in mm month~! for (a-c) DJF and (d-f) JJA. Significant
differences are indicated with hatching.

4.4 Moisture sources of the Mississippi basin in
present and future climate

4.4.1 Seasonal variability of the moisture sources in present climate in EC-
Earth

We show the moisture sources (E,,) of the Mississippi basin in present climate averaged
per season in Figure 4.4 (left column). The amount of precipitation occurring over the
river basin is indicated in the titles. We find that the most important continental moisture
sources are the Mississippi basin itself and the continental area southwest of the basin. The
most important oceanic sources are the Gulf of Mexico and Caribbean and the (South)
Atlantic and (East) Pacific. In the (East) Pacific ocean, the sources are mainly found
around the Gulf of California.

There is a large seasonal variation in the moisture sources. In winter (DJF), the moisture
sources are mostly located over the oceans, because evaporation over the oceans is much
larger than over land during winter. Moisture is transported with the westerlies from
the Pacific towards the Mississippi basin, and with an anti-cyclonic flow (Bermuda high)
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4.4 Moisture sources of the Mississippi basin in present and future climate

and LLJ from the Atlantic and Gulf of Mexico and Caribbean towards the Mississippi
basin. In spring (MAM), the moisture sources over land increase as the increasing solar
radiation drives the evaporation. This increase in sources over land, together with supply
of moisture from the oceans, results in high precipitation amounts in spring over the
Mississippi basin (~100 mm month™!), although spring precipitation is overestimated in
EC-Earth compared to observations and other simulations (Fig. 4.2b). In the summer
(JJA), the Pacific (Gulf of California) moisture sources substantially decrease, resulting
in less precipitation over the Mississippi basin. The source contribution from the Gulf
of Mexico is similar in MAM as in JJA. During this warm season, the Bermuda High
is shifted westward enhancing the Great Plains LLJ which results in large amounts of
moisture being transported from the Gulf of Mexico as far as the northeast USA (Algarra
et al., 2019).

Dirmeyer and Kinter (2010) studied the moisture sources of the Midwestern region of the
United States during late spring and summer (May-June-July). The spatial distribution
of moisture sources (Fig. 4 in Dirmeyer and Kinter 2010) is comparable to our study.
However, their contribution of continental sources is larger, which could be caused by their
study region which is smaller and located more land-inwards. Evaporation rates over land
peak during summer and most precipitation in the Mississippi basin is convectively driven
(Benedict et al., 2019b), i.e. moisture is recycled within the river basin. The evaporation
recycling ratio as defined in Equation (4.1) is around 20% in summer (compared to 10%
in winter), which means that 20% of the evaporation occurring over the Mississippi basin
results in precipitation within the same basin. In SON, sea surface temperatures are still
high, resulting in high oceanic evaporation rates. However, land evaporation decreases
compared to summer, and therefore the main source of moisture for precipitation over
the Mississippi basin in SON is the Gulf of Mexico (Figure 4.4j).

To summarize, we find that the moisture sources are varying throughout the seasons, with
high recycling rates over land during MAM and JJA, and a dominant role of advection
of moisture from the oceans to the Mississippi basin during SON.

4.4.2 Moisture sources in a future climate

The projected moisture sources of the Mississippi basin in a future climate are shown per
season in Figure 4.4 (middle column) and the difference between present and future in
the right column, where significant differences are indicated with hatching. The future
seasonal spatial patterns of moisture sources are similar to the spatial patterns in present
climate, but there are differences in the strength of the sources, especially in winter (DJF)
and summer (JJA). Over the Gulf of Mexico and the Gulf of California, the moisture
source is strongly increased in winter from maximum source values in present climate of
20 mm month™! to values of 30 mm month™ in a future climate (Figure 4.4c). This is
related to an increase in evaporation over the oceans in winter (Figure 4.3a), and results

67



Chapter 4 Moisture sources of the Mississippi in a future climate

a) DJF pr P = 55.38 mm month~! b) DJF fu P = 66.47 mm month~! c) DJF A P =11.09 mm month~!

40°N

20°N

40°N

20°N

g) JJA pr P = 72.26 mm month ! h) JJA fu P = 68.79 mm month~! i) JJA AP =-3.48 mm month!
T L\\;’ T
AT % S nAE
L P2 s - -
Q“. ’ o . //, ‘,. ’ o
= 3 & 7% ke 3&
40°N . % )
73 .
20°N . 3 Y, =
M‘_‘ / /' s 40\__:
j) SON pr P = 60.71 mm month! k) SON fu P = 63.55 mm month—! 1) SON A P = 2.84 mm month~!
40°N
20°N
N ae Nt . PN
150°W 120°W 90°W 60°W 150°W 120°W 90°W 60°W 150°W 120°W 90°W 60°W

L R g
0 4 8 12 16 20 24 28 -8-6-4-20 2 4 6 8
mm month~! mm month~!

Figure 4.4: The absolute moisture sources, E,,, of precipitation over the Mississippi basin
(basin indicated with thick black line) in present and future climate for (a-c) DJF, (d-f) MAM,
(g-i) JJA and (j-1) SON in mm month~! from EC-Earth. Left figures show the sources for
present climate (pr), middle figures for future climate (fu), and right figures for the difference
(A) fu-pr. The statistically significant differences are indicated with hatching in the (A) fu-
pr plots. The monthly averaged precipitation over the Mississippi basin is indicated in the
subplot titles.
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in an increase in precipitation over the Mississippi basin in winter of 10 mm month™'. In
MAM, an increase in moisture source of 8 mm month™! over the Gulf of Mexico is found,
which can also be related to an increase in precipitation over the Mississippi basin. In
summer (JJA), we find a decrease of moisture source over continental areas of around 10
mm month™', both within the Mississippi basin and south and west from the river basin.
However, we do not find such a large decrease in evaporation in this period (Figure 4.3b).
In autumn (SON), there are no large differences in moisture source and precipitation
between present and future climate.

If in a future climate more or less precipitation over the Mississippi basin occurs, more or

less moisture will be tracked. Therefore, we normalize the absolute sources with precipi-

[\ OEm dA
[ 4 OPdA

and season in Figure 4.5, and the robustness with 95% confidence intervals obtained after

tation over the Mississippi basin ( ) and show the relative contribution per region
bootstrapping (Efron and Tibshirani, 1994) the monthly average sources over the regions.
We also show the yearly averaged relative contribution of all land regions and all ocean
regions, and thereby we include the yearly average relative moisture sources which leave
the domain over the four boundaries (North, East, South, West).

Averaged over all seasons (Figure 4.5f and 4.5g and Table 4.1), we find a significant
decrease of relative moisture sources over land from 33% in present climate to 27% in a
future climate. The relative contribution of oceanic moistures sources slightly increases
from 44% to 47% (Figure 4.5g). The rest of the moisture is transported out of the domain.
If we focus on the different seasons (Figure 4.5), we find that in DJF and MAM the relative
moisture source contribution from the Gulf of Mexico and Gulf of California (Pacific)
is slightly increased. These slight increases in moisture sources over the ocean lead to
an increase in precipitation over the Mississippi basin. The contribution of terrestrial
moisture sources over land is declined for all seasons. For the continental areas outside
the Mississippi basin this decrease can be mostly attributed to MAM and JJA, and for
a lesser extent to DJF. For the Mississippi basin the largest decline in relative moisture
source is found in MAM and JJA.

A different way to show the contribution of sources over land (Mississippi basin) to pre-
cipitation over the Mississippi basin is the evaporation recycling ratio. Figure 4.6 shows
the monthly-averaged evaporation recycling ratio, as defined in Equation (4.1), for the
present and future climate. This evaporation recycling ratio is not directly comparable to
the recycled precipitation fractions mentioned in the Introduction, which are determined
using forward moisture tracking. We find a lower yearly averaged evaporation recycling
ratio in future (0.12) compared to present (0.14). For both periods, we find larger evap-
oration recycling ratios in summer compared to winter. In summer, land evaporation
is highest and triggers local convective precipitation, and therefore recycling of moisture
within the basin, while in winter relatively more moisture is advected into the Mississippi
basin. In the simulations of future climate, we find that the evaporation recycling ra-
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Table 4.1: Relative contribution of moisture sources per region contributing to precipitation
over the Mississippi basin [%)] from EC-Earth averaged over 30 years (6 members from 2002-
2006 for present climate and 6 members from 2094-2098 for future climate).

Relative source in % EC-Earth pr  EC-Earth fu
6 x 2002-2006 6 x 2094-2098
Terrestrial Mississippi basin 13.2 10.9
Continental (not Mississippi) 20.0 16.4
Oceanic Atlantic 8.1 8.1
Gulf of Mexico/Caribbean 14.5 15.5
Pacific 21.6 23.1
Outflux over boundaries East 5.2 5.6
West 13.4 15.9
North 0.3 0.4
South 3.6 3.8

tios are significantly lower in April to July and October compared to present conditions,
consistent with our previous results (Figure 4.5).

There are two hypotheses that can explain the decrease in (relative) terrestrial moisture
source over land. Either there is less moisture to evaporate over land (drier soils in a future
climate), or the evaporated water rains out downstream of the Mississippi basin. For the
first hypothesis, we expect less evaporation in a future climate in the months (JJA) where
the moisture source over land has decreased. We do find a decrease in evaporation in JJA
over the Mississippi basin (a decrease of 0.92 mm month™ averaged over the basin), but
this decrease is smaller than the decrease in moisture source over the Mississippi basin
(3.39 mm month™!). Therefore, the decrease in evaporation cannot explain the decrease
in moisture source.

To evaluate the second hypothesis, we use forward tracking to determine the precipitation
sinks related to the land region where we find a decrease in JJA moisture source (southwest
Mississippi basin and southwest of the Mississippi basin, see Fig. 4.4i). We performed
forward tracking from May to September, as these are the months during which we find
the (largest) decrease in moisture source from land. Figure 4.7 shows the precipitation
sinks, for both present and future climate, and the difference between future and present.
We find a decrease in tracked precipitation south of 40° north, which was also found
in the spatial changes of precipitation in Figure 4.3d. We also find a small increase in
tracked precipitation in the north within the Mississippi basin and north of the river
basin, and also in the region of Florida (Figure 4.7f). This can be related to an increase
in the moisture fluxes over mid North America in the future (integrated moisture fluxes
indicated with arrows in Figure 4.7def). We also find an increase in southerly winds at
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Figure 4.5: Relative contribution of moisture sources per region contributing to precipita-
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included as subplot titles in Fig. 4.4. The moisture source contribution per region is shown
for each season (DJF, MAM, JJA and SON) for present and future climate from EC-Earth.
The area covering the Gulf of Mexico and Caribbean is indicated in Figure 4.1. We also show
the yearly average relative contribution for (f) all land and (g) all oceans and the fluxes over
the boundaries of the domain for North-East-South-West from black to white colors. These
numbers are also presented in Table 4.1. The errorbars indicate the 95% confidence intervals
after bootstrapping the monthly averages.
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Figure 4.6: The monthly averaged evaporation recycling ratio €, =

indicate the 95% confidence intervals after bootstrapping the monthly average ratios.

10m and at 850 hPa in the same area in the future (not shown), indicating a strengthening
of the circulation in the summer. The Great Plains LLJ is the most important moisture
transport mechanism in summer in mid North America, and previous studies reported a
strengthening of the Great Plains LLJ because of a westward shift of the Bermuda high
in April-May-June in the future (Cook et al., 2008; Seager et al., 2014). To summarize,
our second hypothesis is confirmed as we find that more moisture is transported out of
the river basin in the future.

4.5 Discussion on methodology

We used the Eulerian water tracking model WAM-2layers (Van der Ent et al., 2010, 2014)
to determine the moisture sources of the Mississippi basin. There are also other ap-
proaches to determine the moisture sources of a region, such as online water vapor tracers
(Knoche and Kunstmann, 2013; Singh et al., 2016) and Lagrangian tracking (Stohl and
James, 2005; Sodemann et al., 2008; Dirmeyer and Brubaker, 2007). Online tracking will
provide the most realistic moisture sources as the tracking is performed on full model
resolution, but it is computationally very expensive and backward tracking is impossible.
The performance of offline Lagrangian tracking depends on the amount of parcels that
are tracked, which relates to the computational expense of the tracking, with longer time
series being computationally more expensive. This is also the case for Eulerian track-
ing. In the study by Van der Ent and Savenije (2013) the three approaches mentioned
were compared for moisture recycling over the Volta region (West Africa). They found
only one percent difference in recycling ratio determined with the online method and
the WAM-2layers method with ERA-Interim data (Table 2 in Van der Ent and Savenije
2013). We show in Chapter 2 that WAM-2layers can also be applied to global climate
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Figure 4.7: Forward tracking of the May-September evaporation over the tracked subdomain
(107° to 95° west, 25° to 40° north, land-only) for a) present, b) future and ¢) A fu-pr. The
monthly area-averaged evaporation over the tracked domain is indicated in the titles in mm
month™'. Lower figures show in shading the tracked precipitation P,, and in arrows the
moisture fluxes for d) present, e) future and f) A fu-pr. The arrows indicate the integrated
moisture fluxes over the whole atmosphere.

simulations with higher horizontal resolution, but less information in the vertical, com-
pared to ERA-Interim (Table 2.1 in Chapter 2). By performing a spline interpolation on
the moisture fluxes we found an overall better representation of the seasonally varying
Great Plains LLJ. We conclude that an Eulerian approach is an appropriate method to
perform moisture tracking for climate simulations, over longer time periods (2 x 30 years),
and over a large region (North America) using high-resolution data. Nevertheless, a com-
parison of moisture sources determined with different datasets and tracking approaches
is recommended, for example such as done by Hoyos et al. (2018).

The horizontal resolution of the data used here is ~ 25 km, and there are only a few climate
models which have run simulations for both present and future climate at such a high
spatial resolution, and for a time period of 30 years (Murakami et al., 2015). However,
for present climate only, studies have been performed at such high resolution to assess the
atmospheric water transport, however without moisture tracking. Demory et al. (2014)
found an increase in transport of water from oceans to land with higher spatial resolution
simulations (from 135 to 25 km and from 270 to 60 km), as more precipitation will occur
over land than over the ocean, indicating that the partitioning of moisture sources changes
from local to more non-local moisture sources. Nevertheless, in spectral models such as
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EC-Earth, it was found that the moisture advection to land increases less with resolution
(Vanniere et al., 2018). We use similar high resolution simulations as the study from De-
mory et al. (2014) and Vanniere et al. (2018) but expand the sensitivity of the moisture
sources towards the future for the Mississippi basin, concluding that moisture sources over
the ocean increase and moisture sources over land decrease. This indicates that both in-
creased spatial resolution, as well as future projections, will lead to an increase in moisture
transport from oceans to land, affecting the water resources of river basins. Findell et al.
(2019) performed moisture tracking on low resolution earth system model simulations of
historical and future climate and found also an increase in oceanic sources resulting in
continental precipitation. The robustness of this increase in oceanic sources can be as-
sessed when more high-resolution simulations for future climate are available, for example
within the Horizon 2020 project PRIMAVERA (https://www.primavera-h2020.eu/)
and the CMIP6-endorsed HighResMIP (Haarsma et al., 2016).

The results presented in this study are based on one model and 30-years of simulations for
both present and future climate. Due to this finite length we do not study multi-decadal
variabilities, but focus instead on the mean change in moisture sources under climate
change.

The EC-Earth model is constrained with sea surface temperature, limiting the variability
of the simulations. While we capture some inter-annual variability (6 x 5 years), we do not
analyse this in detail. From previous studies we know that the moisture sources and/or
regional recycling can differ substantially from year to year (Dirmeyer and Brubaker,
1999; Bosilovich and Schubert, 2001), and that multi-decadal and inter-decadal (such as
El Nifio) variability can produce large variations in the precipitation over the Mississippi
basin. It would be of interest to further study the variability in moisture sources in com-
bination with these large-scale inter-annual variations, to better predict and project the
moisture sources of the Mississippi. However to do so, longer simulations and more ensem-
bles are needed, which are currently unavailable at the spatial resolution of our dataset.
Simulations covering a longer time period can also be used to understand moisture sources
under extreme or compound events (such as compound fluvial and coastal flooding), and
especially how these sources of extreme events are affected by climate change. Lastly,
although this study focuses on the moisture sources of the Mississippi basin, the method-
ology used in this study can also be applied to other regions of interest.

4.6 Summary and conclusions

We study the changes in moisture sources, resulting in precipitation over the Mississippi
basin, under climate change. To do so, we make use of a set of high spatial resolution
(~25 km) simulations of 30-year present and 30-year future climate from EC-Earth. We
use the output of one climate model and only focus on the mean change towards the
future.
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We first validate precipitation and evaporation from EC-Earth with model simulations
and observations. Evaporation from EC-Earth falls within the variability of CMIP5 model
mean simulations, where precipitation from EC-Earth is positively biased in spring. Sec-
ondly, we study the local spatial changes of evaporation, relative humidity and precipi-
tation over North America under climate change (Figure 4.3). Evaporation is increasing
over large parts of the domain, and especially over the southern part of the oceans. This
increase is related to an increase in SST and an almost constant relative humidity. In
summer, we find a decrease in evaporation over southwest North America, probably be-
cause of drier soils. This also results in lower relative humidity and less precipitation in
this region. Precipitation over the Mississippi basin increases towards the future in winter
and decreases in summer (Figure 4.2 and 4.3).

Thirdly, we determine the moisture sources of the Mississippi basin under present and
future climate conditions using an adapted version of the Eulerian WAM-2layers tracking
model which fits the EC-Earth climate simulations, and which was validated using ERA-
Interim reanalysis data (Table 2.1 in Chapter 2). Averaged over the 30 years of present
climate, we find a contribution of moisture sources from continental (land) origin of 33%
and from oceanic origin of 44%, where the rest is transported out of the domain. The most
important continental moisture sources are the sources within the Mississippi basin itself
and the continental area southwest of the basin. The most important oceanic sources
are the Pacific and Gulf of Mexico and Caribbean (Figure 4.4 and 4.8). The sources
are seasonally varying, with more recycling of moisture within the river basin in summer
and more transport of moisture from the ocean towards the Mississippi basin in winter.
In the future, the moisture source contribution from oceanic origin increases from 44%
to 47%, and the contribution from continental origin decreases from 33% to 27%. The
increase in moisture source from the ocean is small and mainly found in winter (higher
SST leads to higher evaporation rates), especially over the Gulf of Mexico, and results in
more precipitation over the Mississippi basin in winter (Figure 4.4). In summer, we find
a significant decrease in moisture sources from the basin itself (i.e. lower recycling ratios
within the basin, Figure 4.6) and from the continental areas outside the basin (Figure
4.8), although precipitation is not decreasing. We find that higher moisture fluxes over
mid North America in the future result in a larger transport of moisture outside of the
basin.

We conclude that the moisture sources of the Mississippi basin in the future 1) enhance
over the oceans in winter, resulting in more future winter precipitation and 2) show a rel-
ative decline over terrestrial areas in summer, indicating that land-surface properties will
have relatively less impact on precipitation over the Mississippi basin in the future.
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Figure 4.8: Mean annual moisture transport to the Mississippi basin indicated with arrows
(drawn to scale). The arrow indicates if the origin is oceanic (white) or continental (green).
The barplots indicate the relative contribution of evaporation to precipitation over the Mis-
sissippi basin for present (pr), future (fu), and the difference between present and future (A
fu-pr). The numbers in these figures are also given in Table 4.1. The differences between
present and future are significant for the terrestrial sources, but not significant for the oceanic

sources.
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Chapter 5 Moisture sources of the Rhine basin in summer 2003 and 2018

Droughts can be studied from an atmospheric perspective by analysing large-scale
dynamics and thermodynamics, 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 ERAS5 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 ad-
vection 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 indicat-
ing 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.
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5.1 Introduction

Drought is a multidisciplinary 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., 2007b; Schér
and Jendritzky, 2004). During the dry summer of 2018 52% of the agricultural region
over western Europe suffered from severe-to-extreme drought (Toreti et al., 2019).

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 meteorolog-
ical view on drought is a lack of (or less-than-normal) precipitation, 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 perspectives. Where a hydrologist probably focuses on a river catchment, 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. 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., 2001, 2004), 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), land-atmosphere interactions (Ferranti
and Viterbo, 2006; Fischer et al., 2007b), and future projections (Beniston, 2004; Schar
and Jendritzky, 2004; Stott et al., 2004; Vogel et al., 2019; Wehrli et al., 2019). Related
to future projections, there is relatively high confidence and understanding in the ther-
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modynamics aspects of drought under climate change (Shepherd, 2014), where increases
in temperatures will result in more heatwaves and droughts in the future (Schér et al.,
2004), as is also concluded specifically for the 2018 drought (Vogel et al., 2019; Wehrli
et al., 2019). 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 temper-
ature 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 aspects of droughts need further investigation, starting with under-
standing 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 circu-
lation and the land-atmosphere interactions. Such an event-approach is consistent with
developing physical storyline approaches (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.

The objectives of this study are to (I) characterize and compare the 2003 and 2018 summer
droughts in the Rhine basin in terms of moistures 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.

5.2 Methodology

5.2.1 ERAS5 data

We use the latest reanalysis dataset ERA5 data (Hersbach et al., 2020) from the European
Centre for Medium Range Weather Forecast (ECMWF). The dataset is described in
Chapter 2. We obtain specific humidity and zonal and meridional wind at multiple levels
in the atmosphere (850, 700, 500, 300, 200 hPa; Table 5.1). Further, we obtain zonal and
meridional wind, precipitation, evaporation, surface pressure, and dewpoint temperature
at or near the surface (Table 5.1). We use dewpoint temperature and surface pressure to
obtain specific humidity at the surface. Further characteristics of the obtained variables
are given in Table 5.1. We obtain the variables from 1979 until 2018 (40 years) over the
following domain: 10° to 75° N, and -105° E to 30° W (Figure 5.1).
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Table 5.1: Obtained variables from ERAS, including the levels in the atmosphere, time step

and unit.

Variable Level(s) in the atmosphere Time step Unit
Zonal (east-west) wind u 10m + 850, 700, 500, 300, 200 hPa 6-hourly — m st
Meridional (north-south) wind v 10m + 850, 700, 500, 300, 200 hPa  6-hourly =~ m s7!
Specific humidity ¢ 850, 700, 500, 300, 200 hPa 6-hourly kg kg™!
Evaporation E Surface hourly m
Precipitation P Surface hourly m
Surface pressure pg Surface 6-hourly  Pa
Dewpoint temperature Ty 2m 6-hourly K

5.2.2 Theory and tracking method WAM-2layers

To determine the moisture sources of the Rhine basin we use the Eulerian moisture track-
ing method Water Accounting Model on 2-layers (WAM-2layers; Van der Ent et al. 2010,
2014). More details on this model are given in Chapter 2. Here, we use the adapted
version of WAM-2layers to determine the moisture sources of the Rhine basin with ERA5
data on five pressure levels. The validation to perform tracking with atmospheric data
on five pressure levels instead of multiple model levels is provided in Chapter 2.

We tracked precipitation falling in the Rhine basin back in time during May-June-July-
August. The model runs with a time step of six minutes over the same domain as the
variables were obtained: 10° to 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 (Piecal), versus the total amount of precipitation occurring in a basin
(P = Piocal + Padvected)- Thereby we assume that on monthly timescales almost all tracked
evaporation within the basin results in local precipitation, the implications of these as-
sumptions are in the discussion section. Hence the precipitation recycling ratio is defined
as:

[ EmdA

pr [, PdA

where A is the area of the Rhine basin.

5.2.3 Experimental set-up

The analyses are focused on the Rhine basin, indicated in Figure 5.1, and on the Northern
Hemisphere summer period, here defined as May-June-July-August. We perform the
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80°wW 50°W 20°wW 10°E

Figure 5.1: Domain on which we perform the tracking, with the defined continental regions
(America, Africa, western Europe, Rhine basin, eastern Europe) and oceanic regions (tropical,
extratropical, high latitudes, 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.

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 time
series 1979-2018. We analyse monthly averaged daily observed discharge at Lobith (Rijk-
swaterstaat). 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 ERA5
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 time series, and we visualise one standard
deviation around the climatological values.

Second, absolute moisture sources in mm month™! are visualised spatially, together with
the 500 hPa geopotential height obtained from ERA5. We also show anomalies compared
to climatology (summers 1979-2018). Normalized moisture sources (absolute moisture
sources divided by the amount of precipitation occurring over the basin) are shown aver-
aged over May-June-July-August and averaged over different regions. These regions are
either continental or oceanic (Figure 5.1): high latitude ocean (north of 60° N), extrat-
ropical ocean (between 30° and 60° N), tropical ocean (south of 30° N), Mediterranean
Sea, America, Africa, western Europe (west of 10° E) and eastern Europe (east of 10°

Third, to further explore the results of the moisture sources, we take one step back and
further analyse the moisture fluxes (F, and Fy) over the boundaries of the Rhine basin.
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We simplified the boundaries of the catchment with a box (47° to 52° N and 5° to 12° W;
Figure 5.1), 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 (¢’) 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 (ug) 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 = (uc+u') - (qe+q’) =ucqec+u'qe +ucq +u'q’ (5.2)

Where ug is the hourly flux in 2003 and 2018, u, and ¢, are the climatological monthly
means, and #’ 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 latitude (47° to 52° N) and height (900, 850, 700 and 500 hPa) along
the boundary:

(ug) = ((uc+u') - (qe +q')) = (ucqe) + 'qe) + (ucq’) + W'q’) (5.3)

Rewriting gives:

(uqy — (ucqe) = (W'qe) + (ueq’y + (u'q") (5.4)

where the left hand side (LHS) indicates the total anomaly of a specific year and month
over the boundary (ug) compared to the climatology (u.q.), and the right hand side
(RHS) the contributions to the total anomaly from anomalies in wind (u’q.), moisture
(ucq’y, and combined wind and moisture {u’q’).

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

va) = (veqe) = (V'ge) + (ved') + (vV'q") (5.5)

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’).
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Figure 5.2: May-June-July-August averages of precipitation over the Rhine basin in mm
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5.3 Quantifying the 2003 and 2018 summer
droughts

Averaged over the Rhine basin, the summers of 2003 and 2018 have the lowest amount of
precipitation of the last 40 years (Figure 5.2). More precisely, the monthly average pre-
cipitation 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, we find a return time of 20 and 40 years, for respec-
tively the summer of 2003 and 2018. We find an expected, positive correlation between
precipitation over the Rhine basin and discharge at Lobith, with a correlation coefficient
of 0.64. This correlation likely increases if evaporation is subtracted from precipitation,
according to the hydrological water balance. The average discharge in Lobith over MJJA
in 2018 (1501 m?® s7!) and 2003 (1419 m? s71) falls within the range of two standard
deviations from the mean (2103 m3 s7!). Lowest discharge averaged over four summer
months occurred in 2011. In 2003 and 2018, high temperatures presumably also resulted
in more snow melt from the Alps and therefore less exceptional values for discharge as we
found for precipitation. However, later in the season exceptionally low discharges of 810
m? s7! occurred in October to November 2018, compared to a climatology of 1809 m3
s~ in October to 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 (1214 m3 s7) compared to the mean.
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5.3.1 Month-to month description of dry summer 2003

Figure 5.3 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 9500 m> s~!, precipitation in the winter of 2003
was already quite dry, except for the beginning of February (Figure 5.3b). 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. 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.

5.3.2 Month-to month description of dry summer 2018

The winter of 2018 started with daily precipitation rates above 5 mm day~! (Figure 5.3b),
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 incom-
ing radiation and therefore higher evaporation rates. The latter is clearly visible from
Figure 5.3a with in May 2018 daily evaporation rates above one standard deviation from
the climatology. Similarly, though opposite, less precipitation occurred from May on-
wards. 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 climatol-
ogy, especially and consistently in July and August (Figure 5.3). 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.
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Figure 5.3: a) Evaporation and b) precipitation over the Rhine basin and over time in mm
day~! 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 ERAS reanalysis
data. The green shading indicates one standard deviation of the 20-day smoothed window.

5.4 Moisture sources during the summer of 2003 and
2018

The climatological moisture sources (averaged over 40 years) for the months May, June,
July and August are shown in the left column of Figure 5.4, together with the geopotential
at 500 hPa in meter, and the integrated moisture fluxes derived from the tracking model
WAM-2layers. The amount of precipitation over the Rhine basin is indicated in the sub-
titles. Figure 5.6 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
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and extra tropical North Atlantic (between 30° and 60° N) region results in about 50%
of the precipitation in the Rhine basin (Figure 5.6). Much smaller ocean contributions
(~1-5%) come from the polar North Atlantic and Mediterranean 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™) 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 (Figure 5.3). The
recycling of precipitation is around 8% in summer over the Rhine basin, and much lower
in winter. When analysing the climatological moisture sources per summer month, only
small differences between months appear, while the overall pattern is similar.

5.4.1 Description of the monthly moisture sources in 2003 compared to cli-
matology

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 Figure 5.2). Here, we
discuss the moisture sources of the dry summer of 2003 (absolute sources in middle column
and anomalies in right column Figure 5.4) 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 Figure 5.6 for 2003.

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 Ger-
many towards the Baltic States. In this month, higher than normal pressure occurred
over southern and eastern Europe and lower than normal pressure over Iceland (Fig-
ure 5.4c¢), 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 pres-
sure over the Iberian peninsula ‘blocks’ the moisture transport 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 Eu-
rope, with lower than normal pressure over the ocean and higher pressure over the con-
tinent, indicating an Atlantic Low weather regime (Cassou et al., 2005). The high pres-
sure system over the Rhine basin induces a strong anti-cyclonic transport of moisture
around/northward of the Rhine basin (Figure 5.4e 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 mois-
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ture 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 (Figure 5.6).

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 (I 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™!) compared to the climatology (97.3 mm month™!). In this month we find
lower moisture fluxes and the hypothesized dry soils could still persist. This is further
discussed in Section 5.5.2 on the connection between recycling and precipitation within
the basin.

5.4.2 Description of the monthly moisture sources in 2018 compared to cli-
matology

In the second column of Figure 5.5 we show the absolute moisture sources 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 Figure 5.6 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
(Figure 5.5b and c). From the normalized moisture sources (Figure 5.6), 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 Figure 5.5b and ¢, 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 enhancement of the anti-cyclonic
flow from eastern Europe towards the Rhine.
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Figure 5.4: Absolute moisture sources (colours, mm month™') and vertically integrated
moisture fluxes for May June July and August for the climatology (1979-2018), and 2003.
The anomalous moisture sources are zoomed on the Rhine basin and the 500 hPa geopotential
height anomalies (m) are also shown. Titles show the average precipitation over the Rhine

basin in mm month~!.
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In June 2018 the high-pressure system persisted and expanded over the United Kingdom
and Ireland (Figure 5.5f). The absolute moisture source anomalies show a similar pattern
as in May 2018, with a negative anomaly west of the Rhine basin (Figure 5.5f), 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 (Figure 5.6), where the contribution of June 2018 falls outside one stan-
dard deviation of the distribution. 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 anomalously low precipitation in the Rhine
in June 2018 (~70 mm month™!) compared to the climatology (102 mm month™).

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 (Figure 5.5h). 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. 5.5i. 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 eastward 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™' (not shown),
indicating dry soils.
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a) May climat. ~ 103.19 mm month=* b) May 2018 96.21 mm month~! c) Anomaly May 2018
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Figure 5.5: Absolute moisture sources (colours, mm month™') and vertically integrated
moisture fluxes for May June July and August for the climatology (1979-2018), and 2018.
The anomalous moisture sources are zoomed on the Rhine basin and the 500 hPa geopotential
height anomalies (m) are also shown. In the titles we indicate the average precipitation over
the Rhine basin in mm month~!.
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Figure 5.6: Normalized moisture source contribution averaged over 40-years per ocean region
(upper plot) and land region (lower plot) for the months May, June, July and August. The
error bars indicate one standard deviation around the mean. Normalized moisture sources for
2003 and 2018 are indicated with orange and purple crosses. Regions are indicated in Figure
5.1

5.4.3 Mechanisms of anomalous moisture fluxes — effects of wind and humid-
ity
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 (Figure 5.4 to 5.6). 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 methodology, 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 5.2, and
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the meridional moisture fluxes in Table 5.3 (LHS of Equation 5.4 and 5.5). The total
anomalies in 2003 and 2018, and the different anomalies contributing are shown in Figure
5.7 and 5.8.

We find that in May, June, July and August the climatological zonal moisture fluxes
increase over the course of summer from 8.55 and 6.34 kg kg™' m s™! in May to 22.25 and
18.78 kg kg™! m s7! 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 climatological meridional (north-south) moisture fluxes
(Table 5.3), are much smaller than the zonal moisture fluxes (Table 5.2), as the flow is
predominantly westerly. The largest meridional fluxes are found in May and August, and
the meridional fluxes over the northern boundary are always 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
Figure 5.4b). Nevertheless, there is still divergence of moisture within the marked region,
as the flux over the north boundary is remarkably large as well (see next Section). The
anomalous zonal moisture flux is a result of anomalous zonal wind (green bar Figure 5.7a
and 5.7b). 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 (Figure 5.4c) all moisture is transported north-
wards 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
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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 nega-
tive 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, re-
sulting in large divergence of moisture 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 Scandinavian 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 (Figure 5.8c and d).

Overall, we can see from the absolute and normalized moisture sources, that the behavior
of the dry summer 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 east-
wards, 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 summer 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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Table 5.2: Climatological moisture flux (u.qg.) and moisture flux occurring in 2003

(u2003q2003) and 2018 (u2018g2018) averaged over month and boundary (east and west) in kg
kg™! m s7'. These are the components of the LHS of Equation 5.4, when subtracted resulting

in the yellow bars in Figure 5.7.

(Ucqe) (u200392003)  (U2018¢2018)
west east  west east  west east
May 855 6.34 19.19 1216 -7.53 -12.66
June 16.15 15.04 22.62 18.67 -0.42 3.19
July 21.44 19.54 22,63 1745 484 5.18
August 22.25 18.78 13.76 18.53 19.52 12.25
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Figure 5.7: Contribution of anomaly in zonal wind (u’q.), humidity (u.q’) and both (u’q’)
to the monthly anomaly of (c-d) 2018 and (a-b) 2003 compared to the climatology of 1979-
2018. Flux contributions are shown for the western (a,c) and eastern boundary (b,d), and all

four summer months. Location of the boundaries is shown in Figure 5.1.
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Table 5.3:

Climatological moisture flux (v.q.) and moisture flux occurring in 2003

(va003q2003) and 2018 (vap18g2018) averaged over month and boundary (north and south) in kg

kg™! m s7'. These are the components of the LHS of Equation 5.5, when subtracted resulting

in the yellow bars in Figure 5.8.

(Veqe) (v200392003)  {Vv201892018)

north south north south mnorth south
May 3.84 268 1241 4.08 493 -0.33
June 1.03 074 736 124 -6.21 -6.17
July 2.04 1.0 797 052 -3.46 -5.16
August 4.99 234 -345 -093 994 -0.33
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Figure 5.8: Contribution of anomaly in zonal wind (v’q.), humidity (v.q’) and both (v'q’) to
the monthly anomaly of (c-d) 2018 and (a-b) 2003 compared to the climatology of 1979-2018.
Flux contributions are shown for the northern (a,c) and southern boundary (b,d), and all four

summer months. Location of the boundaries is shown in Figure 5.1.
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5.5 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 pre-
cipitation in relation to large-scale synoptics (Section 5.5.1) and local moisture recycling
(Section 5.5.2).

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

Figure 5.9 shows the correlation per grid cell between monthly anomalies of geopotential
height at 500 hPa (Z500) and monthly precipitation time series over the Rhine basin. The
correlation is performed for summer months May, June, July and August for the entire
40-year time series. 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 (Figure 5.9a), 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
correlations 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 Figure 5.9a clearly resembles the positive phase of the
summer North Atlantic Oscillation (NAO), sometimes also called “Blocking” pattern.
This summer NAQ, is one of the four weather regimes 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). From a hydrological point
of view, Fleig et al. (2011) shows that high-pressure systems centred over respective regions
in western Europe were frequently associated with droughts in daily streamflow.

Around western Europe, we find a wave like pattern in the correlation, with positive
correlations over southeast Greenland and the Labrador Sea and negative correlations
over northeast North America (Figure 5.9a). Furthermore, there are positive correla-
tions over the Mediterranean 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 condi-
tions, 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 (Korn-
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huber et al., 2019; Petoukhov et al., 2013). In addition, Drouard and Woollings (2018)
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.

The correlation pattern in Figure 5.9a 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 comparison, we show the Z500 anomalies during the dry summers
2003 and 2018 (Figure 5.9b and 5.9¢). 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 (Figure 5.9a). Or differently phrased, is
the Z500 anomaly during the 40 years on the location where it reduces the precipitation
over the Rhine basin? The results are shown per summer in Figure 5.10.

From comparing Figure 5.9a and 5.9c, 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 (Figure 5.10). This correlation for 2018 is highest in the 40-year time series,
indicating the exceptional conditions for a dry summer. In addition, when performing
the correlation per month (not shown), all months show a positive correlation, 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 displacement 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 (Figure 5.10), 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 (Z500 anomalies for 1992, 1989 and 1994 not shown).

5.5.2 Inter-annual variability in Rhine precipitation related to moisture re-
cycling

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
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Figure 5.9: 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.
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Figure 5.10: Pattern correlation of the pattern in Figure 5.9a (correlation of precipitation

Rhine with Z500 anomaly) with the Z500 anomalies averaged over MJJA per year, with an

orange and purple circle for respectively 2003 and 2018.
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in the basin itself, over total precipitation. Differently formulated; the amount of locally
generated precipitation in a region versus the total precipitation (locally generated pre-
cipitation and precipitation due to convergence of moisture fluxes by the large-scale flow)
in a region. In the summer period this ratio is higher compared to winter, as more evap-
oration over land takes place in summer, thus the local contribution to precipitation in
the Rhine basin is higher. Precipitation recycling indicates the dependence of a basin on
its local processes, and thus the local land-atmosphere interactions.

In Figure 5.11 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. Additionally, 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 precipitation recycling ratio. If only the amount of local precipitation
decreases, 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 5.2) 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 Figure 5.11). 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 (Figure 5.5), 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 Figure 5.5k) resulting in a similar precipitation recycling ratio as
in the climatology.

102



5.5 Inter-annual variability

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 com-
pared 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 (Figure 5.11).
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 Mississippi 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; Dirmeyer and Brubaker,
1999). Intuitively, it makes sense that more moisture inflow into a region is blocked dur-
ing 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), indicating the importance of land-atmosphere feedbacks.
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Figure 5.11: 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.
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Chapter 5 Moisture sources of the Rhine basin in summer 2003 and 2018

5.6 Discussion on methodology

To determine the moisture sources of the Rhine basin over a long time period, we use
the new re-analysis dataset ERA5 and an adapted version of the Eulerian moisture track-
ing model WAM-2layers. The ERA5 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. The performance of ERAS
in simulating precipitation over the Rhine basin is not studied in detail, yet Beck et al.
(2019) found that ERA5 performed remarkably better in representing precipitation and
land surface variables linked to the terrestrial hydrological cycle (Albergel et al., 2018; ?)
across North America compared to the previous re-analysis dataset ERA-Interim. 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., 2020). 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.
As the tracking is performed on a limited domain (shown in Figure 5.1), 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., 2020;
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.

5.7 Conclusions and outlook

We studied the similarities and differences in the drought of the summer 2003 and 2018
in terms of Rhine’s moisture sources. By analysing moisture sources, evaporative regions
which result in precipitation over the Rhine basin, we could study both large-scale pro-
cesses as local land-atmosphere interactions, and both dynamics and thermodynamics.
We determined the moisture sources of the Rhine basin from 1979 to 2018 with a focus
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on May, June, July and August using ERA5 reanalysis data and an adapted version of
the Eulerian moisture tracking model WAM-2layers (Benedict et al., 2020; 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 (Figure 5.6).

The droughts of 2003 and 2018 stand out as the driest summers in the 40-year time series
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 normalized contributions
are different between the two years (Figure 5.6). The anomalous moisture fluxes over
the boundaries of the Rhine basin in 2003 and 2018 are a result of anomalies in wind,
thus anomalous dynamics (Figure 5.7 and 5.8). 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 conditions to result in dry conditions over the Rhine basin, while
this is to a lesser extent the case for 2003 (Figure 5.9 and 5.10). When focusing on land-
atmosphere interactions, 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 recycling. 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., 2007b).

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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Chapter 6 Effect of model resolution on simulating the hydrological cycle

To study the global hydrological cycle and its response to a changing climate, we
rely on global climate models (GCMs) and global hydrological models (GHMs).
The spatial resolution of these models is restricted by computational resources and
therefore limits the processes and level of detail that can be resolved. Increase in
computer power therefore permits increase in resolution, but it is an open ques-
tion where this resolution is invested best: in the GCM or GHM. In this study, we
evaluated the benefits of increased resolution, without modifying the representation
of physical processes in the models. By doing so, we can evaluate the benefits of
resolution alone. We assess and compare the benefits of an increased resolution for
a GCM and a GHM for two basins with long observational records; the Rhine and
Mississippi basins. Increasing the resolution of a GCM (1.125° to 0.25°) results in an
improved precipitation budget over the Rhine basin, attributed to a more realistic
large-scale circulation. These improvements with increased resolution are not found
for the Mississippi basin, possibly because precipitation is strongly dependent on
the representation of still unresolved convective processes.Increasing the resolution
of the GCM improved the simulations of the monthly averaged discharge for the
Rhine, but did not improve the representation of extreme streamflow events. For
the Mississippi basin, no substantial differences in precipitation and discharge were
found between the two resolutions input GCM and the two resolutions GHM. In-
creasing the resolution of parameters describing vegetation and orography in the
high resolution GHM (from 0.5° to 0.05°) shows no significant differences in dis-
charge for both basins. A straightforward resolution increase in the GHM is thus
most likely not the best method to improve discharge predictions, which emphasizes
the need for better representation of processes and improved parameterizations that
go hand in hand with resolution increase in a GHM.
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6.1 Introduction

Hydrometeorological extremes present a combination of atmospheric and hydrological
processes. On a global scale, these processes are simulated by forcing global hydrological
models (GHMs) with global climate models (GCMs). With these, we can forecast and
generate future projections of the hydrological cycle and its extremes. However, the spa-
tial resolution of climate and hydrological models limits the details that can be resolved in
a numerical simulation. With higher spatial resolution, and therefore better resolved flows
and better represented landscapes, we expect more accurate results when modelling the
impact of climate on hydrological processes. However, computer capabilities are limited.
Currently, the common horizontal resolution of GCMs in the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) is around 150 km (Taylor et al., 2012b). For GHMs
in the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP), this resolution is
around 50 km (Haddeland et al., 2011; Schellekens et al., 2016; Beck et al., 2016).

To improve the detail level at catchment scale, it is a dilemma whether to use high resolu-
tion global models or regional downscaling. High resolution global climate models lead to
better resolved large-scale processes (Scaife et al., 2011; Jung et al., 2012; Demory et al.,
2014; Hodges et al., 2011), cyclones (Strachan et al., 2013; Manganello et al., 2012) and
more pronounced small-scale extremes. For hydrological modelling, an increase in resolu-
tion leads to improved spatial representation of topography, soil, and vegetation (Wood
et al., 2011) and therefore can result in more realistic surface runoff and evaporation.
However, increasing the resolution of a GHM also results in increasing unknown, and
often not easily quantifiable, model parameters. This brings in large uncertainties when
modelling hydrology across multiple spatial scales. There are multiple ongoing initiatives
that assess the benefits of global models with very high spatial resolution for both the
atmosphere (High Resolution Model Intercomparison Project; Meehl et al. 2014; Haarsma
et al. 2016), and in hydrology (Wood et al., 2011; Bierkens et al., 2015).

In parallel to the research on global modelling, hydrological studies often use downscaled
weather and climate variables to study regional climate variations and their hydrological
impact (Jacob et al., 2014), as the spatial resolution of a basin can be substantially in-
creased compared to a global model. Although dynamical downscaling has many benefits,
it is not able to reduce biases that are related to errors in large-scale circulation patterns
(Maraun et al., 2017; Van Haren et al., 2015), which are related to the low-resolution
GCMs used as boundary conditions for the downscaled products (Hazeleger et al., 2015;
Fowler et al., 2007; Wood et al., 2004).

Here, we study the effect of resolution in global models on the hydrological cycle at the
basin scale. The hypothesis of this study is that with higher resolution climate and
hydrological models the hydrological cycle will be better simulated. We focus on two
contrasting large river basins, the Rhine and Mississippi basins. To study the effect of
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Global climate model (GCM) Global hydrological model (GHM)
Coarse resolution (120 x 120 km) 3 Coarse resolution (50 x 50 km)
High resolution (25 x 25 km) High resolution (5 x 5 km)

Figure 6.1: Two spatial resolution simulations of the GCM are used to force the GHM with

two different spatial resolutions. Note that this set-up was tested for two large river basins;
the Rhine and Mississippi basins.

an increased spatial resolution, we compare low- and high-resolution simulations of a
global climate model, as well as of a global hydrological model over these two basins.
By comparing all cross-combinations of resolutions (Figure 6.1), we aim to answer our
main research question: what are the benefits of an increased resolution global climate
and global hydrological model is simulating the hydrological cycle over the Rhine and
Mississippi basins?

We analyse three main components of the hydrological cycle: precipitation, evaporation
and discharge. We have chosen the Rhine and Mississippi basins as long measurement
records are available for validation, and because their climatic drivers are different (Figure
6.2), which can contribute to our understanding of the processes resolved with increased
spatial resolution. The precipitation budget of the moderately sized Rhine basin is de-
termined by the mid-latitude storm-track, which is shown to be better represented with
higher resolution models (e.g. Davini et al., 2017a; Van Haren et al., 2015; Zappa et al.,
2013). On the other hand, the precipitation budget of the Mississippi is influenced by
moisture input from multiple drivers; moisture is advected from the Pacific, from the
Caribbean, and from the Gulf of Mexico and extreme precipitation occurs within trop-
ical cyclones (Figure 6.2). In addition, convective precipitation plays an important role
over the Mississippi basin (Iorio et al., 2004). Although the Rhine and Mississippi are
two contrasting basins, they do not represent the full diversity of catchments on a global
scale. It would be computationally too expensive to study more regions.

This Chapter is structured as follows: more details about the basins are given in Chapter
1. In Section 6.2 the models, data and methods are described. We first present the
results for the Rhine basin and thereafter for the Mississippi basin. The methodology of
this study, as well as the broader implications, are discussed in Section 6.5 and we end
with a conclusion and summary (Section 6.6).
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Figure 6.2: Map indicating the Rhine and Mississippi basins, the rivers, the used gauge sta-
tions (Lobith and Vicksburg) and the climatological location of mid-latitude moisture trans-
port (black arrows) and tropical moisture transport (green arrows). Figure adapted from:
http://www.physicalgeography.net/fundamentals/7s.html.

6.2 Data and methodology

6.2.1 Global climate model EC-Earth

We use high resolution experiments (Haarsma et al., 2013) from the state-of-the-art at-
mospheric global climate model EC-Earth V2.3 (Hazeleger et al., 2010, 2012). More infor-
mation on the model is given in Chapter 2. In this study we compare the high resolution
and low resolution simulations of present climate. The high resolution experiments have a
horizontal spectral resolution of T799, which corresponds to 25 km, and 91 vertical levels
(further referred to as high and T799). For comparison in resolution, the same model
simulations are performed with a spectral horizontal resolution of T159, corresponding to
120 km and 62 vertical levels (further referred to as low and T159). The parameteriza-
tion packages of the high and low resolution simulations are the same (Van Haren et al.,
2015). The land-surface characteristics are described in the IFS model documentation
(2007, IF'S Documentation cy31rl, Book Chapter, ECMWF) and are interpolated to the
requested resolutions (T799 and T159). For both resolutions, six members of five years
(2002-2006) are created, resulting in 30 years of data representing present climate. It
should be noted that the fixed boundary conditions (SST and greenhouse forcing) de-
crease the independency of the members and that this research could also be performed
with fewer longer simulations. More information on the experiment and the spin-up can
be found in Chapter 2 and in Haarsma et al. (2013).
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6.2.2 Global hydrological model W3RA

W3RA is the global hydrological model that we use in this study. It is based on the
landscape hydrology component model of the AWRA system (AWRA-L; van Dijk et al.
2013; Van Dijk 2010a,c; Van Dijk and Renzullo 2011). Model details are given in Chapter
2 (Section 2.4.1).

Although W3RA is a global model, in this study we only perform the simulations for the
Rhine and Mississippi basins. We run the model at the original horizontal resolution of
0.5° (~50 km) and at a higher horizontal resolution of 0.05° (~5 km). The parameters
in W3RA at 0.5° resolution are determined with a regionalization approach (Van Dijk,
2010b). The list of parameters can be found in the documentation (Van Dijk, 2010¢). Most
of these parameters are not physically based and are difficult to determine at multiple
spatial scales. To allow a fair comparison between the two model resolutions, we remapped
these parameters from the 0.5° to the 0.05° resolution using area-weighted interpolation.
Our approach is verified by Melsen et al. (2016), who conclude that parameters can to a
large extent be transferred across the spatial resolution (on regional scales from 1 km? to
100 km?). We only make an exception for orography and vegetation, as these parameters
are known at high resolution. Therefore, maps of orography and vegetation (division of
HRU per grid cell) are used at the 0.05° resolution. The model algorithm is not adapted
for the higher resolution.

The resolution of the GHM does not perfectly coincide with the resolution of the GCM
(see Figure 6.1). Therefore, we remap the climate variables in between using closest
distance interpolation. Runoff is translated towards discharge using the wflow routing
scheme (Schellekens, 2012), which is based on the kinematic wave approximation. For the
0.5° resolution GHM, routing is performed at 0.5°. For the 0.05° resolution GHM, routing
is performed at 0.083° as the maps of the river network are available at this resolution
from the PCR-GLOBWB model (Sutanudjaja et al., 2018). We use closest distance
interpolation to remap the runoff data from 0.05° towards 0.083°. For each member, we
perform a spin-up cycle of five years to generate the initial conditions for the simulations
of five years, from which we use the last four years for the analysis. With a soil depth of
5 m, we expect that the land-surface is in equilibrium after 6 years. When using the last
four years of the simulation, hardly any effect of the initial conditions is found (results
not shown). To summarize, we have 24 years of discharge simulations per combination of
resolutions.

6.2.3 Observational datasets for model verification

We use the following datasets (described in Chapter 2) for the verification of precipitation;
the E-OBS dataset version 12.0 (Haylock et al., 2008) at 0.25° from 1985 until 2015
(30 years) and the genRE hourly precipitation dataset (Van Osnabrugge et al., 2017)
(1996-2015) for precipitation comparison over the Rhine basin. For the Mississippi basin,
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the Climate Prediciton Center (CPC) 0.25° Daily US Unified Gauge-Based precipitation
dataset version 1.0 (Higgins and Joyce., 2000) is used from 1985-2015 (30 years). For
the verification of actual evaporation, we use the GLEAM (Global Land Evaporation:
the Amsterdam Methodology) dataset version 3.0a (Martens et al., 2016) from 1985 until
2015 (dataset described in Chapter 2. Daily discharge data for the Rhine at Lobith and
the Mississippi at Vicksburg are obtained from the Global Runoff Data Center (GRDC,
2007) from 1985 until 2015 (30 years).

In addition to the observational datasets, we verify our model results with reanalysis
data from the ECMWEF. ERA-Interim (Dee et al. 2011; further referred to as ERAI), is
used from 1985 up to 2014 (30 years), and model specifications are given in Chapter 2.
ERA-Interim has a spatial resolution of around 80 km and 60 vertical levels (T255L60)
and is based on IFS release Cy31r2 (comparable to Cy31rl used in the EC-Earth simula-
tions), which includes the land-surface TESSEL scheme (Viterbo and Beljaars, 1995). In
addition, the ERA-Interim/Land reanalysis (Balsamo et al., 2013) is shortly addressed,
where precipitation from ERA-Interim is corrected with satellite data and an improved
land-surface scheme H-TESSEL is used (Balsamo et al., 2009). ERA-Interim/Land is only
available until 2010 and therefore we analyse the time series from 1985 until 2010. Lastly,
the ERA20C dataset (Poli et al., 2016) is used for extra verification of the precipitation
budget over the Mississippi (1985-2010). ERA20C is based on IFS cy38rl and performs
the assimilation on fewer variables than ERA-Interim.

6.2.4 Experimental set-up

We use the low and high resolution GCM EC-Earth to force the low and high resolution
GHM W3RA (Figure 6.1). To test the GHM without the uncertainty of a free-running
GCM, we also force the GHM with ERAI data. The forcing of the GHM with the GCM is
illustrated in Figure 6.3. We use the following variables from the GCM: total precipitation
(P), mean sea level pressure (MSL), temperature and dewpoint temperature at 2m (7T and
Ty), wind at 10m (u19 and v1p), and surface solar and thermal radiation (SSR and STR). In
the pre-process phase, potential evaporation (Epot) is calculated using Penman-Monteith
(Monteith et al., 1965). Then we use potential evaporation, precipitation, temperature,
mean sea level pressure and wind to force the GHM. We do not perform a bias correction
on the GCM output.

In this study, we analyse the three main components of the hydrological cycle: precipita-
tion, evaporation and discharge. First, we analyse precipitation from the GCM, because
it is the main and most uncertain forcing variable for hydrological applications (Biemans
et al., 2009; Fekete et al., 2004). To get a first impression, we compare simulated and
observed spatial distributions of 30-year average daily precipitation sums over the basins.
Figure 6.2 indicates the basin areas. With the monthly averages of basin averaged precip-
itation, we compare the seasonal cycle of the observations with the two resolution GCMs
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P,MSL, T, Ty, P, T, Epot,
Uy0,V10, STR, SSR U10,V10, MSL

Forcing 5 GCM EC-Earth N - . GHM W3RA S E..0
SST, GHG (incl. LSM H-TESSEL) P + river routing act

Figure 6.3: Flowchart illustrating the methodology of this study including the global climate
model, the global hydrological model and the related variables: total precipitation (P), mean
sea level pressure (MSL), temperature at 2 meter (T'), dewpoint temperature at 2 meter (7y),
wind component x-direction at 10 meter (u10), wind component y-direction at 10 meter (v19),
surface solar radiation (SSR), surface thermal radiation (STR), potential evaporation (E o),
actual evaporation (E,¢) and discharge (Q).

and ERAI The robustness of these results is indicated by 95 % confidence intervals which
are obtained after bootstrapping the daily data (Efron and Tibshirani, 1994), assuming
all years to be independent. We perform an extra analysis over the Mississippi basin to
better understand the precipitation patterns. We focus on the Mississippi, as extensive
analysis has already been performed for the Rhine (Van Haren et al., 2015). We analyse
the large-scale circulation patterns over the basin and we quantify the convective part of
precipitation, which plays an important role in the Mississippi.

Furthermore, we statistically assess precipitation extremes by calculating the return time
of annual maximum 10-day precipitation sums (van Haren et al., 2013; Shabalova et al.,
2003; Kew et al., 2011). We have chosen to analyse 10-day precipitation sums, as multi-
day precipitation extremes are mostly connected with extreme discharge (Disse and Engel,
2001; Ulbrich and Fink, 1995). The maxima are rank-ordered and an empirical distri-
bution is applied to determine their return time 7: T = m/(N + 1), where m is the
rank-ordered maxima and N is the number of years in the data (30 years). Gumbel
plots show the seasonal 10-day precipitation maxima as a function of the Gumbel variate
x = —In(—1n(T)), which can be translated into a return time 7' in years. The plots are
made for annual maxima in every season (DJF, MAM, JJA and SON). These Gumbel
plots are only based on 30 data points, which should be taken into account during the
interpretation of these plots.

Second, we analyse actual evaporation which couples the physical climate system and
hydrology as it can constitute a feedback between the atmosphere and the land surface.
Therefore, actual evaporation (Eact) is calculated within the global climate and global
hydrological model, which allows us to compare the two models. We derive monthly
averages of basin-averaged actual evaporation over the basins. We only show Eact results
from the 0.5° resolution GHM.
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Table 6.1: Four different discharge measures: émcanh,Qnaxh,@minh are respectively the
mean, maximum and minimum daily discharge of year number h, ranging from 1 to 24. The
total number of years (H) is 24.

Measure Explanation Calculation

@mean 24-year average mean annual discharge [m? s7!] amean = % Qil Omeany,
_ _ o1

O max 24-year average annual maximum discharge [m?® s Oy = 7 2 Omaxs,
_ _ 5

O in 24-year average annual minimum discharge [m? s™'] Q... = % hz Ominy,

Third, we compare monthly-averaged discharge from the GHM with observations at Lo-
bith (Rhine) and Vicksburg (Mississippi). In addition, we compare three discharge mea-
sures as defined in Table 6.1: Qcan» Omax a0d Q. Finally, we determine the return
times of annual maximum discharge per season, by using the same Gumbel distribution
as described for precipitation. It should be noted that these results are based on 24 years
of discharge simulations.

In addition, we aim to better understand the relation between precipitation and discharge.
Therefore, we show scatterplots of daily discharge against previous 10-day precipitation
sums for both basins, the high- and low-resolution GCM, and the observations. For the
simulations, we only show the discharge results from the 0.5° GHM but the results from
the 0.05° GHM were analysed and will be discussed where appropriate. The correlations
are calculated for each season (DJF, MAM, JJA and SON) and we also include the annual
maxima in discharge and 10-day precipitation sums.

All above-described methods compare observations with model simulations in a statistical
way. However, individual high-impact weather events, hydrometeorological extremes,
are also relevant. Realistic simulations of individual events are important in forecasts,
impact studies and when assessing the potential effect of anthropogenic climate change.
In particular, the emerging field of event attribution requires that events are plausibly
simulated with numerical models (Stott et al., 2013; Hazeleger et al., 2015). In addition,
single cases are often used as narratives to illustrate the complexity and linkage between
components in the hydrometeorological system (Moezzi et al., 2017; Zappa and Shepherd,
2017). Therefore, the performance of this model set-up in describing hydrometeorological
extremes is assessed by showing the rainfall-runoff response and synoptic pattern of a
selected extreme event for each basin. This serves as an illustration of how the modelling
results can be used for studying events. We show the results of the high-resolution GCM
forcing the low-resolution GHM for the two basins.
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a) T159 b) T799 c) Obs E-OBS c) Obs genRE

mmd-!

Figure 6.4: 30-year average of daily precipitation sums [mm d~!] over the Rhine basin for
the a) low resolution EC-Earth simulations (T159), b) high resolution EC-Earth simulations
(T799), c¢) E-OBS dataset (Obs E-OBS) and the d) genRE precipitation dataset (Obs genRE).

6.3 Results and discussion: Rhine

6.3.1 Precipitation in the Rhine basin

The EC-Earth simulations and the observations (E-OBS and genRE) show a similar spa-
tial distribution of precipitation over the Rhine basin (Figure 6.4), with more precipitation
over the Alps (4-5 mm d~!) than downstream over western Germany (1-2 mm d='). The
high-resolution model shows, as expected, a more detailed distribution. A higher resolu-
tion orography reveals spatial structures such as the Alps, Ardennes and Black Forest.
At the locations with large precipitation amounts, slight overestimations are found with
the high resolution model (Figure 6.4b). It is unclear whether these overestimations are
related to model performance or to underestimation of precipitation in the E-OBS dataset
(Turco et al., 2013; Van Osnabrugge et al., 2017), as E-OBS is based on a sparse gauge
network in mountainous areas (Hofstra et al., 2009) and no correction for undercatch is
applied (Prein and Gobiet, 2017). The genRE precipitation dataset shows locally also
higher precipitation values compared to E-OBS. Besides, it should be noted that not all
Alpine, or other topographical, structures are kept within the high-resolution grid of 25
by 25 km.

From the basin-averaged precipitation sums in Figure 6.5a, we find that both resolu-
tions GCM overestimate the observed precipitation amounts. From March until July
the high-resolution model outperforms the low-resolution one. Van Haren et al. (2015),
who used the same EC-Earth simulations, found similar improvements in high-resolution
precipitation for the region that spans the Rhine and Meuse basins. They attributed
this to the better represented storm tracks over Europe in the high-resolution simula-
tions and therefore a more accurate horizontal moisture transport (Figure 9 in Van Haren
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et al. (2015)). Nevertheless, despite the improvement with resolution, precipitation is still
overestimated from January until June in T799 compared to the observations and ERAI
(Figure 6.5a).

Figure 6.6 (left panels) shows the influence of resolution on the return time of annual
10-day precipitation maxima per season. During all seasons, and particularly in DJF and
MAM, there is a distinct overestimation of precipitation by EC-Earth at lower return
times (smaller than two years). This is in agreement with the overestimation in the
monthly averages of precipitation (Figure 6.5a). At higher return times (larger than two
years), we find an underestimation of precipitation in the GCM data in DJF (Figure
6.6a). The extremes in the storm-track season (SON) are quite well reproduced by the
model. By comparing the two model resolutions, we find that in MAM and JJA the high-
resolution model outperforms the low-resolution one for all return times, which suggests
that with an increased resolution the right large-scale conditions are present to activate
convection.

6.3.2 Actual evaporation in the Rhine basin

In Figure 6.5b we show actual evaporation from GLEAM, EC-Earth, ERAI and the 0.5°
GHM forced with EC-Earth and ERAIL Actual evaporation (Eact) is overestimated in all
simulations compared to the reference GLEAM, especially in winter (0.5 mm d’l). This
can be related to an overestimation of precipitation in winter, as an increase in precipi-
tation can lead to larger evaporation rates. Actual evaporation from the high-resolution
shows a smaller bias with observations than the low-resolution, which is consistent with
our precipitation results. We also find an overestimation of Eact from ERAI compared
to GLEAM (Figure 6.5b), though precipitation in ERAT is not overestimated (Figure
6.5a). These high evaporation amounts in ERAI can explain the large underestimation
of simulated discharge at Lobith, discussed in the next Section 6.3.3.

There is a large difference between actual evaporation directly from ERAI and actual
evaporation indirectly from the GHM forced with ERAI. This difference is smaller for the
EC-Earth simulations. Possibly, this is because of an improved land-surface scheme in
EC-Earth (H-TESSEL), while ERAI is based on the old scheme (TESSEL) that does not
contain a seasonal cycle in leaf area index and has a global uniform soil texture (Balsamo
et al., 2009).

The yearly-averaged Eact values from the climate and hydrological model are comparable,
but there are seasonal differences (Figure 6.5b). As both models (GCM and GHM) solve
actual evaporation from the energy balance, these differences are related to the vegetation
and soil characteristics of the models. Actual evaporation from the GHM is higher in the
beginning of the year (January until June) and peaks earlier in the season compared to the
GCM (Figure 6.5b). Overall, it seems that the Eact from the GCM is in better agreement
with the reference GLEAM dataset.
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Figure 6.5: Monthly averages of a) basin-averaged daily precipitation sums [mm d=!], b)
basin-averaged daily evaporation sums [mm d~!] and c) daily discharge [m? s7!] at Lobith
for the Rhine basin. Black lines are observations, green is ERAI. The red and blue lines are
respectively the high resolution (T799) and low resolution (T159) GCM. The dash-dotted
lines indicate convective precipitation, dashed lines output from the 0.5° GHM and dotted
lines from the 0.05° GHM. The shaded bands indicate the 95 % confidence intervals.
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Figure 6.6: Gumbel plots of seasonal (DJF, MAM, JJA and SON) maximum 10-day pre-
cipitation sums [mm] over the Rhine (left panels) and maximum discharge [m? s~!] at Lobith
(right panels) and their related return times T expressed in standardized Gumbel variate
x = —In(-1n(7T)). Observed discharges are shown in black, high resolution forcing (T799)
in red, low resolution forcing (T159) in blue and forcing with ERA-Interim in green. The
discharge results are output from the 0.5° GHM.
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Figure 6.7: 0, 0an Oumax a0d 0,0 in m? s71 at Lobith for the observations and the different
combinations of simulations.

6.3.3 Discharge in the Rhine

In Figure 6.5¢ we show monthly-averaged discharge at Lobith from the 0.5° and 0.05°
GHM, forced with EC-Earth T799, EC-Earth T159 and ERAI. Observed discharge is also
shown. Figure 6.7 shows the discharge measures in a barplot.

The discharge simulated with ERALI forcing largely underestimates the observed discharge
(~700 m3 s71), in particular from June until December (Figure 6.7 & 6.5¢). Photiadou
et al. (2011) and Szczypta et al. (2012) present similar results, which they relate to an
underestimation of precipitation in ERAI (Balsamo et al., 2010). However, our results
show good estimates of basin-averaged precipitation from ERAI, except for a slight un-
derestimation from August to November (Figure 6.5a). Therefore, we conclude that the
GHM is too dry in the summer months for the Rhine basin, introducing a negative bias
in discharge. We also find lower discharges in the end of summer with EC-Earth forcing,
possibly related to the dry bias of the GHM. From February until May, the overesti-
mations in precipitation from both resolutions GCM are reflected in overestimations of
discharge, with the largest bias for the low-resolution forcing (Figure 6.5¢ & Qax in
Figure 6.7).

For the discharge extremes, we show similar Gumbel plots to those for precipitation, now
for annual maximum discharges per season (right panels in Figure 6.6). The differences
found in the return times of 10-day precipitation sums between the high and low resolution
simulations are reflected in the differences found in the return values for the discharge,
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in every season. However, the differences between simulations and observations are not
consistent from precipitation to discharge. Firstly, this is because the hydrological model
has a large influence on the discharge results, which was already seen from the monthly
average discharge plots. For example, the dry bias of the model results in lower discharge
extremes in SON (Figure 6.6h). Secondly, there is no one-to-one correlation between
precipitation sums and discharge, as is shown more extensively in the next Section 6.3.4.
Lastly, the River Rhine is highly regulated which affects the observations but not the
simulations.

Overall, we can conclude that with the high-resolution EC-Earth forcing the seasonal
cycle and the monthly averaged discharges are better represented compared to the low-
resolution forcing, mainly because of improvements in precipitation. The difference in
precipitation between the model resolutions is clearly reflected in discharge, although
biases in the hydrological model also influence these results. The discharge extremes
(Qumin and Q,...) are not consistently improved with high-resolution forcing. It is not
clear from these analyses whether that is related to the forcing or to the performance of
the hydrological model. The results are robust based on our modelling system.

We also tested the resolution sensitivity of the global hydrological model. We find small
but not significant differences in the discharge (measures) between the 0.5° and 0.05°
model; the high resolution GHM (0.05°) gives slightly lower annual mean discharge results.
With the 0.05° model, the peak flows are less extreme and the low-flows are similar to
the low-flows from the 0.5° model. Because of a higher resolution orography, a more
detailed river network is present in the high resolution model. Due to the presence of
extra tributaries the response of precipitation to the main river may be damped, leading
to a decrease in the peak flow.

6.3.4 Outlook on the extremes for the Rhine

In previous Sections, we showed that, compared to observations, the mean (monthly)
statistics of precipitation, actual evaporation and discharge are improved with high-
resolution modelling. We show the correlation between 10-day precipitation sums and
daily discharge in Figure 6.8. It should be noted that by applying a moving window
over the 24-year time series, individual events are reflected in multiple subsequent data
points. We find the highest correlations during winter and the lowest correlations during
summer. In summer, more evaporation occurs which decreases the correlation between
precipitation and discharge. In winter, precipitation amounts are large and there is al-
most no evaporation, leading to higher discharges. In spring (MAM), fast surface runoff
can be generated by rain occurring over saturated soils and rain-on-snow events (Mc-
Cabe et al., 2007). We also find that the difference in correlations between the seasons is
better represented in the high-resolution than low-resolution, compared to observations
(Figure 6.8). In addition, the distribution of discharge and precipitation values of the
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high-resolution forcing compares better to observations. The low discharge values, which
occur in JJA with the low-resolution forcing, can be related to two events in two members
of the simulations, and are unrealistic. The correlations of precipitation and discharge
from the high-resolution GHM are not shown here, as these distributions are similar to
the distributions with the low-resolution GHM (Figure 6.8a and b), except that less high
peak flows are found with the higher resolution model (Figure 6.7).

To illustrate how the models simulate a high-impact event, we show here an event for
the Rhine basin. The selected event is indicated with an open circle in Figure 6.8b and
is an annual maximum in precipitation, occurring at the end of November. The average
precipitation sum in SON is 30 mm. In this case the sum is 103 mm, resulting in a
discharge of almost 9 000 m3 s™'. Figure 6.9a shows the rainfall-runoff distribution from
20 days before, until 10 days after the selected event. In addition, the synoptic situation
is shown with 10-day averaged mean sea level pressure, vertical integrated moisture fluxes
and the 10-day precipitation sums (Figure 6.9b). From the mean sea level pressure and
moisture fluxes, we can infer that there is a low-pressure system (mid-latitude cyclone)
situated over the North Atlantic, before the coast of Norway, bringing moisture from the
Atlantic over Europe leading to extreme precipitation over the Alps.

This single case is an example of the linkage between components in the hydrometeo-
rological system; large-scale circulation associated with extreme precipitation and high
discharges for the Rhine basin. In this case, the high-resolution GCM is able to sim-
ulate patterns that better correspond to observations. This does not mean that the
low-resolution GCM is not able to simulate such circulation patterns but previous studies
have shown common biases among low-resolution GCMs, such as a too zonal storm track
(Chang et al., 2012; Van Haren et al., 2015; Zappa et al., 2013).

6.4 Results and discussion: Mississippi

6.4.1 Precipitation in the Mississippi basin

While precipitation over the Rhine is dominated by the storm-track, the Mississippi basin
has multiple climatic drivers (Figure 6.2). Moisture is advected from the Pacific result-
ing in high precipitation amounts over the Rocky Mountains (4-5 mm d=!). The Great
Plains, which are situated on the lee side of the Rockies, are relatively dry (1-2 mm d_l),
whereas the South-East of the USA is relatively wet (3-4 mm d=!) because of convection
and advection of moisture from the warm tropical Caribbean and Gulf of Mexico. Figure
6.10 shows the distribution of seasonal averaged precipitation over the Mississippi basin
for the two resolutions of the GCM and the observations (CPC). There are clear improve-
ments in the distribution of precipitation for the high resolution GCM over mountain
ranges attributed to better representation of orography, such as over the Rockies, the
Cascades, and the Sierra Nevada, which is in line with previous resolution studies with
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an atmosphere-only GCM (Duffy et al., 2003) and a coupled ocean-atmosphere GCM
(van der Wiel et al., 2016b). Comparison of the simulations with observations reveals an
overestimation of precipitation in the north-east of the catchment in DJF and MAM (Fig-
ure 6.10). In SON, in the south of the Mississippi basin, the high-resolution model shows
higher precipitation amounts, comparable to the observations. These are not found in the
low-resolution model. This could possibly indicate that cyclones which bring precipitation
along the coast are better captured in the high resolution model.

Monthly and basin averaged daily precipitation sums of both simulations show a shift
of one to two months in the seasonal cycle, where the highest monthly values occur in
April/May instead of in June (Figure 6.11a). Moreover, the amount of precipitation in
this shifted peak is overestimated (Figure 6.11a). The increase in precipitation in October-
November is not observed but occurs, most pronounced, in the high-resolution simulations.
A similar peak in October-November is found in the convective part and suggests a bias in
convection in the high-resolution model. Similar precipitation biases are found in the EC-
Earth simulations for the sub-basin averages (Missouri and Arkansas-Red, not shown). In
contrast to the EC-Earth simulations, precipitation from ERAT shows the correct seasonal
cycle (Figure 6.11a). EC-Earth and ERAI are based on the same atmospheric model
(IFS), albeit different versions. Therefore we hypothesize that the precipitation bias found
with EC-Earth is not present in the ERAI reanalysis, because of the data assimilation
process. The precipitation budget from the ERA20C reanalysis data, where assimilation is
performed on fewer variables than ERAI, shows a larger bias with observations compared
to ERAI, supporting our hypothesis (ERA20C data not shown).

Apart from the precipitation bias between EC-Earth simulations and observations, no
substantial differences in basin-averaged precipitation between the low and high resolution
simulations were found (Figure 6.11a). This similarity between the two resolutions GCM
could be explained by the convective component of precipitation, which is modelled at the
sub-grid scale (i.e. parameterized) for both resolutions. We will further discuss convection
in the next Section (6.4.2). Thereby, we will also assess the sensitivity of resolution to
the large-scale circulation over the Mississippi basin.

The bias between observations and simulations is also reflected in the Gumbel plots of 10-
day precipitation sums per season over the basin (left panels Figure 6.12). In MAM, there
is an overestimation of the extremes for all the return times and in JJA an underestimation
for all the return times. In SON, there are much larger precipitation extremes in the high
resolution compared to the low resolution (Figure 6.12). This could possibly be related to
the improved simulation of tropical cyclones with higher resolution, although this should
be investigated further. In DJF, we find larger biases with the high-resolution compared to
the low-resolution, although previous studies show improvements of extreme precipitation
with increased resolution (lorio et al., 2004; Wehner et al., 2010; van der Wiel et al., 2016b;
Duffy et al., 2003). In the winter season moisture advection from the Pacific plays a large
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role. A more detailed orography in the high-resolution simulations could trigger more
precipitation leading to overestimations. In addition, ”observed” precipitation products,
like the CPC dataset, severely underestimate precipitation over the western mountain
ranges (Lundquist et al., 2015; Henn et al., 2017).

a) T159 DJF b) T799 DJF

¢) CPC DJF
O i -

i) CPC JJA
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90°W 1I0°W 90°W

Figure 6.10: Seasonal means (DJF, MAM, JJA and SON) of daily precipitation sums [mm
d~1!] from the low resolution EC-Earth simulations (T159, left columns) the high resolution
EC-Earth simulations (T799, middle columns) and the observations (CPC, right columns).
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Figure 6.11: Monthly averages of a) basin-averaged daily precipitation sums [mm d!], b)
basin-averaged daily evaporation sums [mm d~!] and c) daily discharge [m3 s7!] at Vicksburg
for the Mississippi basin. Black lines are observations, green is ERAIL The red and blue lines
are respectively the high resolution (T799) and low resolution (T159) GCM. The dash-dotted
lines indicate convective precipitation, dashed lines output from the 0.5° GHM and dotted
lines from the 0.05° GHM. The shaded bands indicate the 95 % confidence intervals.
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Figure 6.12: Gumbel plots of seasonal (DJF, MAM, JJA and SON) maximum 10-day pre-
cipitation sums [mm] over the Mississippi (left panels) and maximum discharge [m® s7!] at
Vicksburg (right panels) and their related return times T expressed in standardized Gumbel
variate x = —In(—1In(7)). Observed discharges are shown in black, high resolution forcing
(T799) in red, low resolution forcing (T159) in blue and forcing with ERA-Interim in green.
The discharge results are output from the 0.5° GHM.
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6.4.2 Resolution analysis of the Mississippi basin

In the previous Section 6.4.1, our results show that a bias exists between simulated and
observed basin-averaged precipitation for the Mississippi, especially in MAM (~0.5- 1
mm d~!, Figure 6.11a). Moreover, no substantial differences in precipitation are found
between the low and high resolution simulations, except for SON (Figure 6.11a). This is
in contrast with our results for the Rhine basin, where better precipitation estimates are
found with the high resolution GCM, because of better resolved large-scale circulation
patterns (Van Haren et al., 2015). Here, we will shortly assess the resolution sensitivity
of large-scale circulation and the role of convection over the Mississippi basin.

We show the precipitation generated by the convective parameterization as monthly aver-
ages in Figure 6.11a. The monthly averages of convective precipitation are very similar for
the two resolutions GCM. Convective precipitation from ERAI shows a different seasonal
cycle, with a peak later in the season (Figure 6.11a). This suggests that the bias in total
precipitation in EC-Earth is mainly related to a bias in convective precipitation. The
large contribution of convective precipitation to total precipitation in the model likely
explains why we do not find differences in basin-averaged precipitation between the two
resolutions in MAM and summer (Figure 6.11a), as convective cloud systems are smaller
than both model resolutions grid size and therefore parameterized. This is confirmed by
Iorio et al. (2004) who found no improvements in precipitation over the USA in MAM
and JJA with increased resolution, which was related to the dominance of convective pre-
cipitation in these two seasons. Balsamo et al. (2010) mentioned that large-scale weather
systems in winter are easier to simulate in numerical weather predictions than convec-
tive systems in summer. There are also studies which show that the link between soil
moisture and precipitation is incorrect in models that parameterize convection (Hoheneg-
ger et al., 2009; Taylor et al., 2012a). Recently, convection-permitting simulations over
the USA were performed (Liu et al., 2017), which show good performance in capturing
the seasonal precipitation climatology, except for a dry bias in summer. In addition,
the main characteristics of mesoscale convective systems were well captured in these new
simulations (Prein et al., 2017).

Besides convection, large-scale structures bring moisture from the Pacific over the Rockies
and from the Caribbean and Gulf of Mexico with the low level jet to the Mississippi. The
resolution dependency of these large-scale processes is assessed by analysing geopotential
height at 500 hPa (data not shown) and 850 hPa (Figure 6.13). We find that these patterns
are very similar between EC-Earth T799, EC-Earth T159 and ERAIL In addition, we also
show moisture convergence, as defined under steady state: P — E = —éV . Ops Vqdp

(steady state version of Equation 2.9), where P is precipitation, E is evaporation, g is
the gravitational constant, V represents the horizontal wind components and g is specific
humidity. We define moisture convergence as positive and derive it from evaporation and
precipitation. The overall patterns of moisture convergence are similar for EC-Earth T799,
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Figure 6.13: 30 year averages of geopotential height [m] at 850 hPa and moisture convergence
[mm d~!] over the Mississippi basin for a) the low-resolution GCM (T159), b) high-resolution
GCM (T799), ¢) ERAIL and the difference between d) high and low resolution GCM (T799-
T159) and e) high resolution GCM and ERAI (T799-ERAI).

EC-Earth T159 and ERAI Differences on the local scale can be related to differences
in resolution and therefore the representation of orography. From the difference plots
(Figure 6.13 d & e) we find that the moisture convergence is more similar between the two
resolutions EC-Earth than between the high-resolution EC-Earth and ERAI. This is in line
with the precipitation patterns we found (Figure 6.11a), which are similar between the two
resolutions but quite different in ERAI. There is more convergence in the high-resolution
GCM compared to ERAI, which also results in more precipitation in the high-resolution
GCM. There is also slightly more convergence in the high resolution EC-Earth compared
to the low resolution, and we also found slightly higher monthly average precipitation in
SON.

To summarize, this resolution analysis suggests that the positive bias in precipitation in
EC-Earth is mainly related to the convective part of precipitation. A first analysis of
the geopotential fields (500 and 850 hPa) shows that the large-scale patterns are very
similar between the resolutions of EC-Earth and ERAI. We do find that the difference
in moisture convergence between the two resolutions GCM is smaller than between the
GCM and ERAI. This possibly indicates that the triggering of convection is different
between the GCM and ERAI. However, we recommend further analysis to confirm these
results.
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6.4.3 Actual evaporation in the Mississippi basin

A consistent pattern between evaporation and precipitation is found in the simulations
for the Mississippi basin. The shift in seasonal cycle in the EC-Earth precipitation budget
is reflected in a similar shift in the Eact budget (Figure 6.11b). Furthermore, there are
no substantial differences found in Eact between the two resolutions GCM. Nevertheless,
we find large overestimations (~0.5 mm d~!) of Eact in winter (NDJF) in the simulations
compared to the GLEAM dataset. In November and December, these overestimations
can not be related to the precipitation budget. These high amounts of evaporation in
winter are also found for the Rhine and are therefore possibly related to the performance
of the GHM.

The largest overestimations of actual evaporation are from the ERAI data, which was also
shown by (Betts et al., 2009). The land-surface scheme of ERAI (TESSEL) has a fixed
leaf area index (Van den Hurk et al., 2003) and a global uniform soil texture leading to
low amounts of surface runoff (Balsamo et al., 2009), which could induce smaller amounts
of interception and open water evaporation resulting in overestimations of evaporation.
Moreover, there are large differences in actual evaporation from ERAI directly and from
the GHM forced with ERAI (Figure 6.11b). These differences are larger for ERAI than
for EC-Earth, which was also observed for the Rhine basin.

The actual evaporation from the GHM decreases faster from June onwards compared
to the actual evaporation from the GCM. A similar sudden decrease was found in the
discharge at Vicksburg. In other words, there occurs a quick drying in the GHM from
May to June. This should be mainly related to the vegetation and soil characteristics of
the GHM, as the GCM does not show the quick drying. Overall, it is hard to judge whether
the evaporation product from the GCM or the GHM performs better in comparison with
the observations as the seasonal bias in precipitation is also influences the evaporation
budget.

6.4.4 Discharge in the Mississippi

We show the monthly averaged discharge at Vicksburg in Figure 6.11c and the different
discharge measures in Figure 6.14. We find an underestimation of the ERAI forced dis-
charge during the whole year compared to the observed discharge. We can only partly
explain this with the underestimation of ERAI precipitation in JJA (Figure 6.11a). Pre-
cipitation from the ERAI/Land product agrees very well with the observations, however,
discharge is still underestimated (data not shown). Therefore, we conclude that most of
the underestimation in discharge is related to an overestimation of actual evaporation,
which was shown in Section 6.4.3.

Annual mean discharge is underestimated (~2000 m?3 s~!) with the low-resolution forc-
ing and well simulated with the high-resolution forcing (Qean in Figure 6.14). The
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Figure 6.14: O, cam Omax 80d O,y in m? s at Vicksburg for the observations and the

different combinations of simulations.

monthly-averaged discharge forced with EC-Earth is too high in spring, because of too
high precipitation values (Figure 6.11). In January and February, precipitation (including
snow) is also overestimated in EC-Earth leading to increased discharges in April and May
when the temperature rises. From May onwards the discharge decreases more rapidly in
the model than observed. During the rest of the year, there is a clear discharge response
to the precipitation budget. It is possible that in October-November the improvements in
discharge for the high-resolution exist for the wrong reason, as the second precipitation
peak in the high-resolution is not seen in the observations.

For the extremes in SON, we also find a clear difference between the high and low resolu-
tion forcing (Figure 6.12g & h). With high-resolution forcing larger extremes are found,
although discharge is still underestimated for lower return values, which was also found
for the monthly averages. In DJF, there is a clear difference between the two resolutions
for the largest return values in precipitation and this is also reflected in the return values
for discharge, which are larger with high resolution forcing. In MAM, precipitation (ex-
tremes) is largely overestimated in EC-Earth, which is reflected in slight overestimations
of discharge in the lower return values but large overestimations for the higher return
values (Figure 6.12 ¢ & d). As the GHM does not take into account reservoirs, a faster
response of discharge on precipitation in the model simulations is expected compared to
the observations. In the summer months (JJA), the discharge extremes are quite well
represented by the model. Nevertheless, the ERAI forced discharge underestimates the
extremes in these months.
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Figure 6.15: Scatterplot for the Mississippi basin of daily discharge [m? s™!] with previous
10-day precipitation sums [mm)] for a) the low resolution forcing (T159), b) the high resolution
forcing (T799) and c) the observations (Obs). The discharge results shown here are obtained
with the 0.5° GHM. The different seasons are indicated with the colours and regression line
and correlation value. The annual maxima of both 10-day precipitation sums and discharge
are indicated with respectively the black stars and hexagons.

In general, for the monthly averages and lower return values, the dry bias of the GHM
is clearly reflected in the results. For the extremes with higher return values, we find
that the signal of the precipitation extremes is reflected in the discharge extremes and
the model performance plays a less important role. There are no substantial differences
in discharge between the 0.5° and 0.05° resolutions, as was also found for the Rhine.

6.4.5 Outlook on the extremes for the Mississippi

Figure 6.15 shows the correlations between 10-day precipitation sums and discharge for
the two resolution simulations and the observations over the Mississippi basin. For the
simulations (Figure 6.15 a & b), we find the highest correlations in summer and the
lowest, correlations in winter, which is similar to what we found for the Rhine basin. For
every season, correlations are lower with the observations compared to the simulations,
especially in MAM. As this is the cropping period, irrigation requires a lot of water and
reduces substantially the observed streamflow. Irrigation is currently not included in the
hydrological model. This result shows the importance of including human activities in
hydrological models.

132



6.5 Discussion

a) Rainfall-runoff led
T T T T

b) Synoptic situation ~ 100kgms

Precipitation [mm day ']
Discharge [m®s~']

0 50 100 150 200
10-d precip. sum [mm]

2 2 0 3 >
W 2T o e

Time [date]

Figure 6.16: In a) precipitation (in blue) and discharge (in red) for the Mississippi are shown
20 days before and 10 days after the selected event. The vertical dotted lines indicate the
10 day period, which is spatially summed in b). The contour lines in b) indicate the 10-day
average mean sea level pressure in hPa and the arrows the 10-day averaged vertical integrated
moisture fluxes in kg m™* s71.

The selected event over the Mississippi basin (open circle Figure 6.15b) occurs in January
and corresponds to both an annual maximum in the 10-day precipitation sum (66.8 mm)
as well to an annual maximum in discharge (72 000 m® s7!). In addition, the selected
event is the second most extreme event in the DJF Gumbel plot for precipitation (Figure
6.12a). From the synoptic situation and the vertical integrated moisture fluxes in Figure
6.16b we conclude that moisture is mainly transported from the Pacific and the Gulf of
Mexico leading to precipitation over the south-east of the Mississippi basin, which is a
region prone to extreme precipitation (Wehner et al., 2010). Berghuijs et al. (2016) show
that (multiple) large precipitation events mainly occur over the south-east of the USA
during winter. As the precipitation falls very close to Vicksburg, the response in discharge
is relatively quick and leads to an exceptionally high discharge (72 000 m?® s71), with a
return period of 30 years.

6.5 Discussion

In this study, we have combined the EC-Earth GCM with the W3RA GHM in order to
investigate the benefits of spatial resolution increase, without modification to the process
representation within the models. Due to the large computational costs and the large
amount of data involved, our study is constrained to one combination of GCM and GHM
each run at two resolutions (Figure 6.1), for two river basins: the Rhine and Mississippi. In
this section, we evaluate our experiment and put our approach and results in perspective
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compared to other work and initiatives. We will discuss i) the importance of GCM
resolution in the context of other studies, ii) the relevance of resolution increase in the
GHM in comparison to a better process representation and the choice for using a global
hydrological model instead of catchment-calibrated models, and iii) the extrapolation of
the results for our two basins to the global scale and the limitations thereof.

6.5.1 Increased resolution of the global climate model

We examined the effect of increased resolution on precipitation using an atmosphere-only
set-up of the EC-Earth global climate model. By comparing two different resolutions with
the same process representation, we were able to estimate the benefits of increased spatial
resolution alone. As the spatial scales of atmospheric motions span the entire range from
the global to the viscous scales, a resolution increase will always reveal more detailed flow
characteristics. This is because the flow characteristics of a non-linear dynamical system
such as the atmosphere will change when numerical resolution increases and viscosity and
diffusivity decrease. Hence, we found that a resolution increase led to better precipitation
simulations in the Rhine basin (Section 6.3.1), where precipitation is dominated by large-
scale weather systems.

There are currently only a few global climate model simulations available at such high
resolution as the EC-Earth T799 runs used in this study (Davini et al. 2017b; Delworth
et al. 2012; Schiemann et al. 2018; and more references within Haarsma et al. 2016). Other
global modelling experiments at high resolution similar to ours, such as Schiemann et al.
(2018), who used a resolution ~25 km with the HadGEM model, also found improved
winter precipitation over Europe. While we found that better representation of weather
systems was the main driver of the improvement (Van Haren et al., 2015), they attributed
the improvement mainly to a better resolved orography. The varying response to resolu-
tion increase among GCMs is one of the main themes of the HighResMIP project, where
the robustness of climate simulations at high resolution of ~25 km is examined (Haarsma
et al., 2016). While this model intercomparison will likely reveal many new insights
into the robustness of numerical model simulations, the studied models will still have
insufficient resolution to capture all relevant atmospheric processes, such as convective
precipitation and flow phenomena driven by small-scale orography. Hence further studies
on the effect of resolution increases will be needed.

6.5.2 Process presentation versus increased resolution in global hydrological
modelling

While for an atmospheric numerical model the main benefit of a horizontal resolution
increase is the better representation of flow phenomena, such as weather systems, the
main benefit of the GHM is found in the representation of details at the land surface, i.e.
improved spatial heterogeneities in topography, soil and vegetation. For this reason, to
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simulate the land-surface hydrology, we have chosen to calculate actual evaporation with
the higher resolution GHM rather than the GCMs land-surface model (LSM). Besides,
most GCMs (including EC-Earth) do not have a detailed routing module.

In a GHM, all processes are parameterized. No new phenomena are simulated by just
increasing resolution. Increasing the resolution of a GHM potentially requires the addi-
tion of different process representations (and thus parameterizations) that become more
relevant at finer resolution, such as lateral groundwater flow (Wood et al., 2011; Bierkens
et al., 2015; Van Dijk, 2010c). Next to the potential need for additional processes to
be included, acquiring the necessary parameters to run the GHM becomes increasingly
complex at high spatial resolution. Many parameters are uncertain, especially because
most are non-physical and difficult to determine across scales (Melsen et al., 2016).

Different, approaches are taken to develop models that are robust over a range of spatial
scales for the application in global hydrological modelling. For example, several studies
apply parameter regionalization techniques to adapt parameters across scales (Samaniego
et al., 2010). Gao et al. (2014a, 2016a) suggest that, when physical processes are con-
nected to the correct landscape indicators, regionalization can be applied without further
calibration. The root-zone storage capacity is such a scale-independent parameter (Gao
et al., 2014b). This approach has a potential for resolution comparison studies, and it
can be applied globally (Wang-Erlandsson et al., 2016).

We believe that different approaches to deal with scale interactions, among the ones we
mention here, deserve rigorous study. In this study, we followed probably the most simple
approach, namely testing from a ‘global modelling perspective’ if enhancing the resolution
of the GHM will improve modelled discharge (going from 0.5° to 0.05°). We simply
remapped the parameters from the low 0.5° to the high 0.05° resolution model, except for
vegetation and orography which are known at high resolution (see Section 6.2.2). This
allows comparison of the outcome of the models in a transparent way, which would not
be possible or be very difficult otherwise, because the model itself would change. With
this technique, we find no consistent improvements in discharge with the higher resolution
GHM. This could be related to the choice of our GHM, as we only use one model, or to
the need for more elaborated process representation (e.g. subsurface lateral flow). Our
results therefore indicate that only increasing the resolution of the GHM has limited effect
on simulating discharge. This conclusion is in line with the achievements/challenges of
prediction in ungauged basins as summarized in Hrachowitz et al. (2013).

Besides the discussion on process presentation versus high-resolution modelling, we would
like to note that we have performed the simulations with W3RA from the viewpoint of
‘global hydrology’, i.e. using a global hydrological model not specifically designed for the
two basins. Often global hydrological models are used in a climate context, while not being
optimized for individual basins. If we want to obtain the best results in modelling the
hydrological balance over the Rhine and Mississippi basins, we should have chosen specific
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regional calibrated models built for the specific basins (calibrated-catchment models),
which is not in line with our viewpoint here.

Furthermore, we have only carried out a limited performance analysis of W3RA. The
study by Beck et al. (2017) compares daily runoff from multiple GHMs, including W3RA,
and finds pronounced inter-model differences in the performance. This underlines the
importance of hydrological model uncertainty. W3RA obtained moderate to good scores
(Beck et al., 2017). Our results show that W3RA overestimates actual evaporation in
comparison to GLEAM which possibly results in an underestimation of discharge in both
the Rhine and the Mississippi basins.

6.5.3 Extrapolation of results to other basins

This study focuses on the effect of resolution of a GCM and a GHM in modelling the
hydrological cycle for the Rhine and Mississippi basins. These two well-measured basins
only represent a subsample of the global diversity of catchments. Nonetheless, the conclu-
sions from this study could be used as a guideline when assessing the benefits of resolution
increases in modelling the hydrological cycle of other basins with comparable character-
istics.

Our conjecture is that the improvements in the simulated hydrological cycle that is found
in the Rhine basin will be valid for basins situated along mid-latitude storm-track ex-
tensions, where precipitation related to large-scale synoptic weather systems dominates
total precipitation. Therefore, for those basins improvements in the hydrological cycle
can be expected when higher resolution GCMs are used. For the Mississippi basin, no
clear improvements in precipitation were found with increased resolution. This is possibly
due to the representation of atmospheric convection. We may expect large improvements
in the coming decades, when running convection-permitting GCMs becomes feasible for
climate studies (Liu et al., 2017; Prein et al., 2017).

6.6 Summary and Conclusions

We study the benefits of increased spatial resolution in global simulations of the hydrolog-
ical cycle. In our set-up, we force a global hydrological model (GHM) with output from
a global climate model (GCM). The GHM is run at 0.5° (low) and 0.05° (high) resolu-
tion, whereas the GCM is run at 1.125° (low) and 0.25° (high) resolution. This yields four
combinations that are thoroughly compared in this study. We do not modify the represen-
tation of physical processes in the models when increasing the spatial resolution, in order
to be able to compare the effects of resolution alone. We analyse three main components
of the hydrological cycle: precipitation, actual evaporation and discharge. We focus on
two river basins with contrasting climatic drivers and for which enough verification data
exist: the Rhine and Mississippi basins.
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By increasing the resolution of the EC-Earth GCM from ~120 km? to ~25 km?, pre-
cipitation over the Rhine basin improves significantly, caused by the better represented
large-scale circulation patterns (Van Haren et al., 2015). Therefore, we suggest using high
resolution simulations on a global scale when studying climatic impacts on the Rhine
basin. The climatic drivers of the Mississippi basin are related to local convective events,
large-scale weather systems from the Pacific and moisture transport from the Caribbean,
possibly associated with tropical storms. Our results show that the increased resolution
GCM (~25 km?) hardly affects precipitation over the Mississippi basin. Likely this is
because the spatial scales involved in convective precipitation are still too small to be
resolved, and the model therefore relies on the same parameterizations for convection at
low and high resolutions. For a good representation of the hydrological cycle over the Mis-
sissippi basin, we therefore recommend using convection-permitting models to explicitly
resolve moist convective processes.

The (improved) monthly averaged precipitation from the GCM is reflected in (improved)
monthly averaged actual evaporation and discharge from the GHM. Thus, the monthly
averaged discharge of the Rhine is better simulated with high-resolution GCM input,
although we did not find improvements in the representation of extreme streamflow events.
For the Mississippi basin, no substantial differences in precipitation and discharge were
found between the two resolutions input GCM and the two resolutions GHM.

To increase the model resolution of the GHM, we have remapped the parameters from
the 0.5° to the 0.05° resolution, except for orography and vegetation where we used high
resolution information. With these settings for the high resolution GHM (~5 km?), no
significant changes in discharge were found for both basins. Improvements in discharge
are expected with high resolution GHMs when hydrological processes and parameters are
better understood and described. Based on the results of our study, we conclude that
due to the clearly distinct response of the chosen river basins to resolution increase, the
route from improved resolution to better results is a challenging one. Our study, however,
provides new and valuable insights on what to expect from spatial resolution increase
when modelling the hydrological cycle for basins in the mid-latitude storm tracks or in
convection-dominated regions.

Code and data availability The observational data (precipitation from E-
OBS and CPC, actual evaporation from GLEAM and discharge from GRDC)
used in this study are stored in a repository: https://doi.org/10.4121/uuid:
b7b988fc-f5c8-4cel1-8e33-47f31d04a99d. A description on how to process the data
to obtain the results of this Chapter is presented in the README file https://data.
4tu.nl/repository/uuid:c3b6e367-8215-4640-81d2-9£74994e65f4. The parameter
fields of the hydrological model and the routing module are also stored in this repository,
together with the executables of these models. The main description of the global hydro-
logical model W3RA code and parameters is given in Van Dijk (2010c). The model code
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is also open source and online available on Github: https://github.com/openstreams/
wflow/blob/master/wflow-py/wflow/wflow\_w3ra.py. The EC-Earth data and the
output of the hydrological model are available upon request to the authors.
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Chapter 7 Synthesis

7.1 Introduction

Water and weather are intrinsically connected. To explain hydrometeorological events,
such as flood and drought, one first needs to understand the anomalous circulation of
water (vapour) in the atmosphere. In this thesis we combine the field of climate science,
meteorology and hydrology to study the water cycle in the mid-latitudes. Atmospheric
moisture transport is considered for three distinct geographical regions, where different
mechanisms play a role, over multiple time and spatial scales (Figure 1.1). We do so with
a modelling approach, using climate and hydrological models to simulate the water cycle
and analyse future projections. Observational products are used for validation of model
simulations.

In the Introduction of this thesis, two key scientific challenges on the water cycle and its
hydrometeorological extremes were identified. The first challenge is to increase process
understanding of the water cycle and its extremes, and the second is how these are re-
gionally affected by climate change. In this Synthesis we reflect on these two key scientific
challenges, organized along the research conducted within this thesis. In the first part,
we discuss two mechanisms of anomalous moisture transport in the mid-latitudes: atmo-
spheric rivers and blockings. These mechanisms are studied for present climate (Chapter
3 and 5), and we reflect upon their possible future changes. Moreover, we embed our con-
ducted research in the broader field, and give an outlook on further research possibilities.
The embedding of this research in the existing literature is angled towards the studies
that are closely related to my expertise or somehow got my attention, and does not cover
all literature that is available within the field. In the second part of this Synthesis we
take a wider perspective on global modelling practice and simulating the seasonal water
cycle in the mid-latitudes (Chapter 4 and 6), first with a focus on atmospheric moisture
tracking, then a focus on atmospheric modelling, and last addressing hydrological mod-
elling. Finally, I end this Chapter with some closing remarks, sharing my vision on how
to continue in the field of hydrometeorology.

7.2 Moisture transport mechanisms

7.2.1 Atmospheric rivers

In Chapter 3, we increased our process understanding of the relation between atmospheric
rivers and extreme precipitation along the coast of Norway by answering the question:
How is extreme precipitation along the coast of Norway linked to Atmospheric
Rivers and how is their large-scale pre-conditioning? A climatology of winter
extreme daily precipitation events was presented, where more than 85% was associated
with an atmospheric river. Similar relations between ARs and extreme precipitation were
found for other coastal regions in Europe (Lavers and Villarini, 2013), such as Portugal
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(Ramos et al., 2015) and the UK (Lavers et al., 2011). Recently, Tonita et al. (2020)
showed that past major floods in the lower Rhine basin were associated with atmospheric
rivers reaching further inland. This implies that inland mountain ranges such as the
Alps might trigger orographic precipitation when atmospheric rivers, or excess moisture,
reaches inland, and thereby result in flood. Further research is needed to investigate if
this is a robust relationship.

In general, the regions where atmospheric rivers make landfall are mountainous areas
with a complex topography. To be able to simulate the local impact of precipitation and
flooding over complex terrain, more spatial details on orography are needed (Payne et al.,
2020; Schaller et al., 2020). Otherwise, when using a global model in steep terrain with
highly varying precipitation amounts, errors may arise. Furthermore, to simulate the
impact of floods in local valleys, besides the high spatial resolution to capture the area of
a catchment in multiple grid cells, a high temporal resolution is required (Schaller et al.,
2020). To provide this information a modelling chain is needed starting from a global
climate model, through downscaling with a regional model, which is used as input for a
hydrological or operational flood-forecasting model (Hegdahl et al., 2020). Besides the
ability of the model chain to capture the process from atmospheric circulation to local
impact on hydrology, antecedent soil moisture and snowpack conditions also play a role in
determining the local impact of a large-scale feature as an AR (Payne et al., 2020).

In the Introduction we indicated that atmospheric rivers are part of mid-latitude cy-
clones. The other way around, only half of the mid-latitude cyclones are linked to an
atmospheric river (Payne et al., 2020), indicating the complex relationship. Besides, at-
mospheric rivers have also been linked to the lifetime of multiple cyclones, occurring in
temporal sequence (Sodemann and Stohl, 2013). This serial clustering of cyclones occurs
more frequently than expected by chance (Pinto et al., 2014). Different mechanisms are
proposed to link baroclinicity and cyclone clustering, such as wave breaking and diabatic
heating (Hu et al., 2017; Pinto et al., 2014; Weijenborg and Spengler, 2020). The next
step is to link those mechanisms to the occurrence of atmospheric rivers. In Chapter
3 we investigate the large-scale preconditioning of atmospheric rivers affecting Norway
and find two distinct patterns. One pattern constitutes an intense southward shifted jet
with a southwest to northeast orientation. A second pattern is characterized by a more
zonal weak northward shifted jet. These findings were in line with the two configurations
suggested by Sodemann and Stohl (2013), who studied excess moisture transport in the
wet month of December 2006 in Norway. Further investigation is needed to establish the
relationship between the jet, individual/clustering of mid-latitude cyclones, and long last-
ing atmospheric rivers. Potential ways to move forward, are to track the moisture within
ARs (Sodemann and Stohl, 2013) to determine to which cyclones they are connected,
and get a better understanding where the moisture originates from, and how moisture
is related to baroclinicity. Besides moisture tracking, where uncertainties arise related
to the moisture tracking model (Box 7.2), more in-situ observations within atmospheric
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rivers are needed for increased understanding of the moisture transport mechanism as
part of (multiple) mid-latitude cyclones. With aircraft measurements vertical profiles can
be collected, which give essential information on the spatial structure and time evolu-
tion. Field campaigns such as the NAWDEX campaign (North Atlantic Waveguide and
Downstream Impact Experiment, Schéifler et al. 2018) provide insights on vertical and hor-
izontal distributions of moisture within storm systems, which can complement modelling
studies.

The second scientific challenge posed in the Introduction is regional projections of the
water cycle and future hydrometeorological extremes. Whan et al. (2020) studied intensity
and frequency of atmospheric rivers affecting Norway in a future climate using the high
spatial-resolution simulations of EC-Earth, that are also used in this thesis (see Chapter
2). They found that by the end of the century (2094-2098, RCP4.5) Norway will likely
experience more intense and more frequent AR events (Whan et al., 2020), resulting
in more precipitation. An additional result was that precipitation will likely fall more
often as rain instead of snow, increasing the probability of flooding in winter and autumn
(Whan et al., 2020). More intense ARs are expected as rising temperatures lead to more
moisture in the atmosphere (thermodynamic effect), and similar intensifications of ARs
are reported to affect other regions (Ramos et al., 2015; Gao et al., 2016b). However,
the dynamic part is uncertain, resulting in the question if changes in the location and
extend of ARs influence the location of landfall (Payne et al., 2020). This uncertainty
in the large-scale circulation in future projections, are, among others, one reason for the
uncertainty in regional projections. An approach to deal with these uncertainties, recently
gaining attention, is to provide storylines on the tales of possible future weather events
(Hazeleger et al., 2015). Within these storylines one explains the physics involved in the
scenario of a selected extreme event, touching upon the imagination of users, although not
quantifying the probability of such a storyline/event, and thus avoiding the challenging
question how dynamics will change towards the future (Shepherd et al., 2018; Trenberth
et al., 2015). These storylines are especially useful for the communication of high impact
events with stakeholders. An example in the case of an atmospheric river is provided by
Schaller et al. (2020), who communicated the story/modelling effort of an atmospheric
river impacting the coast of Norway, along the expected modelling chain of global regional
and flood-forecast modelling, as mentioned in the previous paragraph.

7.2.2 Blocking and land-atmosphere interactions

Another example of a storyline approach was given by Wehrli et al. (2020) who studied
the extremely dry summer of 2018 over western Europe under different warming scenar-
ios and a scenario with no human imprint. All simulations were nudged towards the
dynamical situation of 2018. They found maximum temperatures over 40°C in the future
scenarios (Wehrli et al., 2020). Such a study provides insightful information that helps
understanding risk and consequences of similar events in a future climate. Regarding
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process understanding, the first scientific challenge posed in the Introduction, we studied
the moisture sources of western Europe during the drought of 2018, results are given in
Box 7.1.

Within the research presented in this thesis, the dry summer of 2018 was investigated in
terms of moisture sources of the Rhine basin, and compared to another extremely dry sum-
mer of 2003 (Chapter 5). The related research question reads: What are the anoma-
lous moisture sources of the drought over the Rhine basin in summer 2003 and
20187 We found interesting differences for the 2003 and 2018 moisture sources of the
Rhine, and thereby the importance of the large-scale drivers and local land-atmosphere
interactions. In 2018, the synoptic situation with persistent blocking was more favourable
to result in drought over the Rhine basin compared to 2003. For 2003, the positive pre-
cipitation temperature feedback enhanced the drought at the end of summer (Fischer
et al., 2007b). Liu et al. (2020) also observed strong soil moisture-temperature coupling
during the 2003 heatwave, and a weaker coupling in 2018. The amplification of drought
through drought propagation can be studied using moisture tracking, as is done for North
America by Herrera-Estrada et al. (2019). The propagation of the heatwave in 2018 was
studied by Spensberger et al. (2020) who found no recycling of heat from the heatwave in
July over Scandinavia to the heatwave in central Europe in August. In contrast, for the
Russian mega-heatwave in 2010 heat advection from upwind areas is shown to play a role
in the amplification of the heatwave (Schumacher et al., 2019). So far, advection of heat
and moisture are often studied separately. However, when transport of heat and moisture
are investigated simultaneously, links between the energy and water cycle might lead to
deeper insights in the mechanisms and developments of droughts and heatwaves.

The second key scientific challenge on regional projections, raises the question how mois-
ture sources of the Rhine basin are projected to change in future summers. As pronounced
warming is undoubtedly occurring now and in the future, heatwaves will become more
likely (Schér et al., 2004; Meehl and Tebaldi, 2004), and droughts probably more frequent
(Seneviratne et al., 2010; Trenberth et al., 2014). Here we reflect upon the ability to simu-
late the synoptic situation (blocking) and land-atmosphere interactions affecting drought
in western Europe, and how it will change to the future.

It has been, and remains, a challenge to correctly simulate mid-latitude atmospheric
blockings in global climate models (Davini and D’Andrea, 2016). There is a historical
tendency of models to underestimate the frequency of blocking (Woollings, 2010), whereas
not much studies focused on persistency of blocking. Schiemann et al. (2020) investigated
blocking with a new suite of high-resolution climate models, part of CMIP6-HighResMIP.
They found that a resolution increase of 100 to 20 km benefits blocking frequency, although
does not affect blocking persistency (Schiemann et al., 2020). In regards to climate change,
the frequency and persistency of summer blockings projected towards the future is highly
uncertain (Huguenin et al., 2020). Kennedy et al. (2016) finds no changes in blocking over
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western Europe, while Masato et al. (2013) shows a small decrease in blocking frequency.
Blockings over western Europe are related to a larger-scale pattern representing high-
amplitude stationary Rossby wave-trains. Those high-amplitude waves with wavenumber
7 result in co-occurring droughts over western Europe and North America, and increased
in frequency and persistence over recent decades (Kornhuber et al., 2019). However,
it is not clear if this increase is related to climate change or multidecadal variability
(Kornhuber et al., 2020; Mann et al., 2017). Also, the mechanisms of the occurrence of
this pattern are unclear. Remote forcing from the tropics, from the Arctic and resonance
in the jet stream have been reported (Cohen et al., 2014; Petoukhov et al., 2013). These
mechanisms may all play a role and interact with each other. To summarize, signals in
future changes in blockings and wave-7 pattern remain uncertain, as western Europe has
a low signal-to-noise ratio (Woollings, 2010), which makes it more difficult to identify
trend versus multi-decadal variability (Deser et al., 2012).

While the future dynamics of the atmosphere are very uncertain in models, observations
and theory, the thermodynamic future changes are fairly robust (Shepherd, 2016). A valid
related question is therefore how much future precipitation changes can be attributed to
changes in circulation (dynamics) and or changes in global warming and land-atmosphere
interactions (thermodynamics). We find in Chapter 5 that in the case of 2003 and 2018 the
anomalous moisture sources were mostly explained by anomalous wind, thus anomalous
dynamics, but we have not assessed trends. Van Oldenborgh et al. (2009) concludes
that past rising temperatures over western Europe are not linearly related to shifts in
atmospheric circulation, indicating that soil moisture depletion is important. Linden et al.
(2019) studied soil drying over western Europe towards the future, and concludes that both
anomalous circulation patterns and local feedbacks are responsible for a decrease in soil
moisture (reduction in rainfall), and that both processes are better represented with higher
resolution climate models. Fischer et al. (2007a) performed climate experiments with
and without coupling of the land-surface and concludes that land-atmosphere coupling
plays an important role for the evolution of the investigated heat waves both through
local and remote effects. Thus 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). In Chapter 5, we find the effect of soil moisture
depletion in the Rhine basin indirectly, via a decrease of recycled moisture throughout the
2003 summer season. This only indicates local feedbacks over the Rhine basin, while it
is well possible that soil moisture can have larger-scale non-local impact, as is suggested
in literature (Fischer et al., 2007b; Haarsma et al., 2009; Pal and Eltahir, 2003). We can
only find indications as soil moisture data and surface fluxes in reanalysis products may
not be reliable.
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Box 7.1: Moisture sources of western Europe during the 2018 summer drought

The persistence of high-pressure systems during summer 2018 also affected the
atmospheric transport of moisture toward western Europe. Here, we identified the
moisture sources for western Europe during the 2018 summer drought with the use of
the Eulerian offline tracking tool WAM-2layers (Van der Ent et al., 2010, 2014). This
tool was run using ERA-Interim reanalysis data (Dee et al., 2011) for May—August,
and results were compared against tracking results for the long-term (1979-2018)
summer mean. Precipitation over western Europe (region indicated with grey lines
in Figure 7.1) was tracked backward in time to determine where this water originally
evaporated (i.e. the moisture sources). The moisture sources during 2018 were
determined to be much more of continental origin and less of oceanic compared to
climatology. During most of the summer, a high-pressure system was located over
western Europe/southern Scandinavia (see 500-hPa height anomalies in Figure 7.1),
which redirected storms that normally result in precipitation over western Europe
toward the southern Alps and south eastern Europe. As a result, less moisture was
transported from the Atlantic Ocean toward western Europe. Precipitation that
fell over the northern Alps (within the tracking region) in 2018 was mainly recycled
from within the basin or originated from eastern Europe following the anomalous
anti-cyclonic flow. Conversely, in southern Scandinavia, where the drought was
strongest, moisture recycling over land was almost half of what it typically is in
summer. The evaporation recycling ratio over southern Scandinavia was 6% in
2018 compared to 10% for the base period, which indicates that the drought there
self-intensified due to positive soil moisture—evaporation—-atmosphere feedbacks.

mm month~!

Figure 7.1: Absolute moisture source anomalies for western Europe (region indicated
with grey contour lines) in mm month™' (shading) and anomaly of geopotential height
at 500 hPa in meters (contours). Anomalies indicate the difference between 2018 and
the climatology from 1979-2018.

The information in this Box was a contribution to State of the Climate 2018
(Rosner et al., 2019).
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Based on the findings given above, we expect that the exceptional droughts as 2003 and
2018 will happen more frequently due to rising temperatures. This insists an increased
likelihood of anomalous moisture sources such as in 2003 and 2018 in the future. Rhine’s
moisture sources in summer will thus probably depend less on moisture transported from
the North Atlantic, and other oceanic regions, and more on moisture sources over land.
Consequently, local and land recycling will become more important in a future climate
for the Rhine. This will make the basin more vulnerable for land-use changes and soil
drying, thus soil-moisture climate feedbacks.

7.3 Modelling practices

So far, we discussed the two scientific challenges along two main mechanisms of (lack of)
moisture transport: atmospheric rivers and blockings. However, the research performed
in this thesis also focuses on understanding, and the ability of models to capture, the
seasonal water cycle and its projections (Chapter 4 and 6). Further ideas, and embed-
ding of, different modelling practices on understanding and projecting the seasonal water
cycle are discussed below, going from moisture tracking to atmospheric and hydrologic
modelling.

7.3.1 Moisture tracking

In Chapter 4, the WAM-2layers tracking model is adapted to perform tracking with the
global climate simulations from EC-Earth (validation thereof is presented in Chapter 2),
to determine the moisture sources of the Mississippi basin in present and future climate.
These results are based on one climate model and one tracking model. Validation of
moisture tracking results is difficult, as there are no observations available. The best veri-
fication possibility is found in isotope research, as stable water isotopes provide useful in-
formation on the origin of water, and oceanic and terrestrial sources can be distinguished.
However, stable water isotope research does not provide a climatology of moisture sources
for the large Mississippi River Basin. In Box 7.2 Mississippi’s moisture sources studied in
Chapter 4 are compared to the sources of the Mississippi found by other studies, using
different datasets and moisture tracking methods. From this validation we learn that by
combining different datasets and atmospheric moisture tracking tools, resulting moisture
sources can differ substantially. This indicates that careful interpretation of moisture
sources is needed. Further comparisons between different climate models and different
tracking models will provide further insights.

The main research question of Chapter 4 reads: How is the modelled atmospheric
water budget over the Mississippi River basin (with a focus on its moisture
sources) projected to change in the future? We found a clear seasonal cycle in
the moisture sources, with more recycling of moisture within the basin during summer
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and more transport of moisture from the ocean toward the basin in winter. In future
winters, increased evaporation over the oceans contributes to increased precipitation over
the Mississippi basin. A decrease in moisture sources in future summers indicates that the
moisture sources of the Mississippi basin become less local in a future climate. This implies
less local dependence of changes in land-use within the basin, and increased dependence
on water management and governance on the regional scale. Similar results with increased
evaporation over the oceans are expected to lead to increased future winter precipitation
in the Rhine basin.

Keune and Miralles (2019) proposed a ‘watershed precipitation recycling network’ to as-
sess the vulnerability of freshwater resources between catchments in Europe, as is also
done between countries (Keys et al., 2017). Their results suggest that changes in land-use
affecting evaporation might propagate downwind and affect freshwater availability else-
where. This application is part of the ‘application list’ of identifying ‘the origin and fate
of moisture’ presented by Link et al. (2020), including a publicly available dataset demon-
strating ‘the fate of evaporation’; i.e. the regions where precipitation occurs for a selected
grid cell. Other applications for this dataset, and moisture tracking in general, are listed
and incorporate understanding precipitation changes and trends, its inter-annual variabil-
ity, and extreme weather events (Link et al., 2020). What is new in the study of Chapter
4 is that we apply tracking to future climate simulations, and we show in this thesis the
added value of moisture tracking on understanding large-scale transport processes, such
as blockings, and the seasonal water cycle. Summarized, atmospheric moisture tracking
can provide insights in large-scale circulation, land-atmosphere interactions and water
availability and sustainability, thereby emphasizing the intrinsic connection between at-
mosphere and hydrology. In my view, these fields should be more integrated, and moisture
tracking tools are a good way to achieve this.

7.3.2 Atmosphere

In this thesis, we used atmospheric reanalysis data for process understanding of transport
mechanisms and for validation. To investigate the effects of increased model resolution,
and to analyse future projections of the water cycle, simulations of one climate model were
used. In order to investigate the hypothesis that increased model resolution improves the
representation of the hydrological cycle, we posed in Chapter 6 the main question: Can
we improve the simulated hydrological cycle over the Rhine and Mississippi
basin by increasing the resolution of climate- and hydrological model? This
was studied using simulations with high and low resolutions from one climate model
forcing a high and low resolution hydrological model. Concerning the atmospheric part,
we found that increased resolution resulted in improved representation of precipitation
over the Rhine basin. However, no improvements were found for the Mississippi basin,
likely because the spatial resolutions are still to small to resolve convection.
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Box 7.2: Validation of Mississippi’s moisture sources

Here we validate the moisture sources of the Mississippi River Basin (Chapter 4) by
comparing the results with other studies that determined the moisture sources of
the Mississippi River Basin. Figure 7.2a shows the moisture sources determined in
Chapter 4 (Figure 4.4, averaging over all seasons). Figure 7.2b shows Mississippi’s
moisture sources based on the NCEP reanalysis dataset from 1979 until 2014 and
the quasi-isentropic back trajectory (QIBT) model (Dirmeyer and Brubaker, 2007).
These results are published on the following website: http://cola.gmu.edu/wcr,
and provided by Paul Dirmeyer after personal communication. Figure 7.2c shows
the moisture sources of the Mississippi basin based on MERRA reanalysis from 1979
until 2008, using the same quasi-isentropic back trajectory (QIBT, data obtained
after personal communication with Paul Dirmeyer).

Although the region where the moisture sources originate is comparable between the
datasets and methods, there are very distinct differences in the amount of moisture
source contributions. While in our study moisture sources are largest over the Gulf
of Mexico and Gulf of California, these contributions are minor using NCEP data
and the QIBT tracking, especially over the Gulf of California. This is partly due
to the low resolution of 1.9° of the (old) reanalysis data, thereby not resolving
the narrow water body of the Gulf of California. Using a more recent reanalysis
dataset with the same moisture tracking technique (QIBT), shows different results
(Figure 7.2c), more comparable to the sources found in this thesis. We expect
overestimations in our study from the Gulf of California, due to overestimations
in the specific humidity profiles using the interpolation technique (as described
in Chapter 2). To summarize, different datasets and tracking techniques show
distinct differences when comparing the moisture sources of the Mississippi basin.
More tracking inter-comparison studies, using multiple climate model simulations
and different tracking techniques is recommended to get a better feeling for the
uncertainty around moisture sources.

a) Etrack Imme b) Etrack Paul Dirmeijer b) Etrack Paul Dirmeijer

EC-Earth 0.25° (6 x 2002-2006) NCEP 1.9° (1979-2004) MERRA (1979-2008)

+ Eulerian tracking (WAM-2layers)
LT

mm month~!

Figure 7.2: Moisture sources of the Mississippi for a) 30-years of simulations with
EC-Earth and the Eulerian tracking model WAM-2layers, b) simulations with NCEP
reanalysis 1.9° (1979-2004) using the quasi-isentropic back-trajectory model and ¢) sim-
ulations with MERRA reanalysis (1979-2008) and the quasi-isentropic back-trajectory
model.
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These results are based on simulations of one climate model, and thus depending on the
specific physics and parameterizations used in that model. At the time the research was
conducted, not many other climate simulations were available at such high resolution
(Davini et al. 2017b; Delworth et al. 2012; Schiemann et al. 2018, and more references
within Haarsma et al. 2016) as used in this study. However, with the availability of the
CMIP6 high resolution simulations as part of the PRIMAVERA project, we are now able
to verify the results found in this thesis among a diverse set of high-resolution climate
simulations.

In Chapter 6, we approach the research question from a global modelling approach, and
thereby investigate the benefits of increased model resolution. However, this does not
mean that increasing the resolution of global climate models is the only ‘way forward’
to enhance our process understanding and improve modelling of regional water cycles.
Similar questions as addressed in this thesis can be studied from a regional perspective.
The European Coordinated Regional Downscaling Experiment (EURO-CORDEX) seeks
to advance regional climate science (Jacob et al., 2020), and similar communities exist
around the globe. Through dynamical and empirical-statistical downscaling more de-
tailed simulations at the European level are provided, although depending on the bound-
ary conditions of low resolution global climate models. In the evaluation of precipitation
by Demory et al. (2020) the high-resolution global climate simulations (25-50 km) from
PRIMAVERA are compared to the CORDEX regional climate simulations (12-50 km)
over Europe. The effect of increasing resolution from 50 km to 12 km is small outside
mountainous and coastal regions (Demory et al., 2020). This is a promising result in-
dicating that high resolution global climate simulations can provide similar information
as regional models, but then on a global scale. Or, differently framed, it indicates that
both simulations are equally wrong when the driving physics act at even smaller scales,
as what we hypothesize is the case for the bias in global simulations of (convective) pre-
cipitation over the Mississippi basin (Benedict et al., 2019b). What has potential in my
opinion is that these high-resolution global models can be used as boundary conditions
for higher resolutions regional models, going towards cloud permitting resolutions (cloud
permitting models (CPMs), Liu et al. (2017) for North America and Prein et al. (2013)
for the Alps). This cycle of increased resolution GCMs, providing better boundaries for
RCMs and CPMs, will continue with increasing computational power (although with lim-
its), and provides promising datasets to work with in the future. A challenge therein is to
store and work with the large amounts of data involved, and process them in an efficient
and transparent way, rather requiring programming and coding skills than meteorological
knowledge.

Depending on the hypothesis or research question, another way forward to invest com-
putational resources and improve process understanding is by creating large ensembles.
Large ensembles are needed when one wants to study internal variability in relation to cli-
mate change (Deser et al., 2012). Uncertainty in climate projections arise from three main
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factors: emission-scenario uncertainty, model-response uncertainty and natural variability
(Hawkins and Sutton, 2009; Tebaldi and Knutti, 2007). The last mentioned uncertainty
is addressed when using large ensembles. Model-response uncertainty can be validated
when model results are compared, and modelling practices are improved. The use of large-
ensembles in this thesis would improve our knowledge, also in terms of moisture sources,
on the internal variability of moisture transport mechanism such as atmospheric rivers
and blockings, and would provide more robust results in terms of extreme precipitation
and flooding (when large ensembles of climate models forcing hydrological models are
created, such as in Van der Wiel et al. 2019). To study moisture sources in large ensem-
bles, atmospheric data at multiple levels in the atmosphere is required with a sub-daily
timestep (6-hourly), which is often not available.

The last ‘way forward’ to enhance our understanding on regional water cycles from a mod-
elling perspective, is to increase model complexity. Throughout this thesis we make use
of atmosphere only simulations with the global climate model EC-Earth. Active coupling
to the ocean however, is already quite common in high resolution models, and is shown to
improve the development of storms (Takatama et al., 2012), and thereby moisture trans-
port. Also surface fluxes are expected to become more realistic with an active coupling
between ocean and atmosphere, especially in regions where storms develop (Kelly et al.,
2010; Takatama et al., 2012). Although including ocean circulation and sea ice is already
common in climate models, interactions with aerosols, carbon and nutrients as nitrogen
are only included in so-called earth system models. By including complex interactions
between for example water and carbon, or urban areas and their environment, simulations
of the climate system become more realistic. However, one could also argue that with
more conceptual models specific processes and their sensitivity can be better tested, while
with a model including many complex interactions difficulties arise in assessing direct and
indirect feedbacks.

In light of this research, increasing model complexity by coupling atmosphere and hy-
drology is relevant. A current limitation of land-surface models is that they often do
not contain a routing module, i.e. that surface runoff is not translated to river runoff.
When this last step is provided, river runoff can be directly simulated with global cli-
mate models, instead of running an additional hydrological model (as done in Chapter
6). This gives opportunities for model validation, as an integrated discharge response is
a better observed variable then precipitation over mountainous areas where observations
are sparse. Furthermore, a two-way coupling of atmosphere and hydrology also allows for
direct feedbacks in land-atmosphere interactions. For example, extensive irrigation, if in-
cluded in land-surface models, is shown to impact the regional climate (Puma and Cook,
2010; Thiery et al., 2020) and atmospheric water cycle (de Vrese et al., 2016). These inter-
actions become even more relevant when dry regions get drier (Held and Soden, 2006) and
the pressure on irrigation increases. Another interesting example of interactions between
hydrology and climate, is how changes in land-use might affect the regional circulation.
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Planting trees increases the latent heat flux which might influence precipitation elsewhere,
depending on the circulation. In a system with direct interactions between the land and
the atmosphere, and flexibility in changing land-use is enabled, moisture tracking can
provide answers to the effect of regreening by planting trees, or the effect of deforestation
on the climate (Khanna et al., 2017). Such studies need model interactions between veg-
etation and the atmosphere, where incorporating land-use changes also quests for high
spatial resolution simulations.

7.3.3 Hydrology

In Chapter 6 of this thesis, a global hydrological model at low (~50 km) and high reso-
lution (~5 km) is used to study the benefits of increased spatial resolution in simulating
discharge over the Rhine and Mississippi basins. The global hydrological model W3RA is
run with the original resolution of 50 km, which is the common resolution of current global
hydrological models (Beck et al., 2016; Haddeland et al., 2011; Schellekens et al., 2016).
To run the model at higher resolution, we remapped the parameters from the high to the
low resolution, except for orography and vegetation which are known at high-resolution.
Using this approach to increase the resolution of the model, no substantial improvements
in discharge were found (Benedict et al., 2019b), although a discussion on the challeng-
ing field of hydrological modelling at multiple scales was triggered (Benedict et al., 2017).
These challenges arise around model parameterizations, as many parameters are uncertain
and non-physical (Melsen et al., 2016), and difficult to transfer across time and spatial
scales. We show that our approach to deal with parameterizations across scales, sim-
ply remapping the parameters, does not result in improved discharge simulations and is
probably not the best way forward. Different approaches on dealing with parameters in
hydrological modelling across scales are taken. One way is to connect physical processes
to landscape indications, allowing regionalization without further calibration (Samaniego
et al., 2010; Gao et al., 2014a, 2016a). Such an approach was also taken by Imhoff et al.
(2020) who combined point-scale (pedo)transfer functions with high spatial and temporal
modelling for the Rhine basin. Almost all parameters were scaled over multiple resolu-
tions (ranging from 4.8 to 1.2 km), while fluxes remain constant, and without any further
calibration. With this method consistent parameter fields over various resolutions can be
obtained. Besides, increasing the resolution of a hydrological model potentially requires
the addition of different hydrological processes, which become relevant at higher resolu-
tions. An example is for instance subsurface lateral flows, which are not considered in the
simulations in Chapter 6, but are considered in the kilometer-scale simulations by Imhoff
et al. (2020). These adaptations in parameters and included processes mainly strive for
better results in simulated discharge. However, the correct simulation of other hydrologic
variables such as soil moisture and snow pack can also be crucial. For example, in the
case of a region affected by extreme precipitation from an atmospheric river, hydrological
antecedent conditions affect the risk on flooding (Schaller et al., 2020).
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7.4 Closing remarks

In the mid-latitudes, warm and cold fronts determine the transport of moisture and en-
ergy, resulting in convergence of moisture and precipitation over the continents. It is in
these mid-latitude land regions where society is affected by the variations in weather,
and thus the water cycle. Pressing issues related to the water cycle are among others
food production, the availability of freshwater resources, and disasters related to extreme
events. In this thesis moisture transport in the mid-latitudes is investigated for three
distinct geographical areas, on various time and spatial scales, from a meteorological and
hydrological perspective.

When I started this PhD research, I envisioned myself studying changes in precipitation
and discharge in major river basins in the mid-latitudes using simulations of the climate
under present and future conditions. While this partly became reality, I realised along
the way that the correct understanding, and modelling, of the water cycle in the present
climate is already challenging, and crucial, in itself. For example, modelled precipitation
over the Mississippi basin showed deviations from the observed seasonal cycle (Bene-
dict et al., 2019b), and the variability in basin-averaged precipitation compared to other
models was quite substantial (Benedict et al., 2020). Other large-scale processes such
as blocking are still very difficult to simulate, although new results with high resolution
models look promising (Schiemann et al., 2020). When linking meteorology to impacts
on land, new uncertainties arise related to land-atmosphere feedbacks and simulations of
(global) hydrology. To further understand those processes, more basic research on mois-
ture transport and how it impacts society is needed (Bony et al., 2013; Marotzke et al.,
2017). Luckily, in the current era with advances in computer power and new observ-
ing techniques, exciting opportunities arise to gain further insights on how moisture is
distributed in the atmosphere and on land.

Also, regional projections of climate change are crucial to prepare society for changes
ahead (Stocker et al., 2013). These regional projections of the water-cycle mostly come
with large uncertainties, due to internal variabilities, and because future changes in the
large-scale circulation, such as the storm-track, are uncertain. This uncertainty in the
large-scale circulation occurs mainly because different drivers of change can act in oppo-
site directions (Shepherd, 2019). On the other hand, future changes related to thermo-
dynamics are quite robust (Shepherd, 2014), following the laws of thermodynamics. An
illustrative example is the occurrence of heatwaves in a future climate, which are pro-
jected to occur more frequently due to increased temperatures (thermodynamics), while
the changes in circulation affecting heatwaves remain uncertain (Palmer, 2013). As ad-
vances in understanding of the changes in dynamics progress slowly (Bony et al., 2013),
one can argue that many future climate projections can also be extrapolated from known
thermodynamic theory (Clausius-Clapeyron) combined with a good understanding of the
present climate. More concrete, I suggest instead of running a plethora of climate models
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using many future scenario’s, rather spent efforts into enhanced process understanding of
present climate, and to invest computer power to build the best models we can (Jakob,
2014; Palmer and Stevens, 2019). This view is in agreement with the statement from
Bony et al. (2013) that “The confidence in our predictions will remain disproportionately
dependent on the development of understanding”.

Finally, to advance our understanding of the water cycle I believe combined efforts in the
field of climate science, meteorology, and hydrology are needed. Besides that combining
these fields provides a very diverse topic to work on, the water cycle inherently asks for
different perspectives and approaches. Only by continuing to bridge between the field
of climate, weather and water we are able to advance our understanding and improve
projections on extremes such as floods and droughts.
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