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Abstract

The water cycle acts as an integrator within the Mediterranean climate system. The climate
variability is controlled by several phenomena involved in the water cycle processes such as
precipitation, evaporation, cloud formation, ocean-atmosphere and land-atmosphere interac-
tions, moisture advection, atmospheric circulation, etc. These processes, together with the
geographical location and morphology of the Mediterranean region, form complex weather
systems on different time and spatial scales. The Mediterranean Sea also plays an important
role in the hydrology system. The basin is a source of moisture due to its excess of evaporation
and, in a long term average, it warms the low atmosphere due to heat loss at the air-sea inter-
face. A comprehensive understanding of the mechanisms involved in the hydrological cycle
is necessary. Furthermore, the region has been identified as one of the most sensitive areas
to raising temperatures conditions in future climate projections, which implies changes in the
hydrological cycle, water availability and therefore in the human activity.

Several works have studied the Mediterranean water cycle. Although large progress has been
achieved, there are still open issues regarding the assessment of the hydrological cycle compo-
nents, like, e.g., the evaporation over the Mediterranean Sea. The estimations of the freshwater
loss from different data sets show a large range of discrepancies. This uncertainty can be
attributed to several factors: data quality, time and spatial coverage, spatial resolution, and
misrepresentation of physical processes, like air-sea interaction.

To overcome some of the previous deficiencies, a new high resolution modeling tool has been
developed, which joins the atmosphere, ocean and hydrology components with the purpose
to simulate the feedback mechanisms within the water cycle components. In the new model
the regional climate model REMO, the ocean model MPI-OM and hydrology model HDmodel
are fully coupled. Two experiments have been carried out, one using the coupled model and
the other using the REMO model in stand-alone version. These experiments have been driven
by ERA40 reanalysis data for model validation. A third run has been performed using the
emissions scenario A1B to assess the climate change impact in the Mediterranean water cycle.
The resolution used for the simulations are ~25 x 25 km? of REMO and ~10 x 10 km? for the
MPI-OM.

Results show that the high resolution of the model improves, on the one side, the representation
of the orographic precipitation processes through a finer description of the topography. This
produces a more realistic precipitation pattern compared with coarse resolution data. On the



other side, a high resolution of the sea surface temperature (SST) and an active air-sea interac-
tion improve the correlation of the marine evaporation with its driving components, especially
at areas near the coast.

With regard to the role of the Mediterranean Sea in the hydrological cycle, it has been detected
that the evaporation produced at the Mediterranean Sea contributes partially to precipitation
over land through moisture advection by atmospheric eddy transport. This contribution varies
throughout the year. Larger contribution takes place during winter than in summer. The op-
posite behavior is found for the terrestrial evaporation contribution. Nevertheless, it has been
found that up to 53% of the water is recirculated within the Mediterranean hydrological cycle
independent of the exchanged roles of the terrestrial and marine evaporation sources.

Concerning the impact of Climate Change, as a direct consequence of decreased precipitation,
the deficit in the land water budget in the Mediterranean catchment induces a decrease up to
23% in the total river discharge into the Mediterranean Sea with respect to present climate
conditions. Regarding the freshwater flux into the Mediterranean basin, the freshwater loss
increases up to 21%. The magnitudes of such deficits agree with previous studies from other
authors, but the projected signal of the individual water budget components differ in this study.

The models analyzed here are able to reproduce the sea surface fluxes and the main character-
istics of the physical processes involved in the Mediterranean hydrological cycle, including the
air-sea feedbacks in the case of the coupled model. Another degree of freedom is introduced
when SSTs are calculated in the coupled model, which can be considered as an advantage with
regard to the assessment of the Climate Change response. The coupled model keeps more
independence from the SSTs signal of its driving model in future climate simulations.

ii
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Chapter 1
Introduction

The Mediterranean water cycle is determined by a variety of complex processes that affect the
region. Evidence of this variety is the spread of climate types that are present in the Mediter-
ranean area. According to the Koppen-Geiger climate classification, the Mediterranean climate
is defined as dry summer subtropical, but in fact, the variety of the climates is much larger: arid
climate in northern Africa, continental climate at the border between Greece and Turkey, tun-
dra climate in the Alpine highlands, among others (Peel et al. 2007; McKnight and Hess 2000).
Such a variety and the strong weather regionality are consequences of the geographical location
and morphology of the Mediterranean region.

Several studies have been carried out to yield a better understanding of the processes involved
in the Mediterranean water cycle. Different approaches have been used to address these issues
based on satellite data, surface measurements and model simulated data. The studies achieve
a wide comprehension of the Mediterranean Climate, but, there are still open issues like e.g.
the disagreement in the assessments of the water cycle components due to the large range
of uncertainty in the data and the misrepresentation or simply lack of information related to
unresolved processes.

This Chapter describes the main factors that affect the Mediterranean water cycle, some of the
gaps in the current knowledge and, finally, expose challenging questions to be addressed within
this study to advance the understanding of the Mediterranean Climate.

1.1 Motivation

The climate and weather in the Mediterranean region is under the influence of two large-scale
atmospheric circulation phenomena: the subsidence of the Hadley Cell and the direct effect of
large-scale air masses driven by the Atlantic Jet Stream (Xoplaki et al. 2003; Alpert et al. 2006).
Meanwhile in the first case the descending motion reduces the air moisture, the second one
governs transport of water vapor in and out of the Mediterranean region (Gimeno et al. 2010;
Schicker et al. 2010). The seasonal changes of the moisture transport are directly dependent
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on the seasonal variability of the large-scale circulation (Millan et al. 2002; Josey et al. 2011),
like in the case of the moisture stagnation during the summer season (Schicker et al. 2010).

In a similar way, the Mediterranean climate variations are a direct consequence of the interan-
nual variability of the large-scale circulation (Mariotti et al. 2002; Lionello and Sanna 2005;
Josey et al. 2011). Large-scale pressure systems, northern fronts and extratropical cyclones
from the Atlantic affect Europe and the western Mediterranean region (Reale et al. 2001), as
shown by the strong correlation between the precipitation in these areas and the North Atlantic
Oscillation index (NAO) (Fernandez et al. 2003). Under certain circumstances, the large-scale
circulation could lead to specific extreme events (Hurrell 1995). Even though it is not com-
pletely understood, the high temperature and air dryness produced during the heat wave in
summer 2003 seems to be a consequence of the large-scale variation (Black and Sutton 2007).

The complex orography is the key factor that explains the regionality of the weather regimes
(Bojariu and Giorgi 2005). High mountains steer the air masses deviating or channeling the
wind flow through valleys or sea straits. Even though the inflow and outflow to the Mediter-
ranean region are influenced by the seasonality of the pressure systems, the orography steers
the airstreams in predominant wind currents: an inflow stream takes place mainly at the chan-
nel between the Alps and Pyrenees mountain ranges, and outflow streams occur at the straits
of Gibraltar, Dardanelles and over the Red Sea, Mesopotamia region and the plain between
the highlands of Iran and Arabia (Schicker et al. 2010). The mechanical forcing of the wind
dynamics is also responsible for limiting the moisture transport (Ferndndez et al. 2003). In the
case of the Alps and Pyrenees mountains, the deposition of water vapor is done by the forced
ascent of the eastward air flow due to such mountain ranges, hence, the inflow of moisture into
the Mediterranean region is reduced (Fernandez et al. 2003; Sodemann and Zubler 2010). At
the lee side of the mountains, the water vapor is recirculated locally by the turbulent flow. In
this way, the northern and southern Alpine slopes present different hydrological regimes which
are connected to Atlantic and Mediterranean water masses respectively (Sodemann and Zubler
2010).

Besides the local wind systems, the intricate coastal line and the sea surface temperature (SST)
interact to create very local weather regimes (Milldn et al. 2002, 2005). As discussed in Milldn
et al. (2005), during autumn, warm Mediterranean SST and relative cold air produce strong
evaporation in the basin. The moist air at the coast is lifted by winds following the terrain profile
upslope producing strong rainfall when cold air pools are found at high levels. Thereby, the
water cycle budget is influenced by processes at local scale in coastal areas. These phenomena
have been described for the western Mediterranean coast, but they are present in many parts of
the basin. Since the Mediterranean region has a very extensive coastal line (47,027 km), such
local-scale processes have an important influence on the whole Mediterranean hydrological
cycle.

The difficulty to interpret at large scales changes detected at the local scale in the Mediterranean
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region has already been underlined by several authors (Spagnoli et al. 2002; Svensson et al.
2005; Neppel et al. 2011). Therefore, fine scale information is needed to resolve small scale
features, e.g., on the moisture transport (Schicker et al. 2010).

The Mediterranean Sea plays an active role in the regional climate through the air-sea exchange
of moisture and heat. There are strong feedbacks between the atmospheric and the oceanic
components. The Mediterranean Sea is driven by the atmosphere through the exchange of
moisture, momentum and heat at the surface. The heat gained or lost at the surface is trans-
ported to deeper ocean layers by turbulent diffusion and advection processes. The temporal
scale of these internal heat-exchange processes in the sea is larger if compared with the respec-
tive temporal scale in the atmospheres. Therefore it may be said that the ocean has a larger
thermal inertia that acts as a source or sink of heat modifying the thermal characteristics of
the low atmosphere. Both components, the atmosphere and the Mediterranean Sea, are ex-
ternal driving forcings for each other and their interaction oscillates in a none stationary state
throughout the year.

The Mediterranean Sea has a deficit on the heat and water surface budgets (Mariotti et al. 2002;
Sanchez-Gomez et al. 2011). On the one hand, the loss of heat and moisture is the forcing
mechanism responsible for the Mediterranean thermohaline circulation (MTHC). On the other
hand, the Mediterranean Sea can be seen as a heat and moisture source for the climate system.

The marine evaporation is determined by different conditions that affect the surface: SST,
atmospheric circulation, humidity, air temperature and wind speed. The spatial distribution
and the time variability of these factors produce a very characteristic evaporation pattern. The
water vapor produced by the evaporation is transported to land areas by advection becoming
part of the local precipitation. In the Mediterranean catchment, the influence of Atlantic and
Mediterranean evaporation on land rainfall largely depends on the area location, the season, the
atmospheric conditions and circulation (Schicker et al. 2010).

The influence of the marine evaporation produced over the Mediterranean sea area is not limited
only to the Mediterranean sea. The more direct influences are seen in Europe originating from
the western Mediterranean basin, and in the Middle East and northern Africa by the eastern one
(Schicker et al. 2010). Gimeno et al. (2010) show that the precipitation in the whole Northern
Hemisphere is formed, even in a low fraction, with moisture from the Mediterranean Sea,
and Li (2006) reports significant effects of Mediterranean sea surface changes on the global
atmospheric circulation.

The influence of the Mediterranean Sea over the mesoscale to large-scale atmospheric dy-
namic has been addressed in previous works. Studies about the wave heat over Europe in 2003
come to the conclusion that Mediterranean SST anomalies have a significant influence on the
large-scale atmospheric circulation, and the Mediterranean Sea plays an active role in the Eu-
ropean Climate (Black and Sutton 2007). Contrary to this, Jung et al. (2006) concluded that
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the Mediterranean plays a minor role in maintaining the anomalous atmospheric circulation.

The Mediterranean region has been identified as the area in which the mean precipitation and
the surface temperatures are some of the most responsive variables to climate change (Giorgi
2006). A decrease in precipitation and an increase in temperature have been detected to occur
under climate change conditions (Gibelin and Déqué 2003; Ulbrich 2006; Sheffield and Wood
2008; Mariotti et al. 2008; Giorgi and Lionello 2008; Somot et al. 2008).

Global warming, and the large-scale changes derived from it, may also have consequences.
The increase of water vapor transport from low to high latitudes is influencing the hydrological
cycle in the future climate of the Mediterranean region (IPCC 2007). Signals of trends for
temperature and salinity of the Mediterranean Sea have already been detected at the end of the
20" century (Rixen et al. 2005). These may have a large negative impact on the environment
and on the social-economical activities.

Current efforts to understand and assess the water cycle in the Mediterranean region utilized
observational or reanalysis data sets with low spatial resolution (~83 to ~125 km) (Colacino
and Dell’Osso 1977; Mariotti et al. 2002; Jin and Zangvil 2009; Romanou et al. 2010), or
coarse resolution (~150 km) from global atmosphere-ocean coupled model data (Mariotti et al.
2008). It became clear that there are still large uncertainties concerning the observations of the
various terms of the heat and water budgets of the Mediterranean Sea. Sanchez-Gomez et al.
(2011) analyzed the air-sea fluxes reproduced in high resolution simulations (~25 to ~55 km)
from stand-alone regional climate models (RCMs), which were driven by coarse resolution
SSTs (125 km). They conclude that inside the model ensembles, not all RCMs yield signifi-
cant improvements of such fluxes. A successful simulation of the Mediterranean Sea has been
achieved by Somot et al. (2008) using a regional atmosphere-ocean coupled model. The air-sea
feedbacks were represented using a heat flux correction to improve the estimations of the at-
mospheric model. The resolution of the atmospheric model was ~50 km. However, no detailed
studies about the water cycle were carried out with the Somot et al. (2008) model results.

This study pretends to improve the understanding and assessment of the Mediterranean water
cycle through a better representation of small-scale processes and air-sea feedbacks using a
new regional atmosphere-ocean-hydrology coupled model with a high spatial resolution (~25
km for the atmosphere, ~10 km for the ocean).

1.2 Objectives of this study

To overcome previous deficiencies of existing climate simulations, a high resolution coupled
atmosphere-ocean-hydrology modeling tool has been developed to fulfill the following objec-
tives:
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* Better representation of local scale processes through a detailed SST pattern
* Improvement of the surface fluxes through an interactive air-sea feedback
» Simulation of the hydrological cycle in a closed system

In this context, this study contributes to the understanding of the processes involved in the
Mediterranean water cycle and to estimate the role that the Mediterranean Sea plays in it.
With these primary goals, the hydrological cycle and its components are analyzed in a climatic
framework to address the following questions:

* What are the impacts of the improved resolution and the inclusion of the air-sea feed-
backs on the simulation of the water budget?

* What is the role of the Mediterranean Sea for precipitation in the Mediterranean region?
* How is the Mediterranean hydrological cycle affected by anthropogenic climate change?

The new tool, developed within this framework, includes the coupled components of the at-
mospheric regional climate model REMO (Jacob 2001) with the ocean model MPI-OM in a
limited area version (Mikolajewicz 2011) and the hydrological model HDmodel (Hagemann
and Diimenil 1998) as a river routing scheme for an interactive river discharge. The new con-
figuration can be considered as a Regional Climate System Model (RCSM) and as part of a
new generation of modeling tools for regional climate simulation purposes.

1.3 Outline

After the background given in Chapter 1, the content of the thesis comprises the following
considerations:

In Chapter 2, the RCSM is presented with a detailed description of the model components and
the coupling strategy. Besides this, a description of the different data sets, based on the obser-
vations, satellite data and reanalysis products, which have been used in this work as references
is given. In Chapter 3, the validation of the RCSM is performed with a focus on the simulated
hydrological components and air-sea fluxes, and the role of the water vapor and clouds in the
solar radiation budget under climate change conditions is studied. In this chapter the oceanic
response of the coupled system with regard to the Mediterranean water masses is addressed
as well. Chapter 4 includes an analysis of the moisture divergence and advection, together
with an assessment of the evaporations sources that contribute to the land precipitation over the
Mediterranean catchment. In Chapter 5, the influence of the Mediterranean Sea on the atmo-
spheric dynamics in the case of the heat wave event in summer 2003 as simulated by the RCSM
is explained. Conclusions of the main findings are summarized in Chapter 6 and possible steps
for future research are proposed.
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Chapter 2

Model description and data

In Chapter 1 the necessity of using a high resolution atmosphere-ocean coupled model for
a better representation of the climate in the Mediterranean region has been discussed. Here
a new tool is presented to perform such simulations based on the coupling of three models:
the REgional atmosphere MOdel (REMO), the Max-Planck-Institute for Meteorology ocean
model (MPI-OM) and the Hydrological Discharge Model (HD model). All models have been
developed at the Max-Planck-Institute for Meteorology. The OASIS3 software has been used
as a coupler for the atmosphere and ocean components. To achieve the connection between the
three earth components: land-atmosphere-ocean. Therefore, the new tool can be considered as
a Regional Climate System Model (RCSM).

Figure 2.1 shows the domain of each model, and for the first time in the Mediterranean Sea sim-
ulations, the Black Sea has been included in the oceanic domain. Hence, the internal physics of
the Black Sea is present in the inflow’s signal to the Mediterranean Sea through the Bosphorus

Strait.
‘ W o

-100 T T 400

00

Bathymetry (m)

Orography(m)

Figure 2.1: Domain of each model component: left panel shows the orography of the atmosphere model
(REMO) and right panel shows the bathymetry of the oceanic component (MPI-OM). Units are meters
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2.1 Atmospheric model

REMO (Jacob and Podzun 1997; Jacob 2001) is a three-dimensional, hydrostatic atmospheric
circulation model which solves the discretized primitive equations of atmospheric motion. It
is based on the ‘Europa-Modell’ of the German Weather service (Majewski 1991) and the
physical parameterizations are taken from the global climate model ECHAM-4 (Roeckner et al.
1996). REMO is a hydrostatic model and can be used for an horizontal resolution up to 10km,
in this case a 25 km resolution domain is established.

For horizontal discretization REMO uses a spherical Arakawa-C grid in which all variables,
except the wind components, are defined in the center of the respective grid box. The grid box
centers are defined on a rotated latitude-longitude coordinate system. In the vertical, varia-
tions of the prognostic variables (except surface pressure) are represented by a hybrid vertical
coordinate system and 31 vertical levels are used for this experiment.

As a Limited Area Model, REMO needs lateral boundary forcing data like temperature, wind,
surface pressure and moisture. These boundary conditions can be prepared using reanalysis
data for validation simulations or from global climate models for climate simulation scenarios.
For the surface boundary, the treatment of soil hydrology is based on a simple bucket scheme,
whereas, over the sea, REMO uses the sea surface temperature (SST) whether they be pre-
scribed or calculated on-line by the oceanic component. In this case, they are calculated only
for the Mediterranean Sea and Black Sea, and prescribed for the rest of the oceanic surface.

2.2 Oceanic model

The oceanic component is the Max-Planck-Institute Ocean Model (MPI-OM, formerly C-
HOPE (Maier-Reimer 1997; Marsland et al. 2003)), which is a primitive equation model (z-
level, with Boussinesq and incompressibility assumptions) formulated on an orthogonal curvi-
linear Arakawa C-grid. The model includes a dynamic-thermodynamic sea ice model with
viscous-plastic rheology (Hibler 1979). It has a free surface and uses a mass flux boundary
condition for salinity.

For the Mediterranean domain the MPI-OM model uses a bipolar orthogonal spherical coor-
dinate system. Orthogonal meridians and parallels are constructed according to the choice of
zonal and meridional resolution and are used to define the spatial mesh. A simple bottom
boundary layer scheme is included as well as the standard set of subgrid scale parameteriza-
tions (e.g. isopycnal diffusion, Richardson number dependent vertical diffusivities, a simple
mixed layer scheme including the effect of wind mixing at the surface). The horizontal resolu-
tion is ~9 km. 29 vertical levels are used (the average of the depths between two consecutive
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levels in meters: 6 17 27 37 48 60 74 92 113 136 161 192 228 272 325 389 466 559 671 806
969 1165 1401 1686 2029 2416 2841 3316 3816).

The original global model was modified and limited to the Mediterranean Sea Area (Mikola-
jewicz 2011). The oceanic domain includes both the Mediterranean and Black basins. The
Atlantic box is used as a sponge zone, where oceanic temperature and salinity are restored.
The Mediterranean Sea is connected to the Atlantic through the Gibraltar Strait which has been
simulated with 4 grid boxes long (~36 km), 3 grid boxes wide (~27 km) with a narrower section
of 2 grid boxes (~18 km). The depth is 270 m represented by the firsts 14 levels with one grid
box channel at the bottom. The connection between the Mediterranean Sea and the Black Sea
takes place through the Bosphorus Strait which has 3 grid boxes long (~27 km) and one grid
box wide (~9 km), the maximum depth is 12 m.

2.3 Hydrological model

The HD Model (Hydrological Discharge) is a routing scheme, which has been developed at
the Max Planck Institute for Meteorology (Hagemann and Diimenil 1998). It accounts for the
lateral waterflow on the land surface in global climate model applications. Inside the cou-
pled model it delivers freshwater from the river system to the ocean component. The model
describes the translation and retention of the lateral discharge within the river system as a func-
tion of spatially distributed land surface characteristics.

The HD Model is applied on a regional scale with a fixed horizontal resolution of 1/2° on a
regular, non-rotated spherical grid, corresponding to an average grid box size of about 55 km x
55 km . The model requires surface runoff and subsurface drainage as input parameters. These
quantities are interpolated from the REMO model grid to the 1/2° grid used by the HD Model
(Hagemann and Diimenil 1999; Hagemann and Jacob 2007).

The atmospheric domain covers the Mediterranean and Black Sea catchments for all Mediter-
ranean and Black Sea rivers discharge calculation, except for the Nile river. The Nile discharge
has been heavily antropogenized and its hydrological system is disconnected from meteoro-
logical processes, so a prescribed value of 1829.5 m3/s has been used. This value corresponds
to the mean of the last three decades of observed discharge according with river discharge
observations database from Global Runoff Data Centre (GRDC) (Diimenil Gates et al. 2000).

2.4 Coupling strategy

The Figure 2.2 shows a scheme of the coupling strategy. The coupling between the REMO
atmosphere model and the MPI-OM ocean model was carried out using the OASIS coupler
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developed by CERFACS (Valcke 2006). OASIS is used for variables exchange and for cou-
pling time synchronization only. A conservative bilinear interpolation routine is integrated in
the MPI-OM model to interpolate fields between REMO and MPI-OM model grids. In the
HDmodel a different interpolation for REMO fields is used.

In REMO heat, freshwater and momentum fluxes are calculated for each grid box and SST,
sea ice thickness and compactness are received from the ocean model. The atmosphere-ocean
coupling frequency is set to 6 hours and the calculation of the river routing is every 24 hours. A
similar configuration without the river routing has been used for Indonesian rainfall simulations
(Aldrian et al. 2005) and Arctic Sea ice studies (Mikolajewicz et al. 2005).

Atmosphere Hydrological

Model (REMO) | — RVLLENGINiree )

{1

- Couwpler (OASIS3)
{1

Ocean

Model (MPI-OM)

Figure 2.2: Scheme for the coupling of the model components

2.5 Description of the experiments

A total of four simulations have been conducted for this study. To investigate the air-sea feed-
back in the Mediterranean climate system, two atmospheric simulations have been performed.
One simulation was done using the atmosphere regional climate model REMO only (here-
inafter referred to as ARCM), in which the SSTs are prescribed. A second simulation was
carried out with the coupled model RCSM, in which SSTs only at the Mediterranean and
Black Seas are interactive. The Atlantic SSTs are prescribed as in the ARCM. Each of these
two simulations consists on 41 years for present climate from 1958 to 2001. Perfect boundary
conditions from the ERA40 reanalysis data by the European Center for Middle range Weather
Forecast (ECMWEF) (Uppala et al. 2005) have been used as lateral forcings for the REMO
model and the Levitus et al. (1998) data set for the MPI-OM in the case of the RCSM simula-
tion. In the case of the ARCM simulation, SSTs from the ERA40 data set were used as surface
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conditions.

A third simulation was performed to study the impact of the coupling on the development of
the water masses formation at Mediterranean Sea. The simulation was carried out with the
uncoupled version of the Limited-Area Ocean Model MPI-OM (LAOM in the following). The
same lateral boundary data was used as in the RCSM case, but the variables used to calculate
the surface fluxes calculated from bulk formulae are obtained from the ARCM simulation,
therefore. The simulation consist of 41 years in the same period (1958-2001).

A forth simulation is dedicated to investigate the hydrological cycle under climate change con-
ditions. The scenario simulation was performed with the RCSM with exactly the same set-up
as used in the simulation forced with reanalysis data, but driven by an experiment realized by
the Instituto Nazionale di Geosifica e Vulcanologia (INGV) for the EU CIRCE project using
the global coupled model ECHAMS/MPI-OM. The climate change conditions correspond to
the A1B emissions scenario defined in the Special Report on Emissions Scenarios at the Third
Assessment Report by the Intergovernmental Panel for Climate Change (SRES 2000). A pe-
riod of 101 years from 1950 to 2050 was simulated. Throughout this work, past and future
climate conditions are compared. For that purposes, a historical climate period is defined from
1961 to 1990, and a future climate scenario refers to the period from 2021 to 2050.

2.5.1 Initial conditions and spin-up

A 60 years spin-up run was performed with the stand-alone ocean model using Levitus et al.
(1998) data set as initial conditions. The simulation was forced with a perpetual year forcings
conditions. Temperature and salinity were restored to Levitus et al. (1998) data set values at
the sponge zone and OMIP data (Réske 2006) were used for the surface forcings.

The final state of the 60 years Mediterranean simulation has been used as initial conditions for
a second spin-up using the LAOM and RCSM set-ups. The second spin-up consists in 20 years
(driven by the first 20 year from ERA40). Its final state was used as initial conditions of the
definitive experiments. In the case of the scenario simulation the spin-up period was 40 years
driven by the first 40 years from the GCM.

2.6 Data

The data sets used as references throughout this work are briefly presented.

CRU Climate Research Unit TS3.1. The resolution is 0.5 degree with a regular grid and
global coverage over land only. A period from 1901 to 2006 is available. The data are
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time series of monthly means (CRU 2008). Precipitation and evaporation data have been
used in this work.

WILLMAT Willmott and Matsuura from the University of Delaware. The resolution is 0.5
degree with a regular grid and global coverage over land only. A period from 1986 to

2000 is available. The data are time series of monthly means (Willmott and Matsuura
2001)

GPCP Global Precipitation Climatology Project from the National Aeronautics and Space
Administration. The resolution is 2.5 degree with a regular grid and global coverage. A
period from 1979 to 2000 is available. The data are time series of monthly accumulated
values (Adler et al. 2003). Precipitation data have been used in this work.

GRDC Observed Historical Discharge Data From Major Rivers For Climate Model Validation
from the Global Runoff Data Center and Max Planck Institute. The period depends on
the river. The data are time series of monthly means (Diimenil Gates et al. 2000).

ERA40 The ECMWF Re-analyses for 40 years from European Centre for Medium-Range
Weather Forecasts. The resolution is 1.125 degree with a regular grid and global cover-
age. It is a data set of assimilated data which provides atmospheric analyses. A period
from mid-1957 to 2001 is available. The data are time series of 6 hourly frequency val-
ues (Uppala et al. 2005). Surface heat fluxes, evaporation, precipitation, wind speed data
have been used in this work.

HOAPS3 HOAPS Surface Flux Dataset v3.0 (Hamburg Ocean Atmosphere Parameters and
Fluxes from Satellite Data) from Hamburg University and Max Planck Institute for Me-
teorology. The resolution is 0.5 degree with a regular grid and global coverage over
ocean only (Information near the coast is not included). A period from 1987 to 2005 is
available. The data are time series of monthly means. It is based on pure satellite data
for parameters related to heat and freshwater fluxes over the sea (Andersson et al. 2010).
Turbulent heat fluxes, evaporation and wind speed data have been used in this work.

NOCS NOCS Surface Flux Dataset v2.0 from the National Oceanography Centre, Southamp-
ton (NOCS). The resolution is 1 degree with a regular grid and global coverage over
ocean only. A period from 1973 to 2009 is available. The data are time series of monthly
means (Berry and Kent 2009). Radiative and turbulent fluxes have been used in this
work.

ISCCP International Satellite Cloud Climatology Project as part of the World Climate Re-
search Programme. The resolution is 1 degree with a regular grid and global coverage
over ocean only. A period from 1958 onwards. The data are time series of monthly
means. This product is a global analysis of satellite-based high-resolution for ocean
surface variables. (Yu et al. 2008). Radiative fluxes have been used in this work.
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OAFlux Objectively Analyzed air-sea fluxes from Woods Hole Oceanographic Institute. The
resolution is 1 degree with a regular grid and global coverage over ocean only. A period
from 1958 onwards. The data are time series of monthly means. This product is a global
analysis of satellite-based high-resolution for ocean surface variables (Yu et al. 2008).
Turbulent heat fluxes, evaporation and wind speed have data been used in this work.

MEDATLASII Mediterranean and Black Sea database of temperature salinity and biochemi-
cal parameters from MEDAR Group. The resolution is 0.36 degree with a regular grid
and 21 vertical levels over Mediterranean and Black Seas. The data are climatological
values. The computation is made from the observed data (MEDAR/MEDATLAS. 2002).
Volumetric water temperature and salinity have been used in this work.

13



CHAPTER 2 MODEL DESCRIPTION AND DATA

14



Chapter 3

Water cycle in the Mediterranean region

3.1 Introduction

This Chapter presents the performance of the RCSM and the ARCM. A model validation is
carried out by the comparison of the model results with reference data sets of different nature.
In addition, the model skills to reproduce the physical processes involved in the water cycle
are discussed. The analysis is done on a climatological basis with a focus on seasonal changes
for summer (June-July-August) and winter (December-January-February). These seasons were
chosen since they include the extremest weather conditions throughout the year.

Throughout this Chapter, results from the scenario simulation are discussed too, and differences
in the hydrological cycle components are shown. Two periods were selected for the climate
change analysis: a past climate period (hereinafter referred to as historical period) from 1961
to 1990, and a future climate period from 2021 to 2050.

In the Section 3.2, the impact of the interactive SST (in the RCSM) versus the prescribed SST
(in the ARCM) on the air-sea fluxes is discussed. Section 3.3 analyzes the response of the river
system to the simulated precipitation and evaporation balance over land in both experiments.
In Section 3.4, a validation of the individual components of the heat and freshwater fluxes over
the Mediterranean Sea is performed. Section 3.5 investigates the influence of the hydrological
cycle on the radiation budget under climate change conditions. Finally, a brief discussion of
the oceanic response and water masses formation is given in Section 3.6.

3.2 Surface feedbacks

The water loses or gains energy through the radiative and turbulent fluxes at the air-sea inter-
face. The net surface heat flux largely depends on the temperature gradient between the air
and the sea. A positive net surface heat flux induces an air-to-sea energy transport, which is
distributed to the deeper layers of the sea by turbulent diffusion and mixing processes. The

15



CHAPTER 3 WATER CYCLE IN THE MEDITERRANEAN REGION

energy transport is reversed (sea-to-air) when the air temperature becomes colder than the sea
temperature. Anyhow, the temporal scale of these internal heat-exchange processes in the sea
is larger if compared to the respective temporal scale in the atmosphere. It may be said that
the ocean has a greater thermal inertia that acts as a source or sink of heat and modifies the
thermal characteristics of the low atmosphere. This interaction between both components, the
atmosphere and the Mediterranean Sea, oscillates in a none stationary state throughout the year.
However, the moisture exchange at the surface is a direct consequence of the thermal conditions
at the interface and constrained by the air dryness and momentum. At the same time, a negative
feedback is induced when the evaporation process extracts energy as latent heat modifying the
thermal state of the thin surface layer.

Such a feedback is misrepresented in ARCM simulations, and it has been shown that it has an
impact on the climate and its variability at large scales (Zhang et al. 2010). The response of the
atmosphere and water exchange to the prescribed SST, in the ARCM experiment, and the fully
prognostic SST, in RCSM one, is addressed in this section.

The moisture flux over water J in the atmospheric component is calculated using the bulk
aerodynamic formula derived from Monin-Obukhov Similarity approach:

J = pCropAq (3.1
with
Aq = (qu —qs)

Where, p is the surface air density, C}, is the transfer coefficient for heat, that depends on the
atmospheric stability conditions, vy, is wind velocity and the humidity difference Aq composed
by q, water vapor pressure of the air near the surface and ¢ saturated water vapor pressure.
¢» depends on the air moisture and temperature, whereas qs depends on the surface pressure
and temperature. Therefore, the wind speed, thermodynamic conditions and dryness of the air
layer just above the surface, regarding to the water surface conditions, determine the moisture
transfer into the atmosphere.

The response of both models in this relation is shown in the Figure 3.1. Values over the Mediter-
ranean Sea have been horizontally averaged and the annual cycle has been calculated for wind
speed, SST, 2-meter temperature and evaporation.

Figure 3.1a shows the annual cycle for the wind speed from observations, analysis and model
data. The large difference between HOAPS and OAFlux observations data sets is due to the lack
of data along the coastal line in the HOAPS data set, which, in the case of the Mediterranean
region, plays a very important role due to its large extension. ERA40 reanalysis data seems
to underestimate the wind speed, whereas RCSM and ARCM simulate it satisfactorily. Both
experiments are very close to the observed values from the OAFlux data set. Slight differences
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ARCM and RCSM (1958-2001)
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between the models are observed mainly during Summer as a result of changes on the air
surface pressure conditions (not shown). These differences are restricted to water areas, and
caused by the thermal expansion/contraction of the atmospheric low level prompted by the
different SST (Figure 3.1b).

10m Wind Speed — Evaporation 10m Wind Speed — Evaporation
Correlation. ARCM Correlation. RCSM

Aq — Evaporation Aq — Evaporation
Correlation. ARCM Correlation. RCSM

Figure 3.2: Spatial correlations of evaporation with respect to wind speed (upper row) and water vapor
pressure gradient (lower row) using annual means. Left column panels show results of the ARCM and
right column panels of the RCSM

The difference of the evaporation observed in summer (Figure 3.1c) can be easily attributed
to the dynamic in part since the mean wind speed differs between models, and to the ther-
modynamical processes at the surface interface due to the differences in SST. At the RCSM
experiment, the air temperature becomes warmer than the water temperature which produces
saturation vapor pressure conditions at the near surface air, and therefore a cut off for the
evaporation. The air-sea negative thermal gradient is not observed at the ARCM simulation.
During winter, both the wind component and the positive thermal gradient trigger the moisture
transport rate into the atmosphere, and leads to similar results in the RCSM and the ARCM.

The correlations between evaporation and wind speed and between evaporation and the gradient
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of water vapor pressure (Aq) are shown in Figure 3.2. No large differences are found between
the model versions. It has to be noted that the temperature used as SST in the RCSM does not
refer to the skin water temperature, but to the averaged value of the first model layer with a
thickness of 12 meters.

The wind is highly correlated to the evaporation in the Mediterranean basin but not in the Black
Sea. The pattern is determined by the prevailing wind flows and high wind speed. Maximum
correlation is found at the Gulf of Lions due to the Mistral wind blowing between Pyrenees and
Alps mountains throughout Rhone valley, and at the south of Aegean Sea driven by the Etesian
winds during summer, which usually blows forward in south-east direction and contributes to
the eastern Levantine evaporation.

10m Wind Speed — Evaporation Aq — Evaporation

RCSM

Figure 3.3: Correlation comparison between ARCM and RCSM. The values correspond to those shown
in Figure 3.2 for the Mediterranean Sea only, without distinction of the seasons. The left panel shows
the correlation of evaporation with the 10-meter wind speed and the right panel the correlation of evap-
oration with the water vapor pressure gradient

The correlation of evaporation with Agq is high at the open-sea areas and low near the coastal
regions. Similar to the wind speed, the Agq is higher correlated to evaporation at the Mediter-
ranean Sea than in the Black Sea basin. The spatial correlation has a strong seasonal cycle
(not shown), and is positive during summer and negative during winter. Figure 3.3 shows a
comparison between the ARCM and the RCSM only for the Mediterranean basin. The low
correlated values in Figure 3.3 correspond to the regions near coast, bluish areas in Figure 3.2.
In general, both evaporation driven parameters, wind speed and Ag, are better connected to the
evaporation at the RCSM, but specially at the coastal areas, where the correlation increases as
a consequence of the higher resolution of the SSTs and the active air-sea feedbacks.

Near to coastal areas, the evaporation is better correlated with the wind speed than the Aq. But
at the open-sea there is no predominant role of any of the both parameters visible. However,
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the evaporation is triggered by thermal and dynamic processes.

3.3 Land surface water budget

The land surface water balance is calculated as follows:

—=P—-E—-R (3.2)

where W is the surface water storage, P corresponds to the precipitation, E is total evaporation
which includes, surface evaporation, evapotranspiration and sublimation, and R is the total river
runoff as the sum of surface runoff plus drainage. In a long therm, the averaged fluctuations of
W tends to be zero, therefore the land water budget P-E is directly represented by R.

In this section, the model skills on reproducing the precipitation and the evaporation over land
are discussed. Furthermore, the river discharge from individual rivers is used as a validation
for the land water budget over smaller areas like the river catchments as well as for the entire
Mediterranean catchment.

3.3.1 Precipitation

The Southern Europe precipitation pattern is characterized by enhanced values over the wind-
ward side of the mountains. In these areas, the air is mechanically lifted and cooled adiabat-
ically in its raising movement, this forces the condensation of moisture and eventually forms
precipitation. The deposition of water vapor by the orographically induced processes limits the
moisture transport in the atmosphere.

From Figure 3.4, where precipitation pattern from the CRU observational data set and ARCM
and RCSM experiments are shown. It can be seen that these processes take place in the west-
ern part of the Mediterranean region caused by northern face of the Cantabric and Pyrenees
mountain ranges, at the center Mediterranean region by the north-western side of the Alps,
western Dinarish, and Carpathian mountains, and at the eastern Mediterranean caused by at the
Kaukasus mountains and all along the coast at the Turkey mountain ranges. At the Black Sea
this is visible in the eastern coast.

The structure of the precipitation pattern from both experiments is consistent with the pattern
characteristics of CRU. A detailed spatial distribution of the model results is a consequence
of its higher resolution and a better representation of the orography. Moreover, it has to be
considered that the distribution of station data over mountain regions in the CRU data set might
not be dense enough to provide such detailed information. Therefore, it is difficult to assess the
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model biases in such regions. Nevertheless, the model precipitation pattern seems to be more
realistic.

The major bias of both models is located at the north and east of Europe in plain regions, with
an overestimation up to 50% to 100% in both seasons. Although this region is relative far
from the Mediterranean region, it influences the Mediterranean hydrological cycle when the
runoff from this area reaches the Black Sea and passes through the Dardanelles Strait adding
freshwater to the Mediterranean Sea.

The precipitation pattern in the ARCM and RCSM experiments shows slight differences (Figs.
3.4¢ and 3.4f). During summer, up to 20% less precipitation is simulated along the Mediter-
ranean and Black Seas coast line with some exceptions that reach up to 15% more precipitation
on the Greek and Turkey coastal areas. The negative bias shown at the African coast is not
significant since almost no precipitation takes place in this region. During winter season, more
precipitation is simulated by the RCSM mainly at the upwind side of the mountains (Figure
3.5). The larger precipitation is in connection with the moisture uptake at the Mediterranean
and Black Seas, that is transported to land areas. The water vapor transport is analyzed in more
detail in the Chapter 4.

In general, the yearly variability of precipitation is well represented by both versions of the
model. Figure 4.2 shows the time series of averaged precipitation over the Mediterranean
catchment for both seasons summer and winter. The results from both models have positive
biases in the wetter years during winter, but precipitation is well simulated during the relative
dry conditions. In summer, the variability is well captured. The RCSM tends to simulate more
precipitation during winter and less during summer compared to ARCM. The sources of such
differences are discussed in detail in the Section 4.4.1.

3.3.2 Evaporation

The ERA40 reanalysis data set has been selected as a reference for land evaporation since no
observational gridded data sets exist for long time series. Evaporation shows a similar spatial
distribution as precipitation but a different seasonal regime (Figure 3.5).

The winter precipitation and summer rainfall showers over Europe contribute to keep the soil
moistened. The soil moisture is eventually evaporated when dry and warm conditions are met in
summer and vegetation becomes more active. Some regions in South Europe reach evaporation
rates up to 3 mm/day. During winter, lower temperatures and the decrease of vegetation activity
are mainly responsible for the reduction of the evaporation.

In both seasons at the African region, the low levels of precipitation throughout the year are
not enough to irrigate the land areas and therefore no evaporation is produced. The high values
of evaporation near the coasts are an artifact of the interpolation due to the low resolution of
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Observations {(CRU), Precipitation Observations (CRU), Precipitation
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Figure 3.4: Seasonal mean precipitation (mm/day) over 1958-2001. Left column refers to summer
season and right to winter season. The CRU observational data set is represented at the top row, ARCM
results at the middle, and the relative difference between RCSM minus ARCM experiments at the bottom
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the ERA40 data set (125 km x 125 km) (Figure 3.5b). Evaporation over water is mixed with
values over land at the coastal line and therefore this data should not be considered.

The ARCM and RCSM produce realistic land evaporation patterns. Figures 3.5¢c and 3.5d show
the seasonal evaporation distributions for the ARCM (very similar to the RCSM, not shown).
Summer maximum evaporation rate matches with the orographic precipitation pattern.

In general, results from both models show a similar response and no large differences between
them. Results of the RCSM show lower evaporation rates. Similar to precipitation, larger
percentages on the relative differences are in connection with low values of evaporation but
this percentages are not significant.

Climate change signal in the land water budget

Seasonal differences for future climate with respect to present climate for the land water bud-
get are shown at Figure 3.6. A north-south gradient pattern is simulated over land, with slight
changes over the sea. In general, the water budget has decrease of around 20% over the
Mediterranean catchment. During winter, the water deficit is more pronounced in the areas
of orographic precipitation. Over water, the western basin of the Mediterranean Sea and at the
Atlantic near the Spanish Coast a negative difference between 5-20% is calculated. During
summer the water deficit is generalized to the whole Mediterranean catchment, with almost no
change over the Black Sea catchment. Over water, a slight positive difference can be seen at
the center of the basin and Levantine region.

3.3.3 River discharge

An evaluation of both precipitation and evaporation over land regions is done through the anal-
ysis of the simulated runoff. Horizontal integrated runoff over the river catchment areas from
model data is comparable to river discharge values from measurements. However, it should
be considered that some of the measurement stations are not located on the mouth of the river
but inland near to the coast. This increases the level of uncertainty of the discharge values,
nevertheless it is a good approximation for the runoff.

To analyze model runoff, the HD model is used to calculate river discharge values from fast
and slow runoff simulated by the atmospheric model. The values obtained are compared with
the GRDC observational data set. Five main rivers were selected: Rhone, Po and Ebro which
discharge to the Mediterranean Sea and Danube and Don which discharge to the Black Sea.
Seasonal mean values and their standard deviation are shown in Table 3.1 for winter and sum-
mer.
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Figure 3.5: Same as figure 3.4 for evaporation (mm/day). Reanalysis ERA40 has been used as the

Reanalysis {ERA40), Evaporation
(mm/day), JJA 1958-2001

2T

(a) ERA40 summer

ARCM, Evaporation
mm /day), JJA 1958-2001
y

(¢) ARCM summer

RCSM — ARCM,
Evaporation (percentage), JJA 1958-2001

(e) RCSM - ARCM summer

reference data set

24

Reanalysis {ERA40), Evaporation
(mm /day), DJF 1958-2001

(b) ERA40 winter

ARCM, Evaporation
{mm/day), DJF 1958-2001

(d) ARCM winter

RCSM — ARCM,
Evaporation (percentage), DJF 1958-2001

(f) RCSM - ARCM winter



3.3 LAND SURFACE WATER BUDGET

P—E (%) DJF P—E (%) JJA
(2021-2050)-(1961—1990) (2021-2050)—(1961-1990)

Figure 3.6: Changes in the water budget (precipitation (P) minus evaporation (E)) in the period 2021-
2050 with respect to 1961-1990

The Rhone and Ebro rivers follow the hydrological regime that characterize the Mediterranean
climate (wet winters and dry summers). Their catchments are under the influence of the north-
west fronts that bring moisture from the Atlantic during winter. During summer, changes in the
circulation and surface conditions decrease the water budget over the rivers catchments (Fig-
ures 3.4 and 3.5) and reduce river discharge. The Rhone river discharge rate is decreased from
1300 m? s~! in winter to 800 m? s~! in summer, and for the Ebro river from 2700 m3 s~ to
1200 m? s~1, respectively. The results from both models show a positive bias at the Rhone
catchment in winter, but good estimations during summer. The Ebro discharge is strongly
underestimated in the results from the models.

The Po river discharge does not show the typical Mediterranean hydrological regime, even
though it is also located in the center of the Mediterranean region. Its discharge has two maxima
through the year, in spring and fall, of approximately 1640 m? s~!, and two minima in winter

-1

and summer of around 1300 m® s—!. For this river, the simulated values from both models

underestimate the discharge in winter and summer with a deficit of 500 m? s~ !,

The catchments of the Black Sea rivers are located outside of the influence of Mediterranean
climate. The Danube is the major river which contributes to freshwater into the Black Sea. Its
discharge during summer season is approximately 6200 m? s~!, and 6900 m3 s~! during win-
ter. Results from the ARCM and RCSM underestimates the expected discharge, their deficits

are around 1000 m? s~! during winter and up to 3800 m3 s~!

in summer. These biases repre-
sent 50% less than observed. The Don river has a smaller observed discharge of approximately
440 m? s~! and 660 m? s~! in winter and summer respectively. In the opposite direction to the

Danube model results, the Don discharge is largely overestimated by the ARCM and RCSM,
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1

especially during winter up to 3200 m? s~!, as a consequence of the larger precipitation bias

in its catchment.

Table 3.1: River discharge average and standard deviation (103 m? s~1) for winter and summer seasons.
GRDC observations data set, ARCM, RCSM, historical and future climate scenario. The values refer
to the common period of the observations database and the simulations, except for the future climate
scenario simulation. *-Indicates that the difference in the averaged values between ARCM and RCSM
or historical and scenario simulations are statistically significant with a 95% significance level

Winter
River (Period) GRDC ARCM RCSM Historical Scenario

Observations period 1961-1990 2021-2050
Rhone  (1958-1979) | 1.3£0.41 2.0£0.61 1.94+0.60% | 2.1+£0.48  1.9+£0.64
Po (1958-2001) | 1.4£0.39 1.0£0.40 0.9£0.41* | 1.0+£0.39  0.8+0.37

Ebro (1958-1962) | 2.7+£0.66 0.4+0.12 0.3+0.12* | 0.24+0.12  0.24+0.07
Danube (1958-1990) | 6.2+1.18 5.1£1.42 5.1+£1.38 | 52+1.54 4.3£1.45%
Don (1958-1984) | 0.4+£0.15 3.2£094 324092 | 2.9+0.68  3.3+0.59

Summer
River (Period) GRDC ARCM RCSM Historical  Scenario
Observations period 1961-1990 2021-2050
Rhone  (1958-1979) | 0.840.22 0.840.25 0.7+0.21* | 0.9+0.30 0.6%0.17*
Po (1958-2001) | 1.3£+0.38 0.840.30 0.7+0.25* | 0.5£0.20 0.4+0.13*

Ebro (1958-1962) | 1.2+£0.20 0.1£0.03  0.1£0.02* | 0.1£0.02  0.0+£0.02*
Danube (1958-1990) | 6.9+1.74 3.8+£1.58 3.5£1.28* | 2.5+£091  2.5+0.86
Don (1958-1984) | 0.7+£0.19 1.3+0.65 1.3+0.66 | 0.8+£0.28  0.9+0.33

The yearly variability is not reproduced properly by the models either for most of the rivers
(Figure 3.7). Both simulations tend to enlarge the yearly variability in the case of the Rhone
and Don rivers. The Ebro river is misrepresented due to strong deficit in the precipitation.
Po is the best river represented by the model despite the turbulent and complex atmospheric
dynamics of its catchment.

The past climate period in the scenario simulation has similar values for river discharge as the
ARCM and RCSM simulations in the Mediterranean catchment (Table 3.2). Major differences
are found for the rivers inside the Black Sea catchment, which mean values show even larger
deficit of the runoff than in the ARCM and RCSM simulations during summer.

The scenario simulation in the future climate period has, in general, a deficit in the discharge

for all rivers in both seasons, except for the Don river in summer and the Ebro in winter.
Nevertheless, not all the projected changes are significant.
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Figure 3.7: Yearly time series for discharge (m® s~!) of Mediterranean rivers (left column) and Black
Sea rivers (right column)

Total discharge over the basins

The river discharge contributes to almost 20% to the total freshwater flux into the Mediter-
ranean Sea (Mariotti et al. 2002). According to observations (Table 3.2), the annual mean lies
between 8.1-16.0 103 m® s~!. The range of uncertainty is as large as the value of the smaller
estimation of the total discharge. This disagreement to the observations could be based on the
damming of the rivers along the time by human activity. Nevertheless, Struglia et al. (2004)
have estimated the upper bound of the total river discharge into the Mediterranean Sea. Their
estimated value is 10.4 10> m® s—1, based on the total area of the Mediterranean catchments
including small catchments that usually are neglected. The simulated values by both model
versions are approximately 10.9 103 m® s~1. These values fit very well to the maximum dis-
charge estimation by Struglia et al. (2004), despite the poor model performances for some of
the individual rivers.

The annual mean river discharge in the observations data sets is more consistent for the Black
Sea. The estimated value is approximately 9.1 10> m3 s~!. Simulated discharges from both
models overestimate the expected value in around 38%. These biases are produced by the
positive biases in the precipitation in the north of the Black Sea.
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Table 3.2: Annual mean river discharge for the Mediterranean and Black Sea catchments (10% m? s~1).
(1) Kara et al. (2008), (2) Perry et al. (1996), (3) RivDis (Vorosmarty et al. 1998), (4) UCAR, (5) NRL
(Barron and Smedstad 2002), (6) Sanchez-Gomez et al. (2011), (7) Struglia et al. (2004), (8) Lionello
et al. (2006b). *-Indicates that the difference in the averaged values between RCSM and ARCM and the
historical and scenario simulation are statistically significant with a 95% significance level
Catchment Observations ARCM RCSM Historical/Scenario
(1958-2001) (1958-2001) (1961-1990) /
(2021-2050)
Black Sea 9.13 (1)(2) 12.52 12.69* 12.51/11.85
(66 river mouths) 9.16 (1)(3)
9.01 (1)(4)
9.15 (1)(5)
Mediterranean Sea 10.3 (6) 10.91 10.88 11.27 / 8.65*
(240 river mouths)  8.1-10.4 (7)
16.0 (8)
13.6 (8)
16.0 (8)
11.0 (8)

3.4 Air-sea fluxes

3.4.1 Net surface freshwater flux

The freshwater budget at the Mediterranean Sea is calculated as follows:

G=FE-P-D-B (3.3)

Where G is the net volume transport at Gibraltar strait, E and P are the evaporation and pre-
cipitation over the Mediterranean Sea surface, D is the total river discharge and B is the inflow
from the Black Sea corresponding to net volume transport at the Bosphorus Strait. In a long
term, G is balanced with the freshwater input (E-P-D-B) at the Mediterranean Sea.

The assessment of the freshwater flux balance has been the objective of several studies in which
a deficit on the freshwater flux integrated over the Mediterranean Sea was concluded (e.g.,
Mariotti et al. 2002; Sanchez-Gomez et al. 2011). The negative freshwater budget determines
the amount of moisture produced through the evaporation at the Mediterranean Sea. This
moisture is transported by advection to the land regions and contribute to land precipitation.
Regarding to the Mediterranean Sea, the freshwater flux determines the salinity levels on the
upper layers of the sea, and it is a key part of the driving processes of the sea circulation.
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3.4 AIR-SEA FLUXES

A very detailed analysis of the Mediterranean freshwater flux has been done by Sanchez-
Gomez et al. (2011). They have been analyzed observational data sets and regional climate
models output (RCMs) in stand-alone version from the EU-FP6 ENSEMBLES project (Hewitt
and Griggs 2004). Sanchez-Gomez et al. (2011) have reported that the range of uncertainty on
the freshwater flux assessment is still large.

The yearly mean time series for the Mediterranean freshwater flux and its components are
analyzed for ARCM and RCSM experiments and observational data sets. Results from the
scenario simulation are included as well. Yearly mean time series for the Mediterranean Sea
are shown in Figure 3.8. A surface area of 2.5x10'? m? is assumed for the Mediterranean basin.
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Figure 3.8: Yearly time series of the horizontal integration of the freshwater flux components over the
Mediterranean Sea. Observations and reanalysis data sets have been included as a references in gray

Precipitation

The discrepancy of precipitation values over the Mediterranean Sea in the observational data
sets has been pointed out by Sanchez-Gomez et al. (2011). The HOAPS3 data sets mean and
standard deviation are 0.252 £ 0.044 m/year, meanwhile the same values for GPCP data set
are 0.503 + 0.055 m/year. This disagreement can be explained by the limited spatial coverage
of the first data set and the low resolution of the second. Besides the fact that they do not cover
the same period. For the ERA40 reanalysis data the values are higher than observed, 0.529 £+
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0.12 m/year. This data set presents unrealistic large precipitation at the beginning of the 1970s
(Figure 3.8). These values are outside of the interval reported by Mariotti et al. (2002), between
0.331-0.447 m/year. ARCM and RCSM experiments means are inside the reference interval,
0.345 £ 0.046 m/year for ARCM and 0.327 £ 0.043 m/year for RCSM. Their interannual
variabilities are very similar among each other and to the references data sets.

Results from the historical period (1961-1990) are in agreement with those obtained from the
ARCM and RCSM experiments. The mean precipitation for the historical period is 0.326 +
0.039 m/year, very similar to what was obtained in the RCSM experiment but it shows a smaller
yearly variability. For the future climate period (2021-2050) a decrease of precipitation 0.279
£ 0.035 m/year is detected. It represents 14% of water deficit with respect to the historical
period, this difference is significant with a 95% of significance level. The signal is in good
agreement with what has been reported in previous works (Mariotti et al. 2008; Giorgi and
Lionello 2008; Somot et al. 2008; Sanchez-Gomez et al. 2009).

Evaporation

Similar discrepancies as for annual mean values of precipitation are found for the evaporation
over the Mediterranean basin. Sanchez-Gomez et al. (2011) report annual mean intervals be-
tween 1.095 £ 0.08 m/year and 1.167 £ 0.05 m/year among the reference data sets and 1.066
4 0.06 m/year and 1.618 £ 0.07 m/year for the RCMs. Mean values for HOAPS3, OAFlux and
ERA40 are 1.176 £ 0.09 m/year, 1.090 + 0.05 m/year and 1.349 + 0.06 m/year, respectively.
The ERA40 data set overestimates the evaporation compared to the two other observational
data sets (Figure 3.8). A significant difference between the ARCM experiment (1.121 + 0.06
m/year) and the RCSM experiment (1.049 &£ 0.04 m/year) has is basis in the different state of
the air-water interface as explained in Section 3.2.

The HOAPS3 and OAFlux data sets differ in their trends after the year 1990. HOAPS3 shows
a positive trend in a similar way as the ARCM experiment, meanwhile not such a trend is
observed in OAFlux data set and RCSM experiment. Further analysis should be done to address
this behavior.

The annual mean evaporation of the historical period (1.018 4+ 0.05 m/year) is low in com-
parison to the reference data sets and ARCM and RCSM experiments. Mariotti et al. (2008)
reported an increase in evaporation between 10% and 24% in the future climate period depend-
ing on the season, and 4% according to Sanchez-Gomez et al. (2009). Nevertheless, for the
future period the signal is very weak, a no significant difference of approximately 1% (1.029
=+ 0.05 m/year) compared to the historical period is simulated.
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Discharge

Discharge values calculated from reanalysis ERA40 data show a poor performance mainly in
the first 25 years of the simulated period. The poor quality of this data set has been addressed
by Hagemann et al. (2005).

As shown in the previous Section 3.3.3, annual mean discharge is well captured by ARCM
and RCSM models. The difference in their interannual variability respect to each other is
not significant (Figure 3.8). Regarding the changes in the future climate projection, as shown
on Table 3.1, the total river discharge has a significant decrease up to 23% with respect to
the present climate period. The strong decrease is related to the changes of the water budget
over land due to a decrease in precipitation and warmer temperatures that affect the hydrology
regime of the Mediterranean region (see Section 3.3).

Black Sea water budget

Similar to the Mediterranean Sea, evaporation exceeds precipitation in the Black Sea basin
by around 17%, but this deficit is largely compensated by river runoff. Stanev et al. (2000)
estimates an annual mean for the total freshwater of -0.12 m/year based on altimeter and gauge
data. The negative sign indicates larger freshwater input than output.

In this study, the Black Sea freshwater flux is calculated from the evaporation and precipitation
from OAFlux and GPCP data sets, respectively. In the case of HOAPS3 and ERA40, each
data set provides both variables. Due to the low performance of ERA40 data over land, the
possibility to calculate the total river discharge at the Black Sea from land precipitation and
evaporation was dismissed. Instead, a value of 0.1 m/year is used according with Stanev et al.
(2000). A total area of 467,712 km? is assumed for the Black Sea (including the Sea of Azov).

The annual mean of the net surface freshwater flux obtained from the reference datasets:
HOAPS3, OAFlux/GPCP and ERA40 are -0.043 4 0.12 m/year, -0.213 4+ 0.13 m/year and
0.234 + 0.09 m/year respectively. Except ERA40 mean, these values differ from the value
-0.12 m/year obtained by Stanev et al. (2000). The ARCM and RCSM means compare well
with the reference values, -0.218 £+ 0.04 m/year and -0.188 £ 0.03 m/year respectively. The
interannual variability is much larger in the reanalysis data than in model data (Figure 3.8) as
one can see from the standard deviation.

The annual mean of the historical period is -0.171 + 0.03 m/year. No significant change is
seen on the future climate period -0.180 £ 0.03 m/year.
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Freshwater flux

The summary done by Sanchez-Gomez et al. (2011) for total freshwater flux values over the
Mediterranean basin sets a range between 0.39 m/year and 1.15 m/year. The range of uncer-
tainty can be considered large, mainly due to the quality, methods and mismatch of time periods
on the existing data sets. From the results using a composite of gridded satellite and reanalysis
data sets, an interval from 0.28 £ 0.11 m/year to 0.66 & 0.11 m/year can be calculated and from
0.42 + 0.13 m/year to 0.72 4+ 0.10 m/year using simulated data from the RCMs. An estimation
of the freshwater loss from the volume transport balance at the Gibraltar Strait (Lionello et al.
2006b) determines the interval between 0.50 m/year and 1.13 m/year. The annual means of
the reference data sets HOAPS3, OAFlux/GPCP and ERA40 are 0.692 £+ 0.09 m/year, 0.355
+ 0.07 m/year and 0.425 £ 0.17 m/year respectively. They are not the same as reported by
Sanchez-Gomez et al. (2011) since different estimations of total river discharge and Black Sea
outflow are used. Nevertheless, the values are consistent within the interval given, except for
the combination OAFlux/GPCP that has a too low value due to the overestimation of precipi-
tation in GPCP data set. The mean annual value simulated by ARCM is 0.421 4 0.08 m/year,
this value is slightly higher than in the RCSM experiments 0.390 = 0.08 m/year. Both time
series are at the lower bound of reported intervals but consistent with the reference data sets.
The yearly variability is well captured with a smaller amplitude in the signal if compared with
ERA40.

A significant increase in the freshwater loss of 21% is simulated at the future climate projection,
this is caused by the decrease of the freshwater input from precipitation and river discharge.
This increase is in agreement with previous estimations. Sanchez-Gomez et al. (2009) reported
an increase between 20% and 60% for the total freshwater flux, and (Mariotti et al. 2008) 24%
for the difference E-P only.

3.4.2 Net surface heat flux

The net surface heat flux (); is calculated as follows:

Qi =Qsr — Qrr — Qin — Qsn 3.4)

where (Qgr is the net surface solar radiation, Q1. is the net surface thermal radiation, @y, is
the net surface sensible heat and (), is the net surface latent heat. The first two terms at the
right-hand side of the equation are the so-called radiative fluxes, and the last two terms are the
turbulent fluxes.

A reference value for the net surface heat flux estimation is obtained from the net heat transport
at the Gibraltar Strait, approximately +5 W m~2 (Sannino et al. 2009), which is in balance, in
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the long term, with the averaged energy exchange at the surface. The estimated net surface
heat flux has a large range of uncertainty. Sanchez-Gomez et al. (2011) report from previous
studies values between -15 and +30 W m~2. Their own findings estimate this interval between
-15 4+ 6 and +9 4+ 8 W m~? using updated observational and reanalysis data sets, and between
-40 + 3 and +21 + 3 W m~2 using regional climate model data, with an ensemble mean of -9
4+ 21 W m~2. The mean net surface heat flux is: -4.1 & 4.8 W m~2 for the ARCM model and
-6.1 + 5.8 W m~2 for the RCSM model.

The annual cycles for the net surface heat flux and its individual components are displayed in
Figure 3.9. The (Qgr is very similar for both models and in good agreement with data from the
ERAA40 data set. Nevertheless these values are underestimated according to the observational
data sets ISCCP and NOCS. The mean bias is approximately -32 W m~2.

The biases of the Q1 r are difficult to estimate, since there is a clear disagreement among the
reference data (Figure 3.9). The two observational data sets differ in magnitude and in the
annual cycle fluctuation. The annual means for ISCCP and NOCS data sets are 75.4 4+ 4.2
and 62.3 + 2.8 W m~2, respectively. The annual mean for the ERA40 reanalysis is closer to
the ISCCP mean value, 78 + 2.4 W m~2, but the annual cycle is different. In fact, there is
no agreement among the reference data sets in the months where maxima and minima values
occur. The annual means for ARCM and RCSM are closer to the NOCS data set, 63.5 + 4.2
and 64.3 + 5.1 W m—2. Contrary to what one might expect from the difference in the SST
between the models (Figure 3.1), the simulated net surface longwave flux does not differ in
summer but in winter. The summer case shows the equilibrium between the water vapor and
clouds effects on the downward longwave radiation and the SST which is used for the upward
longwave radiation calculation according to the Stefan-Boltzmann law. In winter, the SST is
similar for the models and it might be that the representation of the clouds is responsible for
the difference in the downward component of the longwave radiation.

The reference data sets show good consistency for the estimated values for ();;,. All the data
sets give a mean annual estimation of approximately 90 W m~?2 with a standard deviation of
26 W m~2. The exception is the ERA40 reanalysis, which has its mean at 84.4 +22.9 W m~2.
The difference between the models is the largest among all heat fluxes. The annual means are
88.7 4 34.2 W m~2 for the ARCM and 82.9 + 39.3 W m~2 for the RCSM. The amplitude of
the annual signal reproduced by the models is larger than the observed, with a larger negative
bias by the RCSM model during summer (Figure 3.9). The difference between the models
is attributed to the slightly weaker winds and to the inversed thermal gradient at the air-sea
interface. Both are consequence of the difference in SST in the RCSM model. This behavior,
in connection with the evaporation, which is derived from the @, is discussed in detail in
Section 3.2.

With regard to ()4, the larger range of uncertainty in the reference data sets occurs during
summer season. The annual mean values are 12 + 12.5, 8.7 + 6.8 and 14.1 + 6.2 W m—2
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for the OAFlux, NOCS and HOAPS3 data sets respectively, and 11.17 & 5.8 W m~2 for the
ERAA40 data. The models compare very well with NOCS data in the annual cycle, with a slight
overestimation during winter, and to the annual mean values, which are 8.7 & 8.3 and 9.1 &+
9.3 W m~2 for the ARCM and RCSM simulations. The response of models is similar to the
behavior of the (), since both turbulent fluxes are a function of wind speed and the air-sea
thermal gradient.

The interannual variability of the heat flux components are shown in Figure 3.10. One can see
from the Figure that the ARCM and RCSM models variabilities are close to the ERA40 data
set. This relation is expected, since the specific humidity is one of the prescribed variables,
determines the moisture content in the atmosphere and has a large impact in the radiation
budget.

The historical period (1961-1990) of the scenario simulation shows almost no difference in the
average to the ARCM and RCSM experiments: slightly less surface shortwave (approximately
1 W m~2) and less latent heat (approximately 3 W m~2). The total heat flux for the ARCM and
RCSM experiments is very similar, -4.1 & 4.8 W m~2 and -6.07 & 5.8 W m~2, respectively.
Similar to the RCSM experiment, in the historical period the total heat flux is -6.2 £ 8.6 W
m~2, but the signal at the end of the scenario simulation becomes weaker, -4.1 + 7.4 W m—2,
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Figure 3.10: Yearly time series of the yearly mean heat fluxes over the Mediterranean Sea. Observations
and reanalysis data sets have been included as a references in gray
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3.5 Analysis of the radiation budget under a climate change
scenario

This section addresses changes of the radiation budget for a future climate scenario simulation
compared to historical climate conditions. Climate warming as a consequence of an increase
of greenhouse gasses (GHG) concentrations induces a change of the atmospheric radiation bal-
ance. The sources of these changes are associated with the components which incoming solar
radiation interacts. They are GHG, aerosols and water vapor (Kim and Ramanathan 2008). A
modification of the quantities of these components influences the clouds and cloud formation
processes through the feedback: solar radiation - surface temperature - surface evaporation -
atmospheric water content - clouds. Changes in the balance of such a feedback impacts directly
on the hydrological cycle (Ramanathan et al. 2001; Roderick and Farquhar 2002; Ohmura and
Wild 2002)).

It has been shown in Section 3.4 that the water budget deficit increases in the Mediterranean
during the middle of the 21st century. These results are in agreement with recent studies (Mar-
iotti et al. 2008). A decrease in precipitation and an increase in evaporation leads to a larger
amount of water vapor in the atmosphere, which produces changes in cloud properties and at-
mospheric radiation absorption/reflection capabilities. It is our interest, to analyze the radiation
components under climate change conditions and their impact on the hydrological cycle in the
Mediterranean region and more precisely over the Mediterranean Sea.

3.5.1 Solar radiation

To estimate the atmospheric influence in the radiation budget, the absorbed and/or reflected
solar radiation ((Q 4 gsr) is calculated as follows:

Qarsr = QFOA — @5/ (3.5)

where Q;{S%A and sz;;f are the downward solar radiation at the top of the atmosphere (TOA)
and at the surface, respectively. The mean value and standard deviation for the Qgs?f‘ over the
Mediterranean Sea in the historical period (1961-1990) is 342.9 4 0.2 W/m?, the maximum
value reaches 370.8 W/m? during summer and the minimum 142.4 W/m? during winter.

The mean and standard deviation for () o4 gsr has been calculated over the area of the Mediter-
ranean Sea as well. The percentage of the ) 4rsr With regards to QgS?UA for the historical
period is 54.14-0.6% (185.54+2 W/m?), basically more than half of the incoming radiation is ab-
sorbed and/or reflected. For the future climate period, this percentage decreases to 53.6+0.5%
(183.8+1.7 W/m?). Under clear sky conditions (no presence of clouds) this behavior is re-
versed: in the historical period the percentage is 36.740.3% (125.8+1 W/m?). This value is

36



3.5 ANALYSIS OF THE RADIATION BUDGET UNDER A CLIMATE CHANGE SCENARIO

slightly smaller than for the future period, 37.140.5% (127.241.7 W/m?). The increase of
Q ARrsr takes place during the last two decades (Figure 3.11). These results suggest two facts:
first, an increase of the atmospheric water content increases the shortwave absorption, as shown
for clear sky situations, but at the same time, a decrease in cloud formation impacts on both
albedo and atmospheric absorption producing a decrease of () 4rsr under cloudy conditions.

Absorbed shortwave radiagtion Absorbed shortwave radiation (Clear Sky)
Yearly mean over Mediterranean Sea Yearly mean over Mediterranean Sea
P S meoo——L LT

1961-1990 — 1 ‘-;ggg —_

58,40 2021-2050 —

(a) Normal conditions (b) Clear Sky

Figure 3.11: Time series of the mean absorbed/reflected solar radiation over the Mediterranean Sea,
including clouds (left) and under clear sky conditions (right)

The seasonality and spatial distribution changes between the future and present climate of
the Qarsr are shown in Figure 3.12. Since the model has horizontal uniform distribution
of aerosols and GHG, these patterns are only attributed to the atmospheric water content and
cloud distribution. During summer, a negative difference is observed over the Atlantic, Spain,
France, Black Sea and the west basin of the Mediterranean Sea. Minimum values are located
over the Cantabric Range and West French Plain.

During winter, a north-south gradient is observed. An increase of () srsr is located mainly at
the north of the domain over land areas, and a decrease over the central and eastern basin of
the Mediterranean Sea and surroundings.

3.5.2 Cloud cover and water content

The spatial distribution of cloud cover (not shown) corresponds very well with the patterns of
the Q Arsg in Figure 3.12. Figure 3.13 shows the yearly average time series over the Mediter-
ranean Sea. A clearly negative trend takes place after the year 2030 up to the end of the
simulation. Nevertheless, the decrease in cloud cover is not generalized. As shown in the frac-
tional cloud cover distribution (Figure 3.14), the frequency of occurrences of large fractional
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Figure 3.12: Seasonal changes for the spatial distribution of the ARSR including clouds between future
(2021-2050) and present climate (1961-1990). Summer (left) and winter (right)

cloud cover is indeed reduced in the scenario simulation. But smaller fractional cloud cover
and clear ska conditions occurrences have increased.

Fractional cloud cover
Yearly mean over Mediterranean Sea
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Figure 3.13: As Figure 3.11 for cloud cover over the Mediterranean Sea

No significant change is detected in the vertically integrated liquid water content (Figure 3.15),
but the amount water vapor shows an increase of 1.3 Kg/m? in the future climate period. This
is in agreement with the results discussed for the solar radiation in the previous section.

One can expect that, as a consequence of the general decrease in cloud cover, more solar
radiation could reach the surface. Nevertheless this relation is not observed in the simulation
over the Mediterranean Sea. The downward surface solar radiation does not show a similar
change as the cloud cover. One possible explanation could be that the decrease in reflected
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Total cloud cover (fraction)
over the Mediterranean Sea

| 1961-1900 L
9287 50212020

0,24 1 F

420 F

4,16 L

0,12 o L

frequency (normolized)

0.08 F

0,04 - F

0,00 .
0 0<-0,2 02-04 04-06 06-08 08-1

Figure 3.14: Frequency of cloud cover distributed over the Mediterranean Sea. First bin shows clear
sky occurrences
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Figure 3.15: As Figure 3.11 for vertically integrated liquid water content (left) and vertical integrated
specific humidity over the Mediterranean Sea
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solar radiation due to the lack of clouds is compensated by a larger absorption due to a larger
concentration of GHG and water vapor in the atmosphere, leading to an unchanged downward
surface solar radiation.

At the surface of the Mediterranean Sea, the net water budget (P-E) has a larger deficit, of
around 10% (0.2 Kg/m?). In future climate compared to the present climate period. The
evaporation is slightly increased, but the major difference is found in a decrease of precipitation
(Section 3.4). Nevertheless, changes in the fresh water flux at the Mediterranean Sea are not
enough to explain the increase in the water content over the basin itself. Therefore, more water
vapor advection into the basin is taking place. Indeed, according to the observed atmospheric
circulation, the evaporation uptake from the Atlantic (under similar thermal air-sea conditions
as in the Mediterranean Sea) is transported south-eastward (see Chapter 4) and supplies the
water vapor to the region.
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3.6 Oceanic response

3.6.1 Water masses

The Mediterranean Sea is characterized by an active thermohaline circulation driven by the
surface heat and freshwater fluxes. Changes in surface temperature and salt concentration,
produced by heat and freshwater loss, create a water density gradient at the upper layer which
induces deep water formation.

The thermohaline structure simulated in the different experiments is represented in Figure
3.16. It shows the profile of the potential density anomaly (oy) calculated from horizon-
tally integrated temperature and salinity over the Mediterranean Sea, and the temperature ver-
sus salinity diagram. Three data sets are shown: the observational data set MEDATLASII
(MEDAR/MEDATLAS. 2002), the LAOM and the RCSM experiments.
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Figure 3.16: Vertical profile of the potential density anomaly and temperature vs salinity diagram for
the Mediterranean Sea. The represented data correspond to the LAOM and RCSM experiments and the
MEDATLASII observational data. The modeled values are averages for the period 1958 to 2001

The depth reached by the convective plumes of the new deep water varies depending on the
surface fluxes conditions. In the Mediterranean Sea, the deep water formation takes place in
the late winter between February and April. The major areas of deep water formation are: the
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Gulf of Lions, the Levantine region and the south of the Adriatic Sea.

The inflow at the Strait of Gibraltar introduces relative cold (~15.5 °C) and fresh (~36.2 psu)
water from the Atlantic (Hopkins 1999). The inflowing water becomes warmer and saltier
(up to 19.5 °C and ~38 psu) (Malanotte-Rizzoli et al. 1997) along its travel eastwards to the
Levantine basin. It is limited to depths between 0-200 m and it is known as Modified Atlantic
Water (MAW) (Malanotte-Rizzoli and Bergamasco 1991).

The simulated MAW by the two models are slightly fresher (Table 3.3), the volumetric salinity
average for the MAW shows a negative bias of -0.07 psu for the LAOM simulation and -0.16
psu for RCSM run. The temperature bias between the models is of opposite sign. Nevertheless
the deviations can be considered small.

Table 3.3: Biases of potential temperature, salinity and density anomalies with respect to the MEDAT-
LASII for the three main water masses: Modified Atlantic Water (MAW), Levantine Intermediate Water
(LIW) and Mediterranean Deep Water (MDW) as the sum of the deep water from the eastern basin and
the western one. The period corresponds to 1958-2001

A LAOM /A RCSM
Potential temperature (°C)  Salinity (psu) Density anomaly (Kg m—?)
MAW 0.12/-0.07 -0.07/-0.16 -0.08 /-0.10
LIW 0.21/0.20 -0.02/-0.12 -0.06/-0.13
MDW 0.02/-0.02 0.02/-0.01 0.007 /-0.007

The MAW at the eastern Mediterranean basin can form either Levantine Deep Water (LDW) or
Levantine Intermediate Water (LIW). The formation of LIW usually takes place in the Northern
Levantine Basin, where Rhodes gyre meets the surface conditions to form denser water (Buon-
giorno Nardelli and Salusti 2000). The LIW sits in the layer between 200 and 500 m depth, and
is the saltiest water mass in the Mediterranean Sea. Its averaged salinity is ~38.72 psu with an
averaged temperature of ~14.1 °C, according to MEDATLASII. The Southern Aegean Sea and
Northern Levantine are places where eventually dense water can form (Wiist 1961; Theocharis
et al. 2002). It circulates westwards towards the west basin (Millot 1999) and finally leaves the
Mediterranean Sea as a subsurface flow through the Strait of Gibraltar (Tsimplis and Bryden
2000).

The models are able to reproduce LIW in a good agreement with observations regarding to
the water properties (Fig 3.16) and averaged values (Table 3.3). The biases in temperature and
salinity produce less denser water than observed. The larger bias is in the temperature which is
about 0.2 °C warmer, in both experiments, and a fresher water mass at the RCSM one.

Not all the MAW passes through the Strait of Sicily, but a branch circulates along the north-
ern coast of the Western Mediterranean basin (Millot 1999). The Mistral winds, channeled by
the Pyrenees and Alps mountain ranges, induces the water mixing that triggers the deep water
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formation process as in the Gulf of Lions. Through the combining effects of the weak strat-
ification driven by the wind, large-scale cyclonic gyre, the entrainment of highly saline LIW
from bellow, and the buoyancy loss at the surface due to winter cooling, the Western Mediter-
ranean Deep Water (WMDW) is formed. The dense surface water mixes with the saltier and
warmer subsurface water, which induces deep convection that sometimes reaches the ocean
bottom down to a depth of 2500 m.

At the Adriatic Sea, deep water formation can take place in the northern and in the southern
areas. The northern dense water propagates southwards along the bottom and joins the dense
water formed at the open sea in the south of the Adriatic to form the Adriatic Deep Water
(ADW) (Manca et al. 2002). Both ADW and LDW contribute to form the Eastern Mediter-
ranean Deep Water (EMDW)

In the case of the Mediterranean Deep Water mass (MDW, WMDW plus EMDW), the models
do not show a significant bias in temperature nor salinity (Table 3.3). Nevertheless, it should be
considered that 41 years of simulation are not enough to replace entirely the deep water masses
from the deep Mediterranean basin. Therefore, the MDW characteristics remain close to the
initial conditions characteristics, which are based on observational data.

3.7 Discussion and conclusions

The capabilities of the RCSM and ARCM to simulate the water cycle in the Mediterranean
Region have been analyzed.

A higher correlation between the evaporation and its driving components in the RCSM results
compared with the ARCM data, demonstrates that an active interaction of the simulated ther-
mal and dynamic processes at the air-sea interface, and the high resolution on the SSTs, are
important for the assessment of the evaporation processes, and therefore, for the air-sea heat
exchange as well. Moreover, it has been shown that the detailed information of the SSTs im-
prove the air-sea feedback processes especially in areas near to the coast. Particularly for the
evaporation processes induced by the thermal state of the air-sea interface. This issue can be
considered as an improvement with regard to the low resolution prescribed SSTs experiments.
However, the RCSM results show a cold bias on SST during summer, which implies a larger
negative bias for evaporation in that season. The impact of the SST bias is also influencing the
dynamics of the low level atmosphere over the sea surface. At the open-sea, the high correla-
tions of the evaporation with both, the wind and Ag, determine that they are equally important
for the evaporation process. Therefore, the evaporation could have either a dynamic or thermal
origin in the open-sea.

A detailed representation of the orography in the models improve the representation of the
precipitation distribution. Nevertheless, precipitation is one of the most difficult variables to
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simulate, and it is the main reason for the biases in the water budget over land areas. Although
some individual rivers present biases in their simulated discharge, the total river discharge in
the Mediterranean catchment is very well caught by the models. The impact of the active air-
sea flux exchange on the land precipitation can be seen in the areas near the coast, and mainly at
the mountain ranges where orographic precipitation forms. A decrease in the land water budget
in the future climate scenario causes a decrease on the freshwater input into the Mediterranean
Sea. This contributes to an even higher deficit of the net freshwater flux than in the present
climate.

The simulated values for the net surface freshwater and heat fluxes over the Mediterranean
region are in a good agreement with those from observations. Considering that the SSTs in the
RCSM are simulated, these results are a good achievement by the coupled model.

For some of the surface fluxes components, the validation of the model is a difficult task due
to the large discrepancy among the observational data sets. This applies in particular to the
evaporation and longwave heat fluxes, in which the observational data differ in magnitude of
the averaged values, variability and trends.

An increased freshwater loss is simulated at the future climate projection. The negative trend
is attributed to the decrease in precipitation and river discharge, but not to evaporation which
shows a weak negative signal. These results differ from what Mariotti et al. (2002) states, who
attributes the deficit to the increase of evaporation as well.

Regarding to the net surface heat flux in the future climate, the increasing weak signal of the
heat loss through the latent heat flux in the evaporation process is largely compensated by the
decreasing signal of the heat loss due to the sensible heat flux. For the radiation fluxes, the ef-
fects on the incoming solar radiation by the increased concentration of the aerosols, greenhouse
gases and water vapor and the decrease of clouds formation cancel each other and yield to un-
changed net surface solar radiation. For the net longwave radiation flux a decreasing weak
signal is predicted. Hence, the total heat loss in the future climate period is reduced, which
induces a warming of the Mediterranean Sea.

As a final conclusion, the models are able to reproduce the main characteristics of the physical
processes involved in the Mediterranean hydrological cycle, the sea surface fluxes and the
water masses of the Mediterranean Sea. The RCSM improves the representation of the air-sea
feedbacks, which are important for the simulation of the surface fluxes. But another source of
uncertainty is introduced into the climate simulation due to the intrinsic model variability and
internal model errors. Nevertheless, this study is considered to be the first step towards the use
of a new modeling tool and further model development will overcome these issues.
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Chapter 4

Water vapor transport and precipitation
over the Mediterranean region as
simulated by a coupled
atmosphere-ocean regional climate
model’

The Mediterranean hydrological cycle using a regional atmosphere-ocean coupled
climate model is investigated. Climatological evaporation sources for precipita-
tion are analyzed for winter and summer seasons in the period from 1961 to 2001.
Air parcels are tracked backwards to identify moisture sources that contribute to
local precipitation over the Mediterranean and Black Sea catchments.

High resolution datasets (0.22° x 0.22°) from three different climate simulations
are used in this analysis. The simulations were carried out using regional atmos-
phere (REMO) and limited area ocean (MPI-OM) models. The first simulation
was carried out using the stand-alone version of the atmosphere regional model,
with prescribed sea surface temperatures from reanalysis data. The second sim-
ulation was performed with the atmosphere-ocean coupled version which allows
for considering the air-sea interactions over the Mediterranean Sea. The third run
is a 100 years future climate simulation, again using the coupled model.

Strong differences in spatial distribution and magnitude of the moisture sources
are observed for winter and summer seasons. During winter, the main source
of evaporation is found over the sea areas, with approximately 40% of contribu-
tion from the Mediterranean Sea. A large part of the transported water comes
from outside of the Mediterranean region (catchment + basin). During summer,
the moisture comes predominantly from terrestrial areas, between 41% and 46%,

'Submitted to Climate Dynamics. Elizalde, A. and Jacob, D.
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with a larger recycling ratio and a decrease of the amount of transported wa-
ter into the Mediterranean region. Nevertheless, the evaporation produced inside
the Mediterranean region represents 53% of the total evaporation involved in the
Mediterranean hydrological cycle, with no significant difference between seasons
despite their different hydrological regimes. Moreover, although the scenario sim-
ulation shows a general increase in evaporation and decrease in precipitation, the
percentage of recycled water exhibits only a slight negative difference (-0.21% in
winter and -0.74% in summer) in the climate projection.

4.1 Introduction

This work investigates marine evaporation conditions and sources of evaporation for Mediter-
ranean catchment rainfall through tracking of the water vapor transport in the Mediterranean
region. The Mediterranean Sea, due to its negative water budget, acts as a moisture provider for
the Mediterranean area. Several studies have contributed to investigate the origin and areas of
deposition of the transported water vapor in this region, and to infer the governing mechanisms
of the water cycle. The marine evaporation is determined by different conditions that affect the
surface: sea surface temperature (SST), atmospheric circulation, humidity, air temperature and
wind speed. The spatial distribution and the time variability of these factors produce a very
characteristic evaporation pattern of the Mediterranean Sea which influences the atmosphere
and acts as forcing mechanism for the sea, being responsible for the Mediterranean thermoha-
line circulation.

To assess and understand the processes governing the water fluxes out of and into the Mediter-
ranean Sea is a challenging task. The Mediterranean region includes several complex boundary
conditions: complicated orography, intricate coastlines and narrow straits, in such a way that
high resolution information is needed in order to resolve processes at medium and small-scales.

The components of the hydrological cycle have been analyzed extensively, in particular the
fresh water budget, its temporal and spatial variability over the Mediterranean Sea (Colacino
and Dell’Osso 1977; Mariotti et al. 2002; Somot et al. 2008; Jin and Zangvil 2009; Mariotti
et al. 2008; Romanou et al. 2010) and Black Sea (Kara et al. 2008). The products of ma-
rine evaporation are transported to land areas by advection influencing local precipitation. In
the Mediterranean catchment, the influence of Atlantic and Mediterranean evaporation on land
rainfall largely depends on the location of the area, the season, the atmospheric conditions
and circulation (Schicker et al. 2010). Moreover, large-scale pressure systems, northern fronts
and extratropical cyclones from the Atlantic affect European and western Mediterranean catch-
ments (Reale et al. 2001), as shown by the strong correlation between the precipitation in these
areas and the North Atlantic Oscillation index (NAO) (Ferndndez et al. 2003). On the other
hand, the correlation between NAO and the eastern catchment rainfall is poor since the evapo-
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rative sources for rainfall are found in the eastern Mediterranean Sea itself. This phenomenon
has been studied at regional/local-scale showing that the orography is an important factor that
limits the eastward moisture transport. In the case of the Alpine region, the mountain range acts
as a barrier, steering the winds and producing orographic precipitation by the upwards forced
mechanical motion. Therefore, the northern and southern Alpine slopes present different hy-
drological regimes due to the different influence by Atlantic and Mediterranean water masses
(Sodemann and Zubler 2010).

The water cycle budget is influenced by processes at local scale in coastal areas as well. In
autumn, warm Mediterranean SSTs produce strong evaporation in the basin, the moist air at
the coast is lifted by winds following the terrain profile upslope producing strong rainfall when
cold air pools are found at high levels (Millan et al. 2005). This phenomenon has been de-
scribed for the western Mediterranean coast, but is present in many parts of the basin. Since
the Mediterranean coastlines run for approximately 47,027 km, and cover large parts of the
Mediterranean catchment, the local-scale processes have an important influence on the whole
Mediterranean hydrological cycle.

Previous works address the large to mesoscale moisture transport inside the Mediterranean
region using coarse resolution datasets (~1°x1°) either for short periods of time or specific re-
gions (Schicker et al. 2010; Sodemann and Zubler 2010). In this work, we assess the water
transport inside the Mediterranean catchment using two 42 years simulation at a high resolu-
tion (0.22°x0.22°), one from a stand-alone version of the atmosphere regional climate model
(ARCM) and a second using a coupled atmosphere-ocean-hydrology version with a high res-
olution ocean model (~0.1°x0.1°). Since the coupled model achieves the connection between
the three earth components: land-atmosphere-ocean, the new tool can be considered as a Re-
gional Climate System Model (RCSM). The goal is to understand and to assess the evaporation
sources that contribute to land precipitation. For this, a Lagrangian-based method developed
by Dirmeyer and Brubaker 1999 is used. The method calculates quasi-isentropic backward
trajectories and has been applied previously in other studies (Brubaker et al. 2001), especially
for the Mediterranean region with regard to heavy rainfall spells (Reale et al. 2001).

The analysis covers winter and summer seasons, where the Mediterranean climate presents
opposite hydrological regimes. This work contributes to understanding the role of the Mediter-
ranean Sea as a component of the Mediterranean hydrological cycle, and the impact of climate
change on this cycle.

The data is discussed in Section 4.2. The backwards trajectory method for water vapor tracking
is presented in Section 4.3. Results are shown in Section 4.4 and conclusions are drawn in
Section 4.5.
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4.2 Observations and model data

As pointed out by Dirmeyer and Brubaker (1999), for tracking trajectories of air parcels it is
essential to use accurate data with high resolution in both time and space. Reanalysis datasets
have been highlighted as a suitable option, if not the ideal one, since they include gridded data
based on assimilated observations at a high temporal resolution. However, for this study, re-
analysis data have major disadvantages (Ferndndez et al. 2003). Its spatial resolution in the best
case, like for the ERA-Interim reanalysis (ECMWF 2009), is 0.7 degrees, and the covered time
period is limited to 20 years in the postindustrial era. For longer time periods, resolution ranges
from 1.125° to 1.9° for the ERA40 (Uppala et al. 2005) and NCEP (Kalnay et al. 1996) reanal-
ysis. For the Mediterranean region, where complex orography and coastlines play an important
role, such resolutions are too coarse. In the numerical model simulations that were performed
for this work, the resolutions are 0.22° and 0.10° for atmosphere and ocean grids respec-
tively. This allows for resolving small-scale processes and producing high-resolution gridded
information for precipitation and evaporation. Although it is known that the regional climate
models may misrepresent processes related to precipitation (like soil moisture-precipitation
feedbacks, residence time of moisture advection etc.), we argue that high-resolution regional
climate model simulations are an improvement on the relatively coarse reanalysis datasets.

The variables considered are precipitation, evaporation, surface pressure, wind components,
specific humidity, and potential temperature at a frequency of 6 hours. Three different cli-
mate model simulations comprising the Mediterranean region were performed to create three
climatological datasets. The simulations were performed with a regional atmospheric model
and a coupled atmosphere-ocean model driven by reanalysis data and global climate model
simulations.

Two simulations use the reanalysis ERA40 from the European Center of Medium Range Weather
Forecast (ECMWF) (Uppala et al. 2005) as lateral boundary conditions. The first of these two
simulations was carried out with the stand-alone version of the atmospheric regional climate
model REMO (Jacob 2001; Jacob et al. 2007) for the period 1961 to 2001. For this run (here-
inafter referred to as ARCM), the ERA40 data was used to prescribe the surface boundary
conditions as well. The second simulation was performed using the same atmospheric model
coupled to a regional version of the ocean model MPI-OM (Maier-Reimer 1997; Marsland
et al. 2003) for the Mediterranean Sea. Since the coupled model achieves the connection be-
tween the three earth components: land-atmosphere-ocean, the new tool can be considered as
a Regional Climate System Model (RCSM).

Heat, moisture and momentum fluxes are passed from REMO to MPI-OM and MPI-OM re-
turns SSTs to the atmospheric model with a coupling frequency of 6 hours. For the coupled
simulation the ERA40 reanalysis is used as lateral boundary conditions for the atmosphere as
well. For the regional version of MPI-OM, the climatological dataset by Levitus et al. (1998) is
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used to impose temperature and salinity boundary conditions at the Atlantic Ocean as a buffer
zone.

The coupled model also includes a hydrological discharge model (HDmodel) (Hagemann and
Diimenil 1998) which calculates discharge values for each Mediterranean and Black Sea river
catchment based on the fast and slow component of the runoff calculated by REMO.

The third run considered in this study is a downscaled future climate simulation from a global
run using the global climate ECHAMS/MPI-OM model and the A1B emissions scenario. It
consists of a 100 years simulation that covers the period 1951 to 2050. For the present study
climatological statistics for the time slices 1961-1990 and 2021-2050 were analyzed.

The resolution of the models are 0.22° and ~0.10° for REMO and MPI-OM respectively. All
models have been developed at the Max Planck Institute for Meteorology.

The observational datasets used in the present work for model validation are: for wind speed
and evaporation the HOAPS dataset from the World Data Center for Climate (Andersson et al.
2007), and the OAFlux dataset from the Woods Hole Oceanographic Institution (Yu et al.
2008). HOAPS is a completely satellite based global dataset with 0.5° resolution covering the
years 1987 to 2005. OAFlux is a global dataset based on satellite and atmospheric reanalysis
blended sources with a resolution of 0.25° for wind and 1° for evaporation from 1958 to 2001.
For the sea surface temperature (SST), the climatological MEDATLASII dataset dedicated to
the Mediterranean Sea is used. Its resolution is 0.2° (MEDAR/MEDATLAS. 2002).

For land precipitation, three monthly gridded datasets have been considered: the Climatic Re-
search Unit database (CRU) version TS 3.0 from the University of East Anglia (CRU 2008),
precipitation data from the Global Precipitation Climatology Centre (GPCC) at the German
Weather Service (Rudolf et al. 1994), and the Global Historical Climatology Network version
1.02, produced and documented by J. Willmott and Kenji Matsuura (WILLMAT) (Willmott
and Matsuura 2001). Their coverage is worldwide at a resolution of 0.5°x0.5°.

4.3 Moisture divergence and water vapor transport

To investigate the water transport in the Mediterranean region two calculations have been per-
formed: the divergence of water vapor is evaluated, and a Langragian-based method to trace
trajectories of water vapor backwards is applied.

The divergence has been calculated as follows:

8;;/+V-Q:E—P 4.1
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Here W is the vertically integrated total water content calculated as the sum of the vertically
integrated liquid water content and specific humidity, () is the horizontal transport of the mois-
ture, and V refers to the divergence operator. £ and P are the accumulated evaporation and
precipitation respectively. The time interval corresponds to the time resolution of the datasets.
In this case, for both reanalysis and model data the time interval is 6 hours. The integration
of W over long time periods tends to be at least one order of magnitude smaller than E — P.
This leads to the interpretation of the moisture divergence V - () as source (positive) when F
exceeds P clearly, and sink (negative) when P exceeds E clearly.

Moreover, the Langragian-based method by Dirmeyer and Brubaker (1999) was applied to
the model data. The method consists in tracing backwards selected air parcels along quasi-
isentropic trajectories. The selection of the air parcel height is based on a random humidity-
weighted approach calculated from an cumulative probability function of the vertical moisture
distribution. Each air parcel is submitted backwards in time. The moisture uptake is calculated
by the rate of the local evaporation where the air parcel is passing by, and the total precipitable
water at the original grid box of the trajectory given evaporation exceeds precipitation. The
evaporation sources for winter and summer precipitation in the period from 1961-2001 were
thus calculated.

Figure 4.1: Mediterranean and Black Sea subcatchments by Ludwig et al., 2009

This procedure was applied for every grid box inside the Mediterranean subcatchments defined
by Ludwig et al. (2009). Their boundaries are presented in Figure 4.1 and their definition is
given in Table 4.1.
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Table 4.1: Mediterranean and Black Sea subcatchments from Figure 4.1

Subcatchment name  Short name

Alboran ALB
South-Western SWE
North-Western NWE
Tyrrhenian TYR
Adriatic ADR
Ionian ION
Central CEN
Aegean AEG
North-Levantine NLE
South-Levantine SLE
Total Mediterranean MED
Black Sea BLS

4.4 Results

4.4.1 Present climate
Precipitation

Figure 4.2 shows yearly time series for mean precipitation over land areas in the Mediterranean
catchment only. An ensemble of observation datasets, ARCM and RCSM simulations are plot-
ted for winter and summer seasons. The range of uncertainty in gray is enlarged by the CRU
dataset which shows largest precipitation of the three datasets, WILLMAT and GPCC data are
strongly correlated. Both model versions are able to reproduce the yearly variability in precip-
itation for both seasons. In general, the RCSM experiment produces up to 0.24 mm/day more
precipitation than the ARCM run for winter, and up to 0.17 mm/day less during summer. This
is related to the different SSTs in the two simulations. During winter, the RCSM simulation
exhibits warmer SSTs compared to the atmosphere stand-alone model simulation, implying an
increase in heating of the near surface air and an increase of its moisture holding capacity. This
allows for transporting larger volumes of water vapor at low levels. The relation reverses dur-
ing summer due to the colder SSTs of the RCSM simulation. The transfer of heat and moisture
from the surface to the air is reduced, damping convective activity and reducing the water vapor
availability.

The precipitation distribution over the Mediterranean subcatchments is shown in Figure 4.3
for the observations datasets, RCSM and ARCM. Mediterranean subcatchments located at the
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Figure 4.2: Precipitation time series (mm/day) for observations (CRU, WILLMOT and GPCC), ARCM
and RCSM for the period 1961-2001. The gray shaded area represents the range of uncertainty from
observed data

north of the Mediterranean Sea receive higher rainfall during winter: south Italy and the west
coast of Greece (ION), the east coast of the Adriatic Sea (ADR), the coasts at the Aegean Sea
(AEG) and northern Levantine (NLE). All these areas experience mainly north-eastward winds
and exhibit abrupt orographic changes near the coast. Both model versions produce larger
precipitation values than observed, in particular the RCSM simulation.
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Figure 4.3: Mean precipitation (mm/day) for each subcatchment (1961-2001). The ensemble of obser-
vation datasets is in gray color, ARCM in dark blue and RCSM in cyan. The standard deviation of the
ensemble is represented by the small black bar

In summer, the dry season in the Mediterranean climate, the reduction of precipitation is not
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homogeneous over the whole region. The NWE, ADR and BLS subcatchments show the high-
est precipitation. Both Mediterranean catchments (NWE and ADR) are under the influence of
the Alpine mountain range system, where heavy precipitation takes place over the intra-Alpine
region (Hofinger et al. 2000). In any case, the RCSM simulation has less precipitation than the
ARCM run.

Water vapor divergence

In Figure 4.4 the water vapor divergence and convergence is presented for ERA40 reanalysis
data and the ARCM simulation for winter and summer seasons. Since the RCSM simulation is
similar to the ARCM simulation the comparison is made separately below. The spatial resolu-
tion of the data are the original ones, no interpolation was applied. Areas of sources/divergence
and sinks/convergence of moisture are represented by positive and negative values and colored
in red and blue respectively.

In the Mediterranean basin the divergence of the water vapor is permanent during the whole
year. It is driven by the deficit in the water budget; that is, negative £ — P values, and the
seasonal changes in this factor.

The difference between seasons regarding the Mediterranean Sea water vapor divergence is
based on the reversed situations regarding the air and water temperatures at the air-sea inter-
face. In winter, due to the large heat storage capacity of the Mediterranean Sea, the heat gained
during summer keeps the Mediterranean SST warmer than the air temperature. This increases
the gradient of the water vapor pressure between the surface and the near surface air which en-
hances the upward latent heat flux, and therefore, the transport of moisture into the atmosphere.
During summer, the relation is reversed. Although E — P remains negative, a reduction in
leads to a decrease of the water flux and smaller values of the water vapor divergence.

Areas with strongest divergence correspond mainly to two regions: the Eastern Mediterranean
and the Golf of Lion. At the Eastern Mediterranean, the water vapor divergence is mainly
due to thermal processes as explained above, with the specific characteristic of warmer SST
than the rest of the whole basin. This regional warming is produced by the gain of heat of the
water masses during their easterly travel steered by currents. From the Gibraltar Strait crossing
the west and center basins following the African coast until they reach the eastern basin. The
higher increase of the air-sea temperature gradient in this area triggers the enhancement of the
evaporation. At the Golf of Lion the divergence enhancement is based on dynamical processes.
The evaporation, that directly depends on the wind stress, is enhanced by the strong north-
easterly winds steered through the channel formed by the Pyrenees and the Alpine mountain
ranges.

Over land in winter, either westerly fronts bring cold and damp air from the Atlantic or easterly
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Figure 4.4: Moisture divergence (mm/day) for winter and summer for the driving dataset (ERA40) at
its original resolution and ARCM simulation, for the reference period 1961-2001. Positive values in red
color indicate water divergence and negative values in blue are convergence
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fronts bring very cold and dry air towards Europe. The cold temperature is crucial with respect
to the convergence of water vapor. The colder temperature limits the surface fluxes reducing
the heat exchange and evaporation, whereas the large-scale systems bring moisture producing
precipitation. The convergence is lower at the plain regions of Europe and almost neutral
over Africa. During summer, the circulation is characterized by the southerly flow that brings
dry and warm air from African regions. The dryness of the air and the reduced cloudiness
produce surface heating that enhances evaporation, leading to a divergent situation. There is an
exception in those regions where the moisture from the Atlantic is still predominant, like the
northern slope of the Alps.

The orography plays an important role regarding the convergence of moisture. The moist air,
that generally had traveled over large sea regions collecting moisture, is lifted mechanically by
the mountain ranges. At upper levels, the water vapor condensates due to the lower temperature
forming clouds and producing precipitation. By using a high-resolution dataset (Figure 4.4c), it
is possible to observe this situation as a large positive convergence, more than -6 mm/day, at the
windward slopes in the Cantabric, Alpine, Dinaric Alps, Pindos, Taurus and Caucasus moun-
tain ranges, whereas for the reanalysis data (Figure 4.4a) this process is misrepresented due
to the smoothed orography. Here convergence values are limited to no more that -2 mm/day.
The mechanical blocking and steering of the wind flow due to the orography impacts the local
water budget and mesoscale moisture transport, and should therefore not be neglected.

The impact of the active air-sea interaction on the water vapor flux divergence can be observed
in Figure 4.5. Values of moisture divergence from the ARCM simulation are compared with
those from the RCSM simulation. The field is separated in land, Mediterranean basin, Black
Sea and the Atlantic regions. As in Figure 4.4, it is possible to identify the different seasonal
hydrological regimes: larger values over land during winter and lower values during summer,
and slightly larger values over the Mediterranean region in winter compared to summer.

Major differences between the two simulations are observed over land at larger values of con-
vergence (negative values). Comparing to Figure 4.5 these values correspond to orographic
precipitation areas due to the larger precipitation seen in the RCSM simulation. The RCSM
model version produces warmer SSTs which warms the near surface air temperature and al-
lows for an increase of water vapor holding capacity. Thus more precipitation can form when
the water vapor is transported by advection, especially at the coastal regions. For the Mediter-
ranean and Black Seas, the divergent water vapor transport is reduced in the RCSM due to the
decrease of the evaporation (as shown in Table 4.2). The Atlantic basin shows no difference
since the SST is prescribed for this area in both cases. During summer, the situation over water
is reversed.
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Figure 4.5: Comparison between RCSM and ARCM for multiyear seasonal mean of moisture diver-
gence (mm/day) over the period 1961-2001. The moisture divergence diagnostic has been masked per
areas: land, Mediterranean Sea, Black Sea and Atlantic basin are colored in black, red, green and blue

respectively

Table 4.2: Seasonal mean evaporation (mm/day) over the Mediterranean Sea for: observation datasets
HOAPS3 (1988-2005), OAFlux (1961-2001), reanalysis ERA40 (1961-2001), and simulations ARCM

and RCSM (1961-2001)

HOAPS OAFlux

ERA40 ARCM RCSM

spring

summer

autumn
winter

2.00
3.24
4.05
3.68

2.06
2.34
3.98
3.78

2.60
3.11
4.66
4.37

2.10
2.05
3.97
4.36

1.96
1.51
3.74
4.46
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Water vapor transport

To investigate the water vapor transport in the Mediterranean region, we have calculated the
backwards trajectories of air parcels to identify the evaporation sources of land precipitation in
the Mediterranean and Black Sea catchments using the delimitations by Ludwig et al. (2009)
(Figure 4.1). This calculation has been performed for the winter (December-January-February
or DJF) and summer (June-July-August or JJA) season separately.

Figures from 4.6 to 4.7 show the spatial distribution of seasonal accumulated evaporation
sources for each subcatchment from the ARCM simulation. In order to do a spatial comparison
between RCSM and ARCM models, evaporation source spatial averages have been calculated
over land and sea areas where the evaporation uptake is produced. Over land, the total land
area is considered. Moreover, the evaporation source located in the subcatchment itself is used
to calculated the recycling ratio (RR). Over Sea, the averaged over total marine area is con-
sidered as well as the basin areas: Atlantic, Mediterranean and Black Sea. Tables 4.3 and 4.4
summarize these averages of each area as percentages with respect to the total precipitation in
each subcatchment for the winter and the summer seasons. In the tables, the Mediterranean
catchment row refers to the mean of the quantities of all Mediterranean subcatchments.

The seasonal hydrological cycle regimes discussed in Section 4.4.1 become evident again in
this analysis: the marine evaporation is the main contributor during the winter months, whereas
the terrestrial evaporation is most important for the summer months. This shows that the sur-
face conditions regulate the water flux into the atmosphere. On the other hand, the mesoscale
circulation governs the spatial distribution of the moisture sources.

In winter, in general, land evaporation is reduced. Instead, the main source of evaporation is
found over the sea. Several features are remarkable from the Figure 4.6. Each subcatchment
receives moisture from the Atlantic and the Mediterranean Sea in more or less amounts, de-
pending on its location regarding the Mediterranean Sea. The mechanisms that bring moisture
from the Atlantic and the Mediterranean Sea to the subcatchments are related to the winter
pressure systems. Low pressure systems partly originate in the Mediterranean basin, but most
of them are formed over the Atlantic open sea and travel eastwards along the northern part
of Europe. In some cases their trajectory diverts into the Mediterranean area (Hillman and
LTD 1962). During the eastwards low pressure displacement, the counterclockwise circula-
tion transports absorbed moisture from the Mediterranean Sea into southern Europe. In this
way the Mediterranean Sea becomes an active and important component of the European and
Mediterranean hydrological cycle.

Mountain ranges play a passive role in the water cycle. The Alpine mountains block the trans-
port of moisture from the Atlantic to the Mediterranean region by reducing the air humidity
and forcing orographic precipitation and/or steering the winds in different directions. This
can be seen when analyzing the North West, Adriatic, Tyrrhenian and lonian catchments (Fig-
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Figure 4.6: Accumulated evaporation sources distribution (mm) for individual subcatchments for winter
season for the ARCM simulation. Arrows show the mean wind flow (m/s) associated to this season
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ures 4.6b, 4.6e, 4.6d and 4.6f). From the Table 4.3, the Atlantic evaporation contributes to
precipitation over the North West and Adriatic catchments approximately with 51% and 40%
respectively, whereas its influence is reduced in the Tyrrhenian and Ionian catchments to 31%
and 25% respectively. This feature is confirmed following down the Atlantic and Mediter-
ranean columns in the table. The more into the east of the Mediterranean (down the column),
the lower the influence from the Atlantic and the higher the contribution from the Mediter-
ranean Sea. Besides the orographic steering, the variability of the large-scale easterly air flow
into south-eastern Europe also contributes to this characteristic. In total, the Mediterranean Sea
evaporation contribution to the land precipitation is approximately 40% in winter.

In summer, the land evaporation accounts for the major amount of moisture into the atmos-
phere. The contribution of the local evaporation, that is, the recycling ratio, is proportionally
three times larger compared to winter (Table 4.4). The typical pressure systems in summer
contribute to this situation: low pressure frequency at the Mediterranean region decreases to
70% compared to winter (Hillman and LTD 1962). Thus anticyclones are more persistent over
Europe and the Mediterranean regions. Sometimes extended anticyclonic systems, located at
the north or east or at both places of Europe, produce a cut off with regard to the easterly At-
lantic depressions. As a consequence, light winds are observed over the Mediterranean basin,
and together with the thermal state of the air-sea interface the marine evaporation is reduced.
In this case, the percentage of evaporation stemming from the Mediterranean Sea is reduced to
25.8% (ARCM) and 22.1% (RCSM).

The Mediterranean recycled water is considered as the water that completes the hydrological
cycle inside the Mediterranean catchment. This water vapor is generated by evaporation in
the terrestrial and marine areas in the Mediterranean region and contributes to the land precip-
itation, which in turn eventually is converted into local evaporation or runoff routed towards
the sea and summed as freshwater input into the Mediterranean sea. We computed the to-
tal Mediterranean recycled water as the sum of the marine evaporation from the Mediterranean
sea plus the land evaporation produced over the Mediterranean catchment at each subcatchment
(MCRR). This is then integrated over all subcatchments. We obtain for the ARCM/RCSM ex-
periments 52.9/53.1% in winter and 53,5/52.2% in summer. That means, around 53% of the
evaporation produced in the Mediterranean region contributes to the precipitation inside the
catchment for both seasons. Thus, despite the exchanged roles of the terrestrial and marine
evaporation during the two seasons, the percentage of recycled water stays at a very similar
ratio.

4.4.2 Future climate impact

In the following paragraphs precipitation and water transport are analyzed for the scenario
simulation. For this the historical period 1961 to 1990 and the climate projection period from
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Figure 4.8: Mean precipitation (mm/day) for each subcatchment. ECHAM and RCSM datasets are
plotted in blue and red colors respectively. Dark and light color tones refer to historical (1961-1990)
and future scenario (2021-2050) periods respectively

2021 to 2050 using the RCSM model version are considered.

Precipitation

Figure 4.8 shows mean precipitation for each Mediterranean subcatchment from the RCSM
simulation and from the driving global climate model ECHAMS/MPI-OM. The main differ-
ence between models is during winter, there the RCSM produces more precipitation than the
global model simulation over the whole Mediterranean region: 61% comparing the historical
simulations and 49% comparing the scenario simulations. In the case of the Black Sea catch-
ment, the RCSM produces less precipitation than the global model in both periods, therefore
the difference between models is negative: -2.6% comparing historical simulations and -7.1%
comparing scenario simulations.

During summer, the signal is not homogeneous for all the subcatchments, but the mean over
the whole Mediterranean catchment exhibits a difference of -13.7% and -19% between the
historical period and the scenarios.

A reason for this difference could be explained by the smoothed orography in the ECHAMS
/MPI-OM model. This may have an influence on the near surface circulation and orographic
precipitation processes. Moreover, different Mediterranean Sea conditions in both simulations
may lead to such precipitation differences as well, especially in those regions which stand under
the influence of the Mediterranean Sea like the Tyrrehenian, Ionian, North and South Levantine
subcatchments. Since a detailed comparison between both simulations is beyond the scope of
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this work, it is not possible to reach a definite conclusion regarding this issue.

The future climate scenario exhibits a decrease in precipitation in comparison with the histor-
ical simulation for all the subcatchments. The exception is the Black Sea catchment during
winter for the ECHAMS/MPI-OM simulation. The decrease in precipitation over the whole
Mediterranean region is more pronounced in winter, -0.18 mm/day for ECHAMS/MPI-OM
and -0.45 mm/day for the RCSM simulation. This represents between 12% (ECHAMS/MPI-
OM) and 18.7% (RCSM) of reduction in water availability over the Mediterranean region.

Water vapor transport

Analogous calculations as in the previous Section have been performed for air parcel trajecto-
ries to analyze the moisture transport and the evaporation sources of land precipitation for the
historical (1961-1990) and the scenario (2021-2050) simulations. Tables 4.5 and 4.6 summa-
rize the results for all the subcatchments.

As can be observed from a comparison of the Tables 4.3 and 4.4 with Tables 4.5 and 4.6, the
climatological values from the RCSM simulation driven by reanalysis and that one from the
historical simulation driven by the global climate model are very similar. The largest differ-
ences in precipitation is 0.2 mm/day in summer for the mean value over the Mediterranean
catchment. The evaporation source differences are not higher than 2%.

The percentage of the total evaporation sources found in the future climate compared with the
historical simulation is slightly reduced for both seasons. This reduction is about -2.6% in
winter and -0,8% in summer. Less moisture uptake inside the domain suggests an increase
of the transported water vapor through the lateral boundaries of the domain, which implies a
larger contribution from the Atlantic.

Inside the domain, a generalized decrease of terrestrial moisture uptake can be detected in the
future climate scenario. For the Mediterranean catchment the reduction is -0.95% in winter and
-1.6% in summer. Only few subcatchments show a slight increase in local evaporation, mainly
those located at the central Mediterranean (ION, AEG, NLE and SLE).

Despite the reduction in total evaporation sources and its terrestrial component, the marine
contribution shows a different behavior. In winter, the Black Sea catchment has more con-
tributions from the Atlantic and the Black Sea, and less from the Mediterranean Sea. The
Mediterranean catchment, however, receives more moisture from the Mediterranean and Black
seas. In summer the Black Sea experiences a similar situation as in winter, but the Mediter-
ranean Sea receives larger contributions from the three basins. The increase of the marine
evaporation is connected to the SST warming. The SST increases the temperature gradient at
the air-sea interface enhancing the latent heat flux and therefore the evaporation. These results
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Table 4.3: The evaporation source averages on each area as percentages with respect to the total pre-
cipitation in each subcatchment for winter. All the values are percentages except for the precipitation at
the first column in mm/day. Consecutive columns refer to percentages per areas at: the whole domain,
only over land, only the Mediterranean catchment (Mediterranean catchment recycling ratio - MCRR),
only the subcatchment (recycling ratio - RR), only over sea, only at the Atlantic, Mediterranean Sea and
Black Sea. The Mediterranean catchment row at the bottom refers to the mean of the quantities of all
Mediterranean subcatchments. *-Indicates that the difference in the averaged values between RCSM
and ARCM is statistically significant with a 95% significance level

Prec Evap Land (MCRR/RR) Sea Atlantic Medit Black Sea

Alboran

ARCM 1.42 68.88 9.84 (6.43/4.42) 59.05 47.43 11.62 0.07
RCSM 1.47*  68.65% 9.58 (5.92%*/4.26%) 59.07* 47.01 12.06* 0.05
North West

ARCM 2.39 80.76 11.98 (9.59/6.13) 68.78 52.09 16.69 0.20
RCSM 2.43 80.30 11.57* (9.06%/5.92%) 68.73 50.83* 17.90%* 0.18
South West

ARCM 187 8535 11.28 (11.54/5.70) 74.07 41.21 32.86 0.26
RCSM 1.88  84.89  10.84* (10.60%/5.31%)  74.05 40.07%  33.98% 0.22

Tyrrhenian
ARCM  2.67 79.88 9.89 (13.58/6.03) 69.99 31.76 38.23 0.58
RCSM  2.82*% 78.92% 9.18* (12.38%/5.74) 69.74*%  30.82  38.93* 0.49

Adriatic

ARCM 2.92 86.76 14.64 (15.20/8.17) 72.12 40.19 31.92 1.27
RCSM  3.12* 86.14*  13.79*% (14.23%/7.60*)  72.34* 38.11 34.23%* 1.15
Tonian

ARCM 3.86 72.74 7.67 (11.77/3.82) 65.07 25.36 39.71 1.43
RCSM  4.37* 71.56* 7.04* (10.78%/3.70%) 64.51*%  2427*%  40.24* 1.24
Central

ARCM  0.62 91.86 14.08 (20.17/12.44) 77.78 19.86 57.90 0.87
RCSM  0.56* 91.87* 13.87* (18.78%/11.45%) 78.00%  18.52*%  59.46%* 0.83

Aegean
ARCM 290  83.29 11.09 (16.21/9.21) 72.19 28.91 43.28 4.06
RCSM 292 8334  10.52% (15.41%/8.69%)  72.82 28.29*%  44.53* 4.23

North Levantine
ARCM 401 87.64 9.73 (13.69/4.54) 7791 21.07 56.84 2.67
RCSM  4.36* 87.02% 9.09 (13.06%/4.52%) 77.93*  20.85%  57.08* 2.74%

South Levantine

ARCM 1.02 93.08 9.45 (18.19/8.40) 83.63 20.00 63.63 1.25
RCSM  0.97* 93.41* 9.08% (16.92%/7.42%) 84.33* 18.81*%  65.52* 1.26
Black Sea

ARCM 193  98.07 23.75 (9.55/14.96) 74.32 44.92 29.39 12.45
RCSM  1.96% 98.50*%  22.49%* (9.35%/14.08%)  76.01*  44.66*  31.35% 13.52%

Mediterranean Catchment
ARCM 237 83.02 10.97 (13.64/6.89) 72.06 32.79 39.27 127 ©°
RCSM  2.49* 82.61* 10.46* (12.71/6.46%) 72.15% 31.76 40.39%* 1.24
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Table 4.4: Same as Table 4.3 for summer

Prec Evap Land (MCRR/RR) Sea Atlantic Medit Black Sea

Alboran

ARCM  0.35 80.89 32.03 (19.92/14.27) 48.86 26.69 22.14 0.06
RCSM  0.29*%  79.86*%  34.09*% (20.66%/14.78%) 45.78*%  27.38*  18.44% 0.04*

North West
ARCM 1.63 75.52 43.14 (22.40/18.81) 32.37 22.74 9.63 0.07
RCSM 1.40*  76.96*  46.00* (23.71%/20.00*%) 30.96*  23.42% 7.53% 0.02*
South West

ARCM  0.38 80.43 32.04 (22.68/14.72) 48.39 20.68 27.67 0.06
RCSM  0.27%  79.98*  36.87* (24.73%/15.84%) 43.10*  21.07*  22.03% 0.04*

Tyrrhenian

ARCM  0.58 82.02 36.73 (23.70/13.79) 45.30 17.67 27.62 0.17
RCSM  0.40*%  85.52%  43.50* (27.14*/15.99*) 42.02*  18.22*  23.78* 0.05*

Adriatic

ARCM  2.01 85.93 58.79 (29.23/20.28) 27.14 15.72 11.42 0.38
RCSM  1.71*%  87.60*%  63.21* (31.64%/22.32%) 24.39*%  15.37* 9.02* 0.13*

Tonian

ARCM  0.52 82.52 44.10 (26.64/13.04) 38.42 15.82 22.62 1.37
RCSM  0.36* 86.01* 51.84%* (31.60%/16.23%) 34.17* 14.82%* 19.35% 0.42%
Central

ARCM  0.06 93.17 28.33 (27.47/18.26) 64.85 14.51 50.17 0.85
RCSM  0.05*%  86.49*%  32.68* (28.32%/18.74*) 53.81*  13.29%  40.52% 0.22%

Aegean

ARCM  0.72 91.06 61.65 (30.22/23.86) 29.41 18.64 10.77 6.78
RCSM  0.57*%  93.77*  70.23*% (33.85%/26.33*)  23.54*  14.26* 9.28% 2.73%

North Levantine

ARCM 041 95.51 57.36 (32.40/21.21) 38.15 16.46 21.69 5.93
RCSM  0.35% 94.48*  62.13 (34.60%/22.88%)  32.35%  13.14*  19.21% 2.10%

South Levantine

ARCM  0.04  100.00 18.96 (42.81/37.31) 81.04 2691 54.13 0.31
RCSM  0.03* 100.00*  22.50 (45.00%/39.64*)  77.50*  26.07*  51.43* 0.00*

Black Sea

ARCM  2.05 89.55 72.03 (5.29/44.23) 17.52 15.04 248 5.36
RCSM  1.92*%  89.88* 76.26 (5.67/46.12%) 13.63*  11.74% 1.89%* 2.32%

Mediterranean Catchment

ARCM  0.67 86.71 41.31 (27.75/19.56) 45.39 19.58 25.79 1.60
RCSM  0.54*% 87.07*  46.31% (30.12/21.27*%)  40.76%*  18.70%  22.06* 0.57%
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Table 4.5: Same as Table 4.3 for historical (1961-1990) and scenario (2021-2050) climate for win-
ter. *-Indicates that the difference in the averaged values between historical and scenario simulation is
statistically significant with a 95% significance level

Prec Evap Land (MCRR/RR) Sea Atlantic Medit Black Sea

Alboran
Historical 1.69 60.12 9.12 (5.15/3.65) 51.00 40.99 10.02 0.11
Scenario 1.24*  55.63* 8.58%* (5.14%/3.24%) 47.04*  34.68* 12.36 0.12

North West
Historical 2.61 78.93 12.20 (9.24/6.17) 66.73 47.75 18.99 0.18
Scenario 2.34  73.02*%  10.07* (8.10%/5.08%)  62.96*  42.93%* 20.03 0.23

South West
Historical 1.81 83.56 11.44 (10.52/5.39) 72.11 38.83 33.28 0.30
Scenario 1.34%*  80.07* 10.25% (10.17%/5.31%)  69.82*  35.68%  34.13* 0.22
Tyrrhenian

Historical ~ 2.95  76.93 8.93 (11.22/5.36) 67.99 29.04 38.95 0.42
Scenario 2.26%  72.36%  8.06% (11.22%/5.55*%)  64.30*  26.25*%  38.05* 0.47

Adriatic
Historical 3.40 84.36 13.28 (13.39/6.66) 71.09 35.05 36.04 0.66
Scenario 2.88*% 80.15* 12.07* (12.52%/6.24*) 68.08*%  33.24*  34.83* 0.88

Tonian
Historical 3.94 73.41 6.98 (10.23/3.68) 66.43 23.29 43.14 0.85
Scenario 3.00% 68.85*  6.59* (10.35%/3.99%)  62.26*%  22.57*  39.68* 1.05

Central
Historical 0.55 90.82 13.11 (17.08/9.46) 77.71 18.01 59.70 0.95
Scenario 0.43* 92.88*% 11.42% (16.93%/9.24%) 81.46* 17.27%  64.16* 0.98

Aegean
Historical ~ 2.51 85.64 10.41 (16.28/9.54) 75.23 26.99 48.24 3.61
Scenario 2.07 83.30*% 10.49 (15.96*/9.60*)  72.80* 28.43 44.37%* 4.08

North Levantine
Historical 3.81 84.99 8.86 (13.25/5.05) 76.13 19.20 56.93 2.55
Scenario 3.18*  85.78 8.47* (13.52/5.23%) 77.31 20.96 56.35 3.24

South Levantine

Historical 0.88 90.92 8.41 (16.07/6.99) 82.51 19.21 63.32 1.43
Scenario 0.85 91.85 7.17 (15.82/6.61) 84.68 19.38 65.29 1.61
Black Sea

Historical 1.87  98.67 23.15(9.73/14.91) 75.52 43.14 32.38 13.85
Scenario 1.83  97.98 22.79 (8.96/14.16) 75.19 45.26 29.93 14.17

Mediterranean Catchment
Historical 2.41 80.97 10.27 (12.24/6.20) 70.69 29.84 40.86 1.11
Scenario 1.96* 78.39 9.32 (11.97/6.01) 69.07 28.14 40.92 1.29
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Table 4.6: Same as Table 4.5 for summer

Prec Evap Land (MCRR/RR) Sea Atlantic Medit Black Sea
Alboran
Historical 0.28 73.23 33.48 (19.60/12.98) 39.75 20.73 18.98 0.04
Scenario 0.17*%  71.32*  28.75% (18.19%/12.71%*) 42.57*  22.69*  19.82% 0.07*
North West
Historical 1.17 77.75 48.08 (26.40/21.44) 29.67 21.18 8.48 0.04
Scenario 0.96*%  74.85%  4593% (24.52%/19.38%) 28.92*  20.54%* 8.39% 0.02*
South West
Historical 0.27 71.60 33.89 (21.23/11.84) 37.70 15.94 21.76 0.04
Scenario 0.18%  69.29*  29.59* (18.41%/10.00*) 39.71* 18.06 21.71%* 0.06
Tyrrhenian
Historical 0.33 83.42 39.95 (27.47/16.97) 43.47 16.51 26.98 0.03
Scenario 0.28 80.17 38.91 (25.63%/15.13%) 41.26 15.95 25.35 0.08
Adriatic
Historical 1.34 89.63 64.83 (37.53/26.74) 24.79 13.22 11.57 0.10
Scenario 1.13*  88.97*  65.67* (36.66%/26.61*) 23.30* 12.38*  10.92%* 0.12
Tonian
Historical 0.25 86.56 46.29 (32.77/18.08) 40.27 15.21 25.01 0.17
Scenario 0.20 83.20%* 48.24 (32.32%/17.51%)  34.97* 14.21*  20.76* 0.55
Central
Historical 0.04 86.80 30.62 (26.12/15.17) 56.18 12.92 43.26 0.56
Scenario 0.03 93.01 30.88 (25.00/15.07%*) 62.13 13.97 48.16 0.37
Aegean
Historical 0.39 95.29 69.33 (38.35/29.35) 25.96 13.13 12.83 1.84
Scenario 0.31*% 93.18*%  67.75% (34.33%/26.71%*) 25.42% 13.61 11.81%* 2.46
North Levantine
Historical 0.32 94.08 61.41 (35.85/23.33) 32.67 11.63 21.03 1.76
Scenario 0.18% 9549*  57.85* (38.81%/28.06*) 37.64* 13.29*  24.35% 1.92%*
South Levantine
Historical 0.03 98.98 22.37 (42.71/35.59) 76.61 26.78 49.83 0.00
Scenario 0.03* 100.00* 20.73* (43.50%/38.21%) 79.27*  27.64%* 51.63 0.00
Black Sea
Historical 1.55 94.00 80.96 (7.97/49.23) 13.04 9.90 3.14 2.71
Scenario 1.42 93.13* 80.50 (6.92%/50.13) 12.63 10.29 2.34% 3.02
Mediterranean Catchment
Historical 0.44 85.73 45.03 (30.80/21.15) 40.71 16.73 23.97 0.46
Scenario 0.35% 84.95 43.43 (29.74/20.94) 41.52 17.23 24.29 0.56
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are in agreement with the findings by other authors (Mariotti et al. 2008; Sanchez-Gomez et al.
2009).

For both, the ARCM and the RCSM experiment, approximately 53% in winter and 54% in
summer of the water is recycled in the Mediterranean hydrological cycle, with a difference of
-0.21% in winter and -0.74% in summer in the future climate projection.

4.5 Discussion and conclusions

The water transport in the Mediterranean region is investigated for present and future climate
conditions. A Lagrangian based method to calculate backward trajectories of air parcels is
applied to find the moisture sources for precipitation over land inside the Mediterranean catch-
ment. The considered data are high-resolution datasets (0.22° x 0.22°) from an atmosphere
stand-alone regional climate model (ARCM) and a coupled atmosphere-ocean regional climate
model (RCSM). The atmospheric component of the model consists of the regional climate
model REMO, while the ocean is a regional version of the global ocean model MPI-OM.

The simulated precipitation in both versions of the regional model is well represented regarding
temporal and spatial distributions. A larger amplitude in the yearly cycle is simulated for the
coupled version where the interactive SSTs change the evaporation uptake of the atmosphere.
For the future climate projection, a decrease in precipitation is observed. This signal is stronger
for the RCSM version compared to the global climate model ECHAMS/MPI-OM.

The divergence and convergence of the water vapor over the Mediterranean region is marked
by the geography and seasonal meteorological conditions. Over the Mediterranean Sea, all
year long, divergence of the water mass is found. Its time and space variability depends on
the seasonal temperature of the water and the corresponding wind circulation. The largest
divergence is observed over the eastern Mediterranean. Over land, mainly divergence takes
place in summer, with some specific regions of convergence as exceptions. In winter, the
moisture converges over all land areas with specific strong convergence areas due to orographic
precipitation. These features are not observed in the low resolution ERA40 reanalysis dataset.

The permanent characteristic of water vapor divergence over the Mediterranean Sea makes it
a moisture provider for the entire region. Nevertheless, the marine evaporation produced over
the Mediterranean Sea does not contribute to the land precipitation in the same magnitude over
all year. In summer, when its minimum is reached, land evaporation replaces the moisture
supply from the sea as a main source. The evaporation over the basin is not spatially homoge-
neous either, but it is related to the SST distribution and wind patterns. The influence of the
Mediterranean Sea is larger in the eastern regions.

In the future climate simulation for the Mediterranean region the amount of moisture uptake
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over land is reduced, and slightly larger evaporation takes place over the Mediterranean and
Black seas. This second effect, however, is not strong enough to produce a increase in the total
evaporation. The result suggests an increase in water vapor transport into the Mediterranean
region and a larger contribution from the Atlantic.

About 53% of the water involved in the Mediterranean hydrological cycle is evaporated over
the Mediterranean region itself (catchment + basin). This percentage remains at the same value
with almost no variation independently of the exchanged roles of the terrestrial and marine
evaporation in summer and winter. A slightly decrease in the percentage of the recirculated
water of -0.21% in winter and -0.74% in summer is detected in the scenario simulation.

Since uncertainties are implicit in the assumptions entering the water transport tracking method,
an extension of the present work to other water transport tracking algorithms and an ensemble
of climate model simulations is planned for the future. This hopefully will increase the confi-
dence in the results presented here and lead to a more detailed understanding of the Mediter-
ranean hydrological cycle.
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Chapter 5

Does the Mediterranean Sea influence the
atmospheric dynamics of the European
summer climate? The anomalous
summer 2003 as a testbed

The European summer 2003 marks a notable anomaly and presents a rare oppor-
tunity to investigate dynamical interactions in the otherwise variable European
climate. Not only air temperature and the hydrological cycle over the continent
showed distinct signals, also the Mediterranean sea surface temperature (SST)
was exceptionally warm during the period.

The traditional view on the role of the Mediterranean Sea in the climate system
highlights the influence of the large-scale atmospheric circulation on the Mediter-
ranean Sea. The question whether the Mediterranean Sea acts back on the atmo-
spheric dynamics in the region is of central importance.

The case of the extremely anomalous summer 2003 allows for investigating the
issue under realistic boundary conditions. In the present study we take advan-
tage of a newly developed regional coupled atmosphere-ocean model consisting
of the regional climate model REMO and a regional version of the global ocean
model MPI-OM. This allows for a controlled experimental setup that simulates
the summer 2003 realistically.

Experiments with prescribed historical versus climatological SST in the region
suggest that the atmospheric circulation is not strongly sensitive to the state of the
Mediterranean Sea, but its influence on the moisture balance and its role in the
regional hydrological cycle is substantial. Warmer Mediterranean SSTs lead to
enhanced evaporation and moisture transport in the atmosphere.

'Submitted to Climate Dynamics. Tomassini, L. and Elizalde, A.
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Results of regional coupled simulations with different ocean initial conditions im-
ply that due to the strong stratification of the surface waters in summer the re-
sponse time of the upper layers of the Mediterranean Sea to atmospheric forcing
is rather short. We conclude that the role of the Mediterranean Sea in the Euro-
pean summer climate is mostly passive. In winter, however, since the upper layers
of the Mediterranean Sea are well mixed, the memory of the Mediterranean SSTs
stretches over longer timescales which implies a potential for actively governing
regional climate characteristics to some extent.

5.1 Introduction

The atmospheric dynamics over Europe is characterized by high variability on a wide range of
timescales. It is therefore difficult to identify signals in order to quantify specific interactions
of different components of the regional climate system. The summer of 2003 represents such
a signal and provides the rare opportunity to investigate the interrelation of certain variables
under anomalous conditions.

It is not fully understood why the large-scale circulation during summer 2003 showed the
observed structure (Black et al. (2004)). The anomalous anticyclonic conditions over Eu-
rope were caused by a northward displacement of the subtropical Azores anticyclone which
extended from the mid-Atlantic through to eastern Europe. At the same time, the Icelandic
low was further south than normal. The streamfunction anomalies in the European Centre for
Medium-Range Forecast (ECMWF) analysis show an alternating sign from South America to
Europe and beyond suggesting a Rossby-wave signal propagating from tropical America. The
intensification of the Azores anticyclone was accompanied by a regional northward shift and
intensification in the west African ITCZ and a southward shift in the summer extratropical
storm track (Black et al. (2004), Cassou and Terray (2005))).

Cassou and Terray (2005) describe two geopotential anomaly patterns which are responsible
for hot conditions in Europe and show that they occur with higher probability if the outgoing
longwave radiation anomalies that were present in summer 2003 are imposed in the tropi-
cal Atlantic. A similar configuration consisting in a southward shift of the Scandinavian jet
and a northward displacement of the Mediterranean jet were described by Baldi et al. (2006)
as being responsible for high temperatures over the Mediterranean basin. A location of the
Mediterranean jet over the Alps causes anticyclonic vorticity south of the mountain range forc-
ing strong subsidence and adiabatic warming of the troposphere over the Mediterranean.

A comparable pattern results from canonical correlation analysis (CCA) of Mediterranean sum-
mer air temperature and other large-scale variables (Xoplaki et al. (2003)). The positive phase
of the first mode shows positive geopotential height anomalies over the European continent
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with centre over the Alps and northern Italy, and negative anomalies south of Iceland. It is re-
sponsible for anticyclonic conditions, subsidence and stability related to warm Mediterranean
summers. The second CCA pattern of sea level pressure in the study by Della-Marta et al.
(2007) is similar to the first CCA stationary wave pattern of Xoplaki et al. (2003) and shown to
be associated with the situation in summer 2003. However, as discussed in Della-Marta et al.
(2007), sea level pressure variability explains only about 30% of heat wave variability for the
period 1880 to 2003.

Neither ENSO nor the Indian dipole mode were abnormal in Summer 2003. Instead, from mid-
July to early August the European anomaly can be related to the summer northern annular mode
NAM (Ogi et al. (2004)). However, in May and June the summer NAM index stayed close to its
climatological mean. In general, from a global perspective, Mediterranean summer variability
is described to a large degree be the so-called East-Atlantic pattern (Lionello et al. (2006a),
Diinkeloh and Jacobeit (2003), NOAA-CPC (2003)) which can be considered as a southward
shifted NAO pattern and incorporates a strong subtropical link. The positive pressure anomaly
over central and southern Europe representative for this pattern agrees with the situation in
summer 2003.

This suggests that although the situation of summer 2003 matches certain features of Euro-
pean atmospheric summer variability, the dimension of the event was unusual. One could
hypothesize that a possible reason for the extent of the extraordinary conditions consisted in an
amplification by an anomalous state of the surrounding oceans. The Mediterranean sea surface
temperatures built up quickly at the end of April and beginning of May 2003 (Grazzini and
Viterbo (2003)). They grew further in May and rapidly became very large in the first week of
June. The area covered by the anomaly expanded and at the end of July effected almost the
whole basin with the Aegean Sea as an exception. Subsequently Mediterranean sea surface
temperatures persistently exceeded climatological values by 2 to 3 °C.

Although it is clear that atmospheric dynamical conditions played an important role in the
development of the European summer of 2003, the question arises in what way and to what
extent the anomalous Mediterranean SSTs acted back on the atmosphere. The fact that the
event had a large-scale characteristics that was not confined to the Mediterranean Sea lead Xo-
plaki et al. (2003) to the conclusion that the Mediterranean Sea was a passive element in the
system. Similarly, since in contrast to the banded pattern of Atlantic radiative flux anoma-
lies, the Mediterranean SST pattern amplified most rapidly between May and June and hardly
changed between July and August, Black et al. (2004) suggested that SST anomalies responded
passively to radiative flux anomalies.

On the other hand, Black and Sutton (2007) show that an ensemble of global atmosphere model
simulations forced by the observed summer 2003 sea surface temperatures reproduces the at-
mospheric conditions in the mean, although the anomaly over Europe is considerably weaker
in their setup. An experiment with Mediterranean sea surface temperatures set to climatolog-
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ical values exhibits a significant influence of Mediterranean SSTs on the atmosphere when
compared to the historical control integration for summer 2003. Similarly, Feudale and Shukla
(2007) achieved to simulate the summer 2003 heat wave to a certain extent by forcing a global
atmospheric general circulation model with observed sea surface temperatures. An experiment
with observed SST anomalies over the Mediterranean Sea only reproduces the upper level anti-
cyclone over central Europe, even though in a weaker form. The resulting temperature anoma-
lies showed about half of the amplitude compared to the experiment with global SST anomalies
prescribed. Also Li (2006) reports significant effects of Mediterranean sea surface changes on
the global atmospheric circulation. The described experiments are however confined to the
month of January.

Somewhat contrary to these results, Jung et al. (2006) concluded in a study based on compa-
rable modelling experiments that the Mediterranean plays a minor role, if any, in maintaining
the anomalous atmospheric circulation as observed in the summer of 2003. In contrast, the
perturbations of the humidity fields caused by the Mediterranean SST anomalies proved to be
significant.

But even if the European summer climate is sensitive to Mediterranean Sea surface tempera-
tures, this does not answer the question whether the role of the Mediterranean Sea is active or
passive. The high Mediterranean SSTs could have been merely a consequence of the warm
temperature of the atmosphere. The question whether the Mediterranean Sea actively influ-
ences the European summer climate and in what ways can only be answered using a coupled
atmosphere-ocean model. The issue is intimately connected with the question about the mem-
ory in the upper layers of the Mediterranean Sea. If the surface waters of the Mediterranean
Sea do not remember their past state, then this implies that they are driven by the atmosphere.

The aim of the present work is not to give an explanation of the anomalous atmospheric condi-
tions of summer 2003, but to explore the role of the Mediterranean Sea in the European summer
climate. Employing a regional model allows for a controlled experimental setup that focuses
on regional processes and guarantees, due to the realistic boundary forcing, that the charac-
teristics of the summer 2003 are reproduced realistically. Various sensitivity experiments are
performed within this framework using an atmosphere-only and a newly developed regional
coupled ocean-atmosphere model for the Mediterranean area.

The paper is structured as follows. Section 2 gives an overview over the climate model and the
performed experiments. In Section 3 the climate model is validated. Not the climate (which
is tuneable to some degree), but the simulated anomalies are compared to observations. More-
over the result of a canonical covariance analysis is presented which motivates the following
modelling studies. The first part of Section 4 is devoted to the question whether the European
summer climate is sensitive to Mediterranean SSTs. This is investigated using a regional atmo-
spheric model and prescribed SSTs. The second part of the section treats the central question of
this study. The role and the memory of the Mediterranean Sea is examined using the regional
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coupled atmosphere-ocean model. A section containing the main conclusions completes the
paper.

5.2 Climate model and experiments

5.2.1 Climate model

For the present study we use a recently developed regional coupled atmosphere-ocean climate
model consisting of the regional atmosphere model REMO, a regional version of the Max
Planck Institute for Meteorology global ocean model MPI-OM, and the hydrological discharge
(HD) model. The OASIS3 software is used to couple the system. In the standard coupling
configuration REMO calculates fluxes of heat, momentum and freshwater separately for the sea
ice covered and ice free fractions of a grid box and receives in turn SST and sea ice properties
from the ocean model. The coupling is updated every 6 hours for all variables except for the
freshwater discharge that is updated daily. Figure 5.1 shows a schematic of the coupled model.

REMO (Jacob et al. 2001) is a three-dimensional, meso-scale atmospheric circulation model
which solves the discretized primitive equations of atmospheric motion. It is based on the
Europa-Modell of the German Weather service (Majewski, 1991) and the physical parameteri-
zations are taken from the global climate model ECHAM-4. REMO is a hydrostatic model and
can be used for a horizontal resolution up to 10km. In the present study the model is run at a
resolution of 25 km. In the vertical, 31 levels are used for the experiments. As a limited area
model, REMO needs lateral boundary forcing data like temperature, wind, surface pressure and
moisture. At the surface boundary, the treatment of soil hydrology is based on a simple bucket
scheme, whereas, over the sea, REMO uses the sea surface temperature calculated on-line by
the oceanic component for the Mediterranean Sea and Black Sea and prescribed values in other
areas.

The HD (Hydrological Discharge) Model is a routing scheme, which has been developed at the
Max Planck Institute for Meteorology by Hagemann and Duemenil (1998). It accounts for the
lateral waterflow on the land surface in global climate model applications. It is part of the cou-
pled atmosphere-ocean model, providing the ocean component with freshwater input from the
surface river system. The model describes the translation and retention of the lateral discharge
within the river system as a function of spatially distributed land surface characteristics.

The oceanic component of the coupled model consists in a regional version of the Max Planck
Institute Ocean Model (Mars-Land et. al, 2002), which is a primitive equation model. It has a
free surface and uses a mass flux boundary condition for salinity. A simple bottom boundary
layer scheme is included as well as the standard set of subgrid-scale parameterizations. The
horizontal resolution is about 10 km. 30 vertical levels are used. The original global model was
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modified and limited to the Mediterranean Sea area. The domain covers the Mediterranean and
Black Seas. The communication with the global ocean is performed by nesting the Mediter-
ranean Sea model in the Atlantic by means of an Atlantic box.

Atmosphere Hydrological
Model (REMO) | =™ RVl EIN{gIDR sleTe=))

1

- Coupler (OASIS3) |
{1

Ocean

Model (MPI-OM)

Figure 5.1: Schematic of the regional coupled atmosphere-ocean model including a hydrological dis-
charge model.

5.2.2 Experiments

All the simulations discussed in this study are performed with limited area models. The model
domain is evident from the subsequent figures. The atmospheric model REMO is forced at the
lateral boundary by ERA40 reanalysis (Uppala et al. (2005)) for the simulation period January
1958 to August 2002, and ERA Interim reanalysis (Simmons et al. (2007)) from September
2002 to December 2003. Accordingly, the sea surface temperatures are taken from the re-
spective reanalysis in the uncoupled, atmosphere-only simulations. For the coupled runs, the
Atlantic sea surface temperatures are also prescribed and derived from the reanalysis. Using
reanalysis data as forcing has the advantage that the climate model is able to realistically sim-
ulate the historic evolution of the climate. Moreover, the fact that the boundary conditions are
fixed allows for a controlled experimental setup and a focus on regional climate interactions.

Simulations for the period 1958 to 2003 are performed with the uncoupled atmospheric model
as well as with the coupled atmosphere-ocean model. In addition, several sensitivity experi-
ments are conducted in order to assess the influence of Mediterranean sea surface temperatures
in the uncoupled as well as the coupled simulations. The experiments are summarized in Table
5.1. In the uncoupled case, a simulation (UNC-CLISST) was performed for 2003 with fixed
climatological SSTs for the Mediterranean Sea. The SST climatology was derived from the
reanalysis for the period 1958 to 2000. To mimic this setup in the situation of the coupled
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Table 5.1: Simulations that were performed for this study.

Acronym Time period Description
UNC-CLIM 1958-2003 uncoupled model, prescribed historical SST's
UNC-CLIMSST 2003 uncoupled model, climatological Mediterranean SSTs
CPL-CLIM 1958-2003 coupled model, lateral ERA40 forcing
CPL-INICOLD 2003 coupled model, cold Mediterranean Sea initialisation

CPL-INIWARM 2003 coupled model, warm Mediterranean Sea initialisation

model, two runs are performed with different Mediterranean Sea initial conditions. Both runs
are initialized in January 2003. One simulations is initialized with a relatively cold state of
the Mediterranean Sea taken from January 1 of 1978 (CPL-INICOLD), the other run is ini-
tialized with a relatively warm state of the Mediterranean Sea taken from January 1 of 1989
(CPL-INIWARM).

5.3 Observations and modelling of summer 2003

Pressure anomalies in summer 2003 were barotropic in nature. Figure 5.2 shows the geopoten-
tial height anomalies for 500 hPa and 850 hPa as present in a 50km resolution simulation with
the regional climate model REMO over the European domain driven by ERA 40 reanalysis
and ECMWEF operational analysis. The geopotential height simulated by the model essentially
reproduces the reanalysis and analysis and can therefore be considered to be very close to
observations.

In June high pressure was located over Central Europe and an intensification of the Iceland
low can be observed. It was situated west of the UK in June and July and further southwest in
August. During June and July, extratropical cyclones tracked further south than average before
deflecting polewards around the anticyclonic ridge over central Europe (Black et al. (2004)).
July shows persistent temperature anomalies, the pressure distribution was rather slack over
central Europe, associated with weak synoptic forcing, with a still somewhat strengthened low
over the northern Atlantic and a weak high pressure anomaly over the Mediterranean Sea. In
August an amplification by Rossby waves reinforced the pre-existing anticyclone over Europe
(Grazzini et al. (2003)) and resulted in a blocking-like situation. A weak low-pressure anomaly
over northeastern Europe favoured the transport of moist air towards the east of the continent.

These pressure anomalies are reflected in the anomalies for temperature and precipitation (Fig-
ure 5.3). For daily mean temperature, precipitation and sea level pressure version 4 of the
data compiled by Haylock et al. (2008) are used in the following. Anomalies are calculated
with respect to the reference period 1958 to 2000. In June Central Europe experienced strong
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positive temperature anomalies, while colder air was advected to the northeastern parts of the
continent. In July positive anomalies covered most of western Europe with the exception of
Portugal. Strongest anomalies occur around the Mediterranean basin and in northern Scan-
dinavia. In August the positive temperature anomalies again dominated over central Europe
including Italy.

The sign of the precipitation anomalies in summer 2003 was mostly negative. In June central
and eastern Europe receive less than average precipitation, with the exception of northwestern
France and Greece. In July the rainfall signal is weaker. On the western coasts of France and
the Iberian Peninsula the rainfall anomaly is slightly positive. Dry conditions prevail mainly
in southern France and Italy, and to a somewhat larger extent in Scandinavia and northeastern
Europe, the centre of the high-pressure system. The anomaly pattern in August again resembles
the situation in June, although in August the negative anomaly does not affect the Iberian
Peninsula and is stronger over the British Islands. In the northeast of the continent the low-
pressure anomaly causes above average precipitation.

In Figure 5.4 a comparison of the temperature anomalies simulated by the regional uncoupled
model (top row) and the regional coupled model (bottom row) to the observed anomalies are
displayed. The simulated pattern agree well with observations. Also details like the slight
negative anomaly over Portugal in July are reproduced. The general positive anomalies tend
to be somewhat underestimated by the models, especially in June and August. In July there
are regions in central and eastern areas of the continent with stronger than observed positive
anomalies. Especially in June the coupled simulation shows some distinct improvements over
the uncoupled run.

The SST anomaly in the coupled model is somewhat smaller than in the uncoupled model
which uses prescribed SSTs from ERA-40 (Uppala et al. (2005)) and Era-Interim (Simmons
et al. (2007)). The differences in the anomaly are between 0 and 1.5 degrees Celsius and occur
most pronouncedly in June and close to coast lines. Several issues have to be taken into account
with this regard. One is the fact that SST in the coupled model is defined as a mean over the
first, about 12m thick layer, while in the reanalysis it is supposed to be the mean from about 0
to 0.5 meter depth (Reynolds et al. (2002)). Another point is the interpolation error due to the
coarse resolution of the reanalysis, especially close to the coast. Indeed, the higher resolution
is one of the motivations for developing regional coupled models. Also the distribution of
incoming solar radiation over the upper layers of the ocean in the coupled model is affected by
uncertainty, but a detailed investigation of this question is beyond the scope of the present work.
Moreover, the realistic simulation of evaporation in the coupled model (see below) indicates
that atmosphere-ocean interactions are well represented in the coupled model.

Also for precipitation the coupled model generally outperforms the uncoupled setup (Figure
5.5). The positive bias with respect to the observations is reduced in some regions like southern
France, the Iberian Peninsula, and parts of Italy. This could be related to the fact that the
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SSTs in the coupled model exhibit a cold bias. Consequently absolute evaporation and ocean-
atmosphere moisture fluxes are reduced. But the differences between the coupled and the
uncoupled run do not form a particularly systematic picture. Both simulations reproduce the
rainfall deficit in the Mediterranean region during summer 2003. Also specific features like the
slight positive anomalies in northwestern France agree with the observations.

There are little differences in simulated sea level pressure anomalies between the coupled and
the uncoupled model (Figure 5.6). Generally the model overestimates sea level pressure over
the land masses of Central Europe. This is true for all months of summer 2003 indicating that
the bias is mostly independent of the temporal development of the event and not related to
Mediterranean SSTs. Also evaporation over the Mediterranean Sea is well simulated (Figure
5.7) by the climate models. Here we use OAFlux data (Yu et al. (2008)) in a one degree
resolution for comparison. Due to the coarser grid cells of the observations that are mapped
to the finer model grid interpolation errors occur mostly along the coast lines (but of course
to a certain extent also in the interior of the Mediterranean Sea). Negative biases tend to be
somewhat more pronounced in the coupled model compared to the simulation with prescribed
SSTs, especially in July in the Western Mediterranean. Since surface winds are very similar in
the coupled compared to the uncoupled simulation (and agree well with OAFlux observations),
the differences can be attributed mainly to the weaker anomaly in sea surface temperatures
simulated by the coupled regional model.

In order to investigate the relation between temperature and precipitation in Europe on one side,
and Mediterranean SSTs on the other side, a canonical covariance analysis (Wilks (2006)) was
performed on the observations. Figure 5.8 shows the normalized first canonical patterns for the
analysis of observed 2-meter temperature and Mediterranean SSTs (top row), and the analysis
of observed precipitation and the same Mediterranean SST fields (bottom row). The explained
variance of the temperature pattern is 59.5 %, for the corresponding SST pattern 31.3 %, and
for the precipitation pattern 52.8 %.

It is striking how closely the first canonical patterns for temperature, precipitation, and also
Mediterranean SSTs resemble the anomalies in summer 2003. Both SST patterns, the one
from the analysis including the observed temperature, and the one based on the analysis with
observed precipitation, are very similar and very alike to the anomalies in summer 2003, with
larger positive values in the western part of the basin and especially the Gulf of Lion and the
Adriatic Sea. The temperature anomalies in summer 2003 extended somewhat more into the
European continent compared to the canonical pattern. For precipitation, the general negative
signal in the observations agrees very well with the first pattern from the canonical covariance
analysis, and even the slight positive anomalies over northwestern France, Greece, and Sicily
match the conditions during summer 2003. Also the weakening of the signal over the Iberian
Peninsula is present in the canonical pattern as well as in the observed anomalies in summer
2003.
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Of course this statistical analysis does not imply that Mediterranean SST anomalies influence
temperature and precipitation over Europe. The question arises whether the Mediterranean Sea
responds passively to the atmospheric dynamics that governs temperature and precipitation
over the continent, or whether is plays an active role and impacts the summer climate in the
Mediterranean region and north of the Alps. This subject is discussed in the following section
by means of different modeling experiments.

5.4 Results of the sensitivity experiments

In this section the results of two sensitivity experiments are presented. The first discusses the
role of the prescribed SSTs in the uncoupled atmospheric model, the second investigates the
sensitivity of the climate to initial ocean conditions in the coupled regional model.

5.4.1 Uncoupled SST experiment

In the experiment UNC-CLIMSST (see Table 5.1) the atmospheric boundary forcing is the one
from the year 2003, as derived from the ERA-Interim reanalysis, but the prescribed sea surface
temperatures in the domain are defined, for every 6-hourly coupling time step, as climatological
means over the period 1958 to 2002. This simulation is compared to the uncoupled simulation
with the historical 2003 sea surface temperatures as lower boundary conditions, called UNC-
CLIM.

Figure 5.9 displays the difference between the two experiments for various quantities. Black
dots indicate regions where the differences are larger than one standard deviation of the re-
spective seasonal values over the time period 1958 to 2000 in the uncoupled simulation. The
surface temperature reflects the strong SST anomaly of summer 2003 in the Mediterranean Sea
and parts of the Atlantic Ocean. Over land, however, temperature is reduced in the historical
simulation. The areas of reduced temperature over land match quite consistently with regions
of increased precipitation, indicating that it is a cause of evaporative cooling. The rainfall sur-
plus in the run with higher SSTs comes with enhanced evaporation over the ocean and some
land areas. This is consistent with a positive signal in vertically integrated water vapor. For
vertically integrated cloud liquid water the response is less local. Moisture is partly transported
away from the Atlantic and Mediterranean area. The signal in sea level pressure is quite strong
and results in a surface heat low over the warmer SSTs and slight high pressure ridges over
parts of central and eastern Europe. However, in higher levels of the atmosphere this response
of higher pressure over land is not present anymore.

The left panel in the upper row of Figure 5.10 displays the vertical velocity at 500 hPa in
the uncoupled simulation with the historical SSTs of the year 2003 (UNC-CLIM). Negative
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Figure 5.2: Anomalies for geopotential height at 500 hPa (top row) and 850 hPa (bottom row) in
summer 2003 compared to the period 1958 to 2000. Shown are the results from a regional climate
model simulation driven by ERA40 reanalysis and ECMWF operational analysis.
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Figure 5.3: Observed anomalies for 2-meter temperature (top row) and precipitation (bottom row) in
summer 2003 compared to the period 1958 to 2000.
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Figure 5.4: The top row shows the difference of the 2003 temperature anomaly in the uncoupled simu-
lation versus the observed anomaly. In the bottom row the difference of the 2003 temperature anomaly

in the coupled simulation versus the observed anomaly is displayed.

83



CHAPTER 5 MEDITERRANEAN SEA INFLUENCE ON THE EUROPEAN SUMMER CLIMATE

LI Oo00o it
LOOL phmd NERD

LIRS

-1.2

LLLlooooo sty
P00 Nihpr NED

LLLL,
kv moRN

|
n

[mm]

Figure 5.5: The top row shows the difference of the 2003 precipitation anomaly in the uncoupled
simulation versus the observed anomaly. In the bottom row the difference of the 2003 precipitation
anomaly in the coupled simulation versus the observed anomaly is displayed.
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Figure 5.6: The top row shows the difference of the 2003 sea level pressure anomaly in the uncoupled
simulation versus the observed anomaly. In the bottom row the difference of the 2003 sea level pressure
anomaly in the coupled simulation versus the observed anomaly is displayed.
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[

Figure 5.7: The top row shows the difference of the 2003 evaporation anomaly in the uncoupled simu-
lation versus the observed anomaly. In the bottom row the difference of the 2003 evaporation anomaly
in the coupled simulation versus the observed anomaly is displayed. Negative biases along the coast
line are due to errors in the interpolation from the coarse, one degree observational data set to the 25 km
grid of the climate model.
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1st canonical pattern temperature 1st canonical pattern SST

1st canonical pattern SST

Figure 5.8: Upper row: Normalized first canonical patterns for 2-meter temperature (left) and corre-
sponding Mediterranean SSTs (right). Bottom row: Normalized first canonical patterns for precipitation
(left) and corresponding Mediterranean SSTs (right).
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Figure 5.9: Difference between the uncoupled historical run and the uncoupled simulation with cli-
matological SSTs for various quantities. Black dots indicate regions where the differences are larger

than one standard deviation of the seasonal values over the time period 1958 to 2000 in the uncoupled
simulation.
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Figure 5.10: Top row left panel: vertical velocity at 500 hPa in the UNC-CLIM simulation. Also in-
dicated are two cross-sections. Top row right panel: difference in vertical velocity at 500hPa between
UNC-CLIM and UNC-CLIMSST. Middle row: zonal-vertical wind for the West-East cross-section
and meridional-vertical wind for the South-North cross-section in the case of the UNC-CLIM simula-
tion. Bottom row: difference to the UNC-CLIMSST simulation. In the difference plots the arrows are
stretched by a factor of 6.
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Figure 5.11: Differences in the atmospheric temperature profiles for the West-East cross-section (left
panel) and the South-North cross-sections (right panel).

values correspond to upward motion, positive values to downward motion. One can observe a
large area of subsidence over the Mediterranean Sea, while over land areas convective activity
dominates in many parts. Also indicated in the panel are two cross-sections, one from the South
to the North (red line), and one from the West to the East (black line). The right panel shows
the difference in vertical wind velocity at 500 hPa between UNC-CLIM and UNC-CLIMSST.
No systematic pattern can be identified at this level of the atmosphere.

The panels in the middle row of Figure 5.10 show the zonal-vertical wind for the West-East
cross-section, and the meridional-vertical wind for the South-North cross-section in the case
of the UNC-CLIM simulation. Convective motion over the Iberian Peninsula was prevalent
in summer 2003. At the western flank of Italy subsidence dominates, while over the eastern
part of the country the air is rising. In eastern Europe around the Bosporus there is a region
of strong subsidence also over land. The mean wind tends to transport moisture from west
to east. However, at lower levels, which contain most of the moisture, this mean transport is
rather unincisive. Similarly, in the meridional direction, the north to south flow of the air is
restricted to higher altitudes of the atmosphere. Over the land areas of northern Africa and
southern France convective motion is triggered by heating of the surface.

The difference between UNC-CLIM and UNC-CLIMSST (bottom row of the figure) is rather
small in magnitude, mainly restricted to land areas, and does not indicate a consistent change
in circulation. The motion of the air over Italy is slightly enhanced in the UNC-CLIM experi-
ment. The subsidence over the eastern land regions covered by the West-East cross-section is
somewhat weakened by the colder SSTs in UNC-CLIMSST at lower levels of the atmosphere,
and strengthened at higher altitudes. This could be related to the excess of rainfall and the ef-
fectively colder surface temperatures in the UNC-CLIM experiment over this areas compared
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to UNC-CLIMSST.

The atmospheric temperature profiles for the two cross-sections (Figure 5.11) confirm that the
differences in the SSTs induce differences in air temperature mainly in the lowest levels of the
atmosphere and mostly over the Mediterranean Sea. This feature will attenuate sea breezes
during daytime and intensify land breezes at night. In the level around 800 hPa a slight cooling
can be observed which is possibly due to advection of colder air as a compensating motion to
the warming of the surface. This is supported by the left panel in the bottom row of Figure
5.10. Another reason for the weak negative signal in temperature is the enhanced evaporation
due to increased moisture content of the atmosphere.

The change in the water budget in a column of air can be written as

aw .
- = E(t) — P(t) — Div(t), (5.1)

where W denotes the vertically integrated water content, ' the surface evaporation, P precipi-
tation, and D1iv the divergence of the moisture flux. Positive values of Div imply that the water
column at a specific location acts as a moisture source for surrounding regions. In the upper
panel of Figure 5.12 the divergence of the moisture flux is displayed for the UNC-CLIM exper-
iment, the lower panel shows the difference in moisture flux divergence between UNC-CLIM
and UNC-CLIMSST. During summer 2003 not only the Mediterranean Sea, but also most of
western, central, and eastern Europe acted as a source of moisture to the atmosphere, except
for the Alps. That is, assuming that the change in the water content of the air column over
the whole season is small, evaporation exceeded precipitation in most areas (see Equation 5.1).
The lower panel confirms that evaporation was larger over the Mediterranean Sea and areas of
the Atlantic ocean in the simulation with warmer, historical SSTs. This moisture was partly
transported to the land masses. Especially mountainous regions like the Alps, the Pyrenees, the
Italian Apennine, and the Greek Pindus mountain range benefit from the moisture excess in the
UNC-CLIM experiment.

The arrows in the plot indicate the direction and strength of the vertically integrated mean
moisture transport over the summer 2003. In the mean, moisture is mainly transported from
the west to the east in the western part of the continent, and from north to south in the east of
the Mediterranean catchment. However, this does not exclude that for specific rainfall events
the source of moisture could come from other directions. Generally, this circulation pattern
of moisture is strengthened in the UNC-CLIM simulation, indicating that the warmer SSTs
intensify the hydrological cycle in the region.

As already mentioned above, the seasonal mean moisture transport does not capture the effect
of cyclones that move moisture, in the course of specific rainfall events, in directions that do
not coincide with the seasonal mean flow. Therefore we calculated the moisture source for
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Figure 5.12: Upper panel: Colour shading indicates moisture divergence in the UNC-CLIM experiment.
Arrow show the flux of moisture by advection. Lower panel: the same quantities as in the upper panel,
but the differences between UNC-CLIM and UNC-CLIMSST are shown. In the difference plot arrows
are scaled by a factor of 10.
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all the rainfall events for specific Mediterranean subcatchments, namely “Southern France”,
“Adriatic”, and “Aegean”. The subcatchment boundaries and the results of the analysis are
presented in Figure 5.13. The method is based on a Lagrangian backtracking algorithm which
follows air parcels along their back-trajectories. More details about the method can be found
in Elizalde and Jacob (2011).

All three catchments receive more precipitation in the UNC-CLIM simulation than in UNC-
CLIMSST. The subcatchment “Southern France” (top row) receives part of the moisture from
the Atlantic Ocean, but a substantial contribution comes from the Mediterranean Sea, although
this is not to be expected considering the mean moisture flux (Figure 5.12). The third main
moisture source is local land evaporation in the subcatchment itself and surrounding areas.
The surplus of moisture in UNC-CLIM (top row, right panel) stems to a large part from the
Mediterranean Sea, but also excess evaporation over the Bay of Biscay and land areas in south-
ern France play a significant role.

The situation is similar for the Adriatic subcatchment (middle row). Here the Mediterranean
Sea, and especially the Adriatic Sea, contribute most to the precipitation increase in UNC-
CLIM compared to UNC-CLIMSST. In contrast, for the Aegean subcatchment, the excess of
moisture can be tracked mostly to the Black Sea and land areas north and northeast of the
subcatchment, in accordance with the mean moisture flow.

In order to asses whether the increase in precipitation of UNC-CLIM compared to UNC-
CLIMSST is caused by addition precipitation events, or simply by increased rainfall intensities,
Figure 5.14 shows precipitation time series for the three selected subcatchments. Indeed, the
rainfall events are mostly more intense in the UNC-CLIM simulation. In some cases, they
last significantly longer, like for instance around August 8 in the Adriatic subcatchment. The
excess of moisture in the atmosphere strengthens and maintains the formation of precipitation
for longer periods of time in some incidents.

5.4.2 Coupled ocean initial condition experiment

In the following section we investigate the memory of the Mediterranean Sea and its influence
on surrounding land areas. This is the central point in the question whether the Mediterranean
Sea plays an active role in shaping the European summer climate. If the Mediterranean Sea
upper ocean temperatures are driven by the atmosphere, then this means that the Mediterranean
Sea is a passive component of the system. The Mediterranean Sea may only be an active
agent in the regional climate system if there is memory in the surface temperatures of the
Mediterranean Sea that is rooted in the lower levels of the water body. This key question can
only be examined with the regional ocean-atmosphere coupled climate model.

In the experiment CPL-INICOLD the Mediterranean Sea was initialized on January 1st of the
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UNC-CLIM

SEO

Figure 5.13: Moisture source for all rainfall events for three Mediterranean subcatchments. Left col-
umn: mean over summer 2003 for UNC-CLIM. Right column: difference of UNC-CLIM and UNC-
CLIMSST.
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Figure 5.14: Precipitation time series for the three selected subcatchments during summer 2003.
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Figure 5.15: Daily time series of Mediterranean SST (top panel), 2-meter temperature over the Mediter-
ranean Sea (middle panel), and 2-meter temperature over the land part of the Mediterranean catchment
(bottom panel) for the year 2003. Indicated are the experiments CPL-CLIM, COL-INICOLD, CPL-
INIWARM as well as the historical years 1983 and 1990.
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year 2003 with the state of the Mediterranean Sea of January 1st, 1983, which was a year with
a cold ocean state on that date. Analogously, for the experiment CPL-INIWARM the Mediter-
ranean Sea was initialized on January 1st of the year 2003 with the state of the Mediterranean
Sea of January 1st, 1990, which was a year with a warm ocean state on that date. These two
runs are compared with the historical coupled simulation for the year 2003 and the historical
coupled simulations of the years 1983 and 1990 in Figure 5.15. The upper panel shows the
developement of the Mediterranean SST for January 1st to the end of August, the mid row
displays 2-meter temperature averaged over the area of the Mediterranean Sea, and the bot-
tom panel depicts 2-meter temperature averaged over the land part of the total Mediterranean
catchment.

Remarkably, Mediterranean SSTs in CPL-INICOLD are substantially different from the SSTs
in CPL-INIWARM until the beginning of June, although the atmospheric forcing is the same
in both experiments. In May, SSTs rise in accordance with atmospheric temperatures for the
simulations with the 2003 atmospheric conditions. The comparison with the cold year 1983,
which possesses a rather cold atmosphere also in summer, shows that the reaction time of
SSTs to atmospheric forcing is much shorter in summer than in winter. While in winter the
differences in SSTs between CPL-INICOLD and CPL-INIWARM remain over several months
despite the identical atmospheric conditions, the SSTs of CPL-INICOLD and the year 1983
rapidly diverge in summer due to the different atmospheric temperatures. Similarly, in summer
the differences in SSTs between the year 1983 and the year 1990 quite closely follows the
differences in 2-meter temperature over the Mediterranean Sea. However, although the 2-
meter temperature is almost the same from mid July, the SST only converges in the beginning
of August, implying a reaction time of SSTs to atmospheric temperatures of about three weeks.

This suggests that due to the stable stratification of the surface layers of the Mediterranean Sea,
the response time of the upper most levels of the water body is shorter in summer compared
to winter. The surface layers are closely connected to the atmosphere. In winter, however, the
upper part of the Mediterranean Sea is less stable and therefore heat is more easily transported
across layers. This results in a longer memory of the upper layers of the Mediterranean Sea
which can potentially impact the 2-meter temperatures in the region.

This interpretation is supported by the time series of the heat content of the Mediterranean
Sea down to different depths (Figure 5.16). Down to 200 meter and also 100 meter, the heat
content in CPL-INICOLD is still substantially different from the one in CPL-INIWARM at the
end of the summer. Even down to 50 meter one can observe a difference in the heat content
at the end of August. At the upper most levels, however, as indicated by the heat content
down to 10 meter, the two simulations are very close to each other already during June and
hardly distinguishable in August. Similarly, in summer the year 1883 catches up with the year
1990 only in the upper most layer, which is disconnected from the water below. In contrast,
during the winter months, the differences in heat content between CPL-INICOLD and CPL-
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Figure 5.16: Daily time series of Mediterranean heat content down to different depths for the year 2003.
Indicated are the experiments CPL-CLIM, COL-INICOLD, CPL-INIWARM as well as the historical
years 1983 and 1990.
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Figure 5.17: Mean difference between CPL-CLIM and CPL-INICOLD over summer 2003 for various
quantities.

Figure 5.17 shows the difference between the historical simulation CPL-CLIM and CPL-
INICOLD for various quantities. The response is similar to the effect of changed SSTs in
the experiments with the uncoupled model, but smaller in magnitude. Over land, the signal is
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insignificant.

5.5 Discussion and conclusions

The present study treats the question whether the Mediterranean Sea plays an active role in
shaping the European summer climate. There are two aspects to this issue. In a first step we
investigate the impact of Mediterranean SSTs on the climatic characteristics of the European
land areas during summer. However, even if SSTs substantially influence the regional climate,
the Mediterranean Sea surface waters could still be driven entirely by the atmospheric condi-
tions. In that case the atmosphere would govern the regional heat and moisture budget. In
summer 2003, for instance, the Mediterranean SSTs were anomalously high. In a second step
we therefore study if this could actually have been different. Colder Mediterranean SSTs could
have had established only if there is memory in the surface layers of the Mediterranean Sea
during summer which remembers the state of the ocean in the winter or spring before. While
the first question of the influence of Mediterranean SSTs on the climate can be tackled with an
atmospheric model and prescribed Mediterranean SSTs, the second, more vital matter can only
be explored using a coupled atmosphere-ocean model.

With respect to the sensitivity of the European summer climate to Mediterranean SSTs our
study essentially confirms the conclusions of Jung et al. (2006). Warmer SSTs produce a heat
low at the surface, evaporation is enhanced and consequently the moisture content of the at-
mosphere is increased. The heat low over the water induces a modest high pressure anomaly
over parts of the continent, but this signal is weak and restricted to the lowest levels of the at-
mosphere. Altogether the general circulation is not substantially modified by different Mediter-
ranean SSTs. Although convective activities over land masses are affected, they are not very
consistently altered according to a defined large-scale dynamic response to the change in SSTs.
However, in some areas, like in eastern parts of the Mediterranean basin where subsidence is
weakened in the experiment with colder SSTs, a regional signal can be identified.

The main impact of the Mediterranean SSTs on European summer climate becomes evident
when analyzing the effect on the moisture balance of the atmosphere. The mean moisture
transport is intensified in the simulations with historical, anomalously warm SSTs. But also
the eddy transport induces enhanced moisture advection and precipitation over land, as shown
by the result of the moisture tracking analysis. In general, the excess moisture does not induce
additional rainfall events, but precipitation is intensified and in some cases prolonged.

The initial condition experiments with the regional coupled ocean-atmosphere model suggest
that in summer 2003 the role of the Mediterranean Sea was essentially passive in nature. At the
beginning of 2003 the Mediterranean Sea is indeed relatively warm in our historical coupled
simulation (which does not necessarily need to be in accordance with observations). How-
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ever, it cools in the course of spring and water temperatures become rather low in April. The
Mediterranean SSTs then follow quite closely the rising air temperatures in May. Deeper layers
of the Mediterranean actually remain colder than average, but due to the strong stratification of
the water in summer, heat from the surface is not transported effectively to deeper levels. In
winter, when the water column in the Mediterranean Sea is less stable, heat exchange can occur
more easily across layers. In that case, mixing processes vertically redistribute energy gained
at the surface which induces a longer memory in the SSTs in winter.

One can therefore conclude that although the Mediterranean SSTs were indeed distinctly above
average in summer 2003, this was most probably due to the anomalously warm conditions of
the atmosphere. It was not an extraordinary state of the Mediterranean Sea which actively en-
hanced the heat wave over Europe. This finding is in line with the study of Hertig and Jacobeit
(2011) which shows that the predictability of temperature and precipitation in the Mediter-
ranean region is very limited, even when global sea surface temperature patterns are taken into
account. Our work supports the view that seasonal predictions of European summer climate
based on Mediterranean SSTs have only modest prospect.
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Chapter 6

Conclusions and outlook

6.1 Conclusions

This dissertation addresses the processes involved in the Mediterranean water cycle and the
role of the Mediterranean Sea. For this purpose, a new regional atmosphere-ocean-hydrology
coupled model has been developed to simulate the Mediterranean climate. In the new model
the regional atmosphere climate model REMO (ARCM, in the stand-alone version), the hy-
drological model HDmodel and the Max Planck Institute Ocean Model MPI-OM are fully
coupled. Due to the fact that the model accomplishes to join the atmosphere, ocean and land
components, it has been named as Regional Climate System Model (RCSM). For the first time,
the Mediterranean water cycle has been simulated in a closed hydrology system. Moreover,
the high resolution allows a better representation of the orography and detailed SST pattern.
Finally, the interactive air-sea feedback is included in the calculation of the sea surface fluxes.

The capability of the RCSM and the ARCM to simulate the water cycle in the Mediterranean
Region has been analyzed. Both models are able to reproduce the main characteristics of the
components of the hydrological cycle. The values obtained for the heat and freshwater fluxes
are in agreement with those found by Mariotti et al. (2002) and Sanchez-Gomez et al. (2011)
without any necessity to apply flux corrections.

The improvements of the RCSM allow to overcome previous deficiencies on existing climate
simulations, as discussed in Chapter 1, and to address the following questions:

What are the impacts of the improved resolution and the inclusion of the air-sea feedbacks on
the simulation of the water budget?

It has been shown that, on the one side, a detailed representation of the orography in the models
improves the simulation of both the processes involved in the orographic precipitation and the
moisture advection. More realistic patterns of the water vapor convergence and divergence are
produced in comparison with coarse resolution data sets. Therefore a detailed spatial pattern
for precipitation is achieved. Nevertheless, precipitation is one of the most difficult variables
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to simulate, and it is the main reason for the biases in the land water budget. Although some
individual rivers present biases in their simulated discharge due to precipitation, the total river
discharge in the Mediterranean catchment is very well calculated.

On the other hand, a detailed information of the SSTs improves the correlation of the marine
evaporation with its driving components. This is especially true in the sea areas near to the
coast. A higher correlation demonstrates as well the interactivity of the simulated thermal and
dynamic processes at the RCSM.

What is the role of the Mediterranean Sea for precipitation in the Mediterranean region?

The permanent characteristic of the water vapor divergence over the Mediterranean Sea shows
that the Mediterranean Sea to acts as a moisture source for the entire region. The seasonal vari-
ability of the moisture divergence is driven by the atmospheric moisture content and thermal
state between the atmosphere and the sea. The maximum evaporation rate takes place at end of
autumn beginning of winter and the minimum happens at the beginning of summer. The atmo-
spheric eddy transport induces the moisture advection to the land areas, where the precipitation
is influenced by the orography as shown by the results of the moisture tracking analysis. This
implies that the precipitation over the Mediterranean catchment is not formed with water vapor
from Mediterranean Sea evaporation in the same proportion throughout the year. The contri-
bution of the Mediterranean basin is larger in winter than in summer, the opposite behavior to
the land evaporation.

Up to 53% of the water of the hydrological cycle is recycled inside the Mediterranean region.
This concept is defined here as the Mediterranean Catchment Recycled Ratio (MCRR). This
percentage remains nearly constant throughout the year independently of the exchanged roles
of the terrestrial and marine evaporation sources.

From the study focused on the summer 2003 it can be concluded that the atmospheric general
circulation in the Mediterranean region is not substantially modified by the Mediterranean SST.
Moreover, the Mediterranean SST follows quite closely the rising air temperatures in May of
that year. Both results suggest that it was not an extraordinary state of the Mediterranean Sea
which actively enhanced the heat wave over Europe and that the Mediterranean Sea only played
a passive role. This finding is in line with the recent study of Hertig and Jacobeit (2011).

How is the Mediterranean hydrological cycle affected by anthropogenic climate change?

As discussed in Chapter 1, the changes on large-scale circulation induce a decrease of the
moisture transport into the Mediterranean region. The RCSM shows a negative trend in precip-
itation for the future climate. As a consequence of the decrease of water availability, the deficit
on the land water budget induces a reduction in the total river discharge up to 23% with re-
spect to present climate. Over the Mediterranean Sea, the freshwater loss increases up to 21%
due to the decrease in precipitation and the river discharge, but not to an increase of marine
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evaporation, which shows only a weak signal. The decrease of land water budget and increase
of the freshwater loss agree with the findings of Mariotti et al. (2002) and Sanchez-Gomez
et al. (2009). Except for the change in the marine evaporation, which is larger in Mariotti et al.
(2002) and Sanchez-Gomez et al. (2009) findings.

Furthermore, the negative trend in the precipitation induces a soil dryness which reduces the
terrestrial evaporation, jointly with the slight increased evaporation from the Mediterranean
Sea, leading to a slight shift between the land and sea roles in the hydrology cycle at the future
climate projection. The MCRR does not show significant changes.

Final comments

The models analyzed here are able to reproduce the main characteristics of the physical pro-
cesses involved in the Mediterranean hydrological cycle and the sea surface fluxes. On the
one hand, the RCSM improves the representation of the air-sea feedbacks, which are important
for the simulation of the surface fluxes. On the other hand, another source of uncertainty is
introduced into the climate simulation due to the intrinsic model variability and internal model
errors. Nevertheless, the ability of the RCSM to produce its own SSTs makes it more advan-
tageous to the stand-alone atmospheric model with regard to the assessment of the Climate
Change response. The RCSM keeps more independence from the SSTs signal of its driving
model in the future climate simulations. This study can be considered as the first step towards
the use of a new modeling tool and further model development will overcome current deficien-
cies.

6.2 Outlook

The effects of the sea spray has not been taken into account, but probably they should not be
neglected. Andreas (2002) found that during wind speeds of about 10 m s~! approximately
10% of the total latent heat flux was originated from sea spray. For the wind speed range 15-18
m s~!, the sea-spray-mediated flux accounted for as much as 10-40% of the total flux. At the
Mediterranean Sea, the RCSM simulates wind speeds up to 14-26 m s~—! with an occurrence
frequency up to 10% in the Gulf of Lions. The sea spray effect could have two sorts of impacts.
On the one side, it enhances the evaporation rate, on the other hand, it helps cooling the surface
water which could enhance the dense water formation at the Mediterranean Sea. Experiments
including a sea spray parametrization could help to improving the representation of the surface
fluxes.

The analysis of the Mediterranean and Black Seas was restricted to their interaction with the
atmosphere, but not to the seas themselves. The study of the thermohaline circulation and water
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masses formation will be useful for a better understanding of the SSTs behavior, and will yield
estimates of sea level rise or changes in deep water ventilation of the Mediterranean Sea.

Due to the high computational costs of the RCSM only a limited number of simulations could
be carried out. Even though some effort has already been dedicated to improve the model, still
some technical work is needed, like the interpolation method for variables exchange and the
optimization of parameters for sub-grid scale e.g. vertical mixing that can reduce the model
biases.

Since uncertainties are implicit in the assumptions entering the water transport tracking method,
an extension of the present work to other water transport tracking algorithms and the analysis
of an ensemble of climate model simulations is planned for the future. This hopefully will
increase the confidence in the results presented here and lead to a more detailed understanding
of the Mediterranean hydrological cycle.
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