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Introductory Note

The aim of this study is to explore the role of aerosol effects on regional climate simulations
over Europe, using the Weather Research and Forecasting Model (WRF). We mainly explore
the impact of aerosol-radiation interactions (direct and semi-direct effect) but also the
implementation of aerosol-cloud interactions (indirect effect) is explored in the model.

This study comprises of two main parts. Part 1 (chapter 1) consists of sensitivity experiments
with the WRF model using different aerosol parameterizations and datasets covering the
period 2004-2008. In this part we explore the different aerosol options and datasets used
and identify the impact of aerosol over Europe. Part 2 (chapter 2) consists of WRF
simulations of historical (1971-2000) and future climate (2021-2050) under the Rcp8.5
scenario. The model in these experiments is being driven by the CESM1 global climate
model. In this part we assess the impact of aerosol over Europe in a larger (30year,
historical) period over Europe and explore their impact in the trends for both the historical
and the future period. Detailed discussion of the results from both main parts is presented in
the chapter “Summary and Discussion” (chapther 3) whereas the main conclusions are
presented in chapter 4 “Conclusions.

The author would like to thank all the people that helped in this thesis, especially the
supervisory committee and the supervisor professor Eleni Katragkou. Detailed
acknowledgements are given in the end of this thesis.



A. Abstract

Aerosols play a very important role in the climate. This study tries to examine the impact of
aerosols, especially the direct aerosol effect, in regional climate simulations over Europe.
This study consists of two main parts. The first part consists of sensitivity experiments using
the WRF model and implementing different aerosol datasets and climatologies. Results
indicate a severe impact on radiation components as well as on temperature. Indications of
aerosol induced changes in atmospheric circulation are also presented. The second part of
this study focuses on the impact of aerosol on regional climate simulations of the future
European climate. Results indicate that the decreasing trend of aerosol concentrations
clearly impacts the future temperature trends and increases the impact of global warming.

B. Introduction
What are aerosols

Aerosols are microscopic particles of solid or liquid phase suspended in the atmosphere.
They can have varying shapes and occupy a large range of sizes, from nanometers to several
micrometers with a typical range being between 0.001 to 10um (Haywood et al., 2000). The
sources of aerosol can be both natural as well as anthropogenic. Natural aerosol include sea
salt from the oceans, dust particles as a result of wind action, volcanic sulfate aerosol as well
as organic aerosol like spores, pollen and bacteria. Human sources are mainly fossil fuel
combustion and biomass burning that produce sulfates, organic carbon, black carbon and
nitrates, whereas several human activities that change the land surface may contribute to
the dust particle concentrations. Anthropogenic emissions of sulfates, organic and black
carbon can be larger than the natural emissions on a global scale (Ramanathan et al., 2001).
The vast majority of aerosol reside within the troposphere, close to the sources of
production, whereas higher in the stratosphere only aerosols of volcanic origin can be found.
Typical aerosol life time is short in the troposphere, between one day and two weeks.
However in the stratosphere, aerosols can remain for much longer time scales, typically for
around a year (IPCC AR5, 2014). An important characteristic of aerosols, is that their
concentrations can have significant spatial and temporal variability. Large aerosol amounts
usually are to be found downwind of the sources of production and confined within the
troposphere. Therefore beside their important role to the global climate, aerosol impact can
be considerably more pronounced and thus of particular significance to the local scale.
Volcanic aerosols on the other hand can have a much more widespread effect. Volcanic
eruptions are one of the most significant natural sources of aerosol. The large plume of a
volcanic eruption can inject aerosols of sulfate origin high into the stratosphere where they
can be transferred large distances away from the initial source and remain aloft for an
increased amount of time considerably reducing solar radiation at the surface. It is
characteristic that some of the largest historical eruptions have clearly impacted the global
temperature cooling the entire planet (McCormick et al., 1995).



Aerosol impact

Aerosol, especially the finer particles, can affect human health and thus have been
traditionally considered an atmospheric pollutant and their concentrations have been
closely monitored. Apart from their effect on human health aerosol can also play a
significant role in the atmosphere and generally the climate of our planet (Ramanathan et
al., 2001) through different ways. Firstly they can intensely interact with the solar radiation,
which lies in the shortwave spectrum, through scattering and absorption. The aerosol-
radiation interaction is called the aerosol direct effect. Moreover aerosols can act as cloud
condensation nuclei, thus affecting cloud formation, lifetime and albedo. This is called the
aerosol indirect effect. Finally aerosol through radiation absorption can change the
thermodynamic profile of the atmosphere and as a result affect again cloud formation. This
is called the aerosol semi-direct effect. It is therefore clear that aerosol can affect key
components of the climatic system like radiation and clouds (Hansen et al., 1997).

Aerosol optical parameters

The aerosol interaction with radiation is described by three main parameters. The most
prominent parameter is the aerosol optical depth (AOD) and consists of the integration of
the aerosol extinction coefficient along an atmospheric path. It describes the total extinction
caused by the aerosol load. The single scattering albedo (SSA) is the ratio of the scattering
coefficient to the extinction coefficient and describes the relative significance of the
scattering process to the whole aerosol-induced extinction. The asymmetry factor (ASY) is
the mean cosine of the scattering angle and describes the mean direction of radiation
scattering (American Meteorological Society, 2019).

Direct effect

The direct aerosol effect is quite well understood scientifically (IPCC AR5, 2014). The
scattering and absorption of solar radiation by aerosols clearly decreases the radiation that
reaches the surface, thus producing a negative radiative effect at the surface. Anthropogenic
aerosol mainly interact with the solar radiation while only dust mineral aerosol have a
significant interaction with the longwave spectrum of radiation (Dufresne et al., 2002;
Ramanathan et al., 2001). Naturally, larger aerosol optical depth leads to larger decreases in
shortwave radiation at the surface. Thus the large spatial and temporal variability of aerosol
can produce a strong direct radiative effect at a regional scale. For example, in the
comprehensive regional climate modeling study of Nabat et al. (2015a), an average annual
direct radiative effect of -19 W/m? was seen over Europe, that could exceed -40 W/m? over
specific areas in the south during summer. However, the overall effect of aerosol-radiation
interactions depends not only on the immediate scattering and absorption of radiation, but
also on the inflicted change in the cloud cover (semi-direct effect).

Semi direct effect

Aerosol semi-direct effect strongly depends on the aerosol absorptivity (IPCC AR5, 2014).
Absorption of radiation heats the atmospheric layer and can evaporate cloud droplets or
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modify atmospheric stability and as a result it may affect cloud cover. Previously it was
considered that the semi-direct effect resulted in cloudiness reduction. However the impact
on cloudiness is more complex and depends on the relative position of aerosols to the cloud
and the cloud type (Koch and Del Genio, 2010). For example absorbing aerosols below the
cloud base may enhance convection and increase cloud cover. On the other hand aerosols
above the cloud top can stabilize the atmosphere and may decrease cumulus clouds but
increase stratiform ones. Since the semi-direct effect can impact cloudiness, and often
reduce it, it has the ability to produce a positive radiative effect at the surface. It is
important to note that for absorbing aerosol the positive semi-direct radiative effect due to
cloud cover decrease might completely counterbalance the negative direct radiative effect
leading to a positive overall aerosol radiative effect at the surface (Johnson et al., 2004).

Indirect effect

The indirect aerosol effect can be considerably impactful on cloudiness and therefore on
radiation levels. The role of aerosols as cloud condensation nuclei enables them to impact
the size and quantity of cloud droplets. In general, larger aerosol concentrations lead to
increased numbers of cloud droplets that are smaller in size, causing an increase in cloud
albedo thus leading to larger amounts of solar radiation scattering (first indirect effect).
Moreover the decreased size of cloud droplets reduces precipitation leading to cloud
lifetime increase (second indirect effect). These two facets of indirect effect are estimated to
be of around the same magnitude, around -0.5 to -1.5 W/m? on a global average (Lohmann
and Feichter 2005).

The theoretical knowledge of the indirect effect however is not as solid as in the case of the
direct effect. Aerosol cloud interactions are complex and may occur through numerous
pathways. Moreover the impact of the indirect effect is accompanied with a large
uncertainty. It is characteristic that aerosols and especially the indirect and semi direct
effects are considered one of the main factors of uncertainty regarding the climate and
climate change (IPCC 2007, 2014).

Aerosol and Regional Climate Models

Because of their considerable impact, aerosols are an important physical facet of the climate
that needs to be considered in any attempts to model the climatic system. Especially due to
their impact on radiation, aerosol representation is considered essential in solar energy
applications (Gutiérrez et al., 2018).

Since aerosols play an important role all over the globe, there are RCM studies exploring
their role over several regions. For example, Qian and Giorgi (1999) used one of the first
coupled RCM-aerosol systems to study the effect of sulfate aerosol over eastern Asia. Qian
et al. (2003) also explored the regional climate effect of aerosol over China using the MM5
model. Ji et al. (2016) explored the aerosol radiative effect over the Tibetan Plateau and the
Himalayas using RegCM4. Sarangi et al. (2018) studied the impact of aerosol-cloud
interactions in the Indian summer monsoon using WRF and also over India, the WRF-Chem



study of Kedia et al. (2016) explored the aerosol impact on summer rainfall. Over Africa
studies usually have explored the impact of dust aerosol (Solmon et al.,, 2008, 2012).
However Mbienda et al. (2017) used RegCM4 to also assess the impact of anthropogenic
aerosol over Central Africa. Our study focuses over Europe, and there are several aerosol
studies over this domain (described later in this section) that present a significant impact of
aerosol on the regional climate.

However, despite their intense regional effects, the implementation of aerosol in regional
climate simulations has not been given sufficient emphasis and attention. Global climate
models have been more comprehensive regarding the incorporation of aerosols compared
to the regional models. Aerosols, at least the direct effect, are usually considered by the
majority of GCM simulations. Unfortunately this is not always the case with RCMs and
aerosol representation is in many cases not given the proper attention it deserves. Regional
climate models with interactive chemistry (chemistry-coupled) do certainly include detailed
aerosol implementation, however these models are extremely computationally demanding,
and the bulk of the conducted simulations lack such a detailed representation of
atmospheric chemistry.

Indicative of the low attention to the role of aerosols in RCMs, is the fact that even in the
context of large ensemble experiments like the regional climate model experiments of the
Coordinated Regional Climate Experiment (CORDEX), aerosol implementation presents
varying levels of completeness since no specific guide lines are usually addressed (Giorgi and
Gutowski, 2015). In the framework of EURO-CORDEX it is characteristic that there are
simulations, though a small number, that do not even take at all into account aerosol
effects'. The majority of the EURO-CORDEX simulations implement aerosol by using aerosol
climatologies. These climatologies can be either a completely static aerosol field or can
present monthly variations, whereas in limited cases inter-annual trends are also taken into
account and are incorporated in the climatological aerosol field. A small number of
simulations uses more complex prognostic aerosol schemes with natural and anthropogenic
aerosol emission considered. Regarding the aerosol effects represented, the majority of the
experiments takes into account only the direct effect. The indirect effect is rarely considered
and is usually confined only to simulations using prognostic aerosol.

As said previously, the majority of RCM simulations over Europe implement only aerosol-
radiation interactions by using climatological aerosol data. The aerosol climatologies used
may vary considerably. Some simulations use relatively old datasets (Tegen et al. 1997
,Tanre et al. 1984) and not always state of the art information. Using COSMO-CLM over
Europe, Zubler et al. (2011) have recommended the RCM community to use updated aerosol
climatologies since it has been demonstrated that the use of newer products can have a
considerable impact on the simulated climate, especially on shortwave radiation amounts at
the surface. A more recent study (Schultze and Rockel, 2018) also concluded that the use of
more recent aerosol climatologies is preferable. Some of the newer products of aerosol
climatologies are the MACC climatology from the ECMWF (European Center of Medium
Weather Forecast) and the MAC-v1 and the more recent MAC-v2 climatologies of the Max-

! https://docs.google.com/document/d/1UCCv-DU8hLIZaSPkcndnMOSrJHoX4cvG-ygxbIDZIRc/edit
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Planck Institute. A study that compared the use of different climatologies, including MACC
and MAC-v1, in satellite remote sensing algorithms, concluded that the MACC data resulted
in the highest accuracy of the retrieved solar radiation (Mueller and Trager-Chatterjee,
2014). Another recent aerosol climatology is that of (Nabat et al. 2015). It provides optical
depth, for the European-Mediterranean region, including the vertical dimension in the
atmosphere, and has been constructed with the use of various remote sensing as well as
modeled aerosol products.

RCM studies over Europe

The European region is an area that is affected by aerosols and presents considerable spatial
and temporal aerosol load variability (Basart et al., 2009). Dust aerosol coming from
Northern Africa frequently reaches large parts of the region, especially those of southern
Europe. Moreover since Europe presents substantial industrial and agricultural activities and
is in large part a densely populated area, considerable amounts of anthropogenic aerosol
(industrial, urban, biomass burning) are also present, even though anthropogenic aerosol
concentrations regarding sulfates are decreasing in the last decades.

For the region of Europe, despite that aerosols have not been given primary focus by the
bulk of the regional climate model (RCM) simulations, a number of interesting and
comprehensive studies has been conducted the recent decades, primarily focusing on the
direct and semi-direct aerosol effects. Zanis (2009) in a RegCM study regarding the direct
effect of anthropogenic aerosols for the summer of 2000 found a significant aerosol impact
on surface temperature that amounts up to 1.2C. Moreover aerosol induced changes in the
atmospheric circulation are observed and particularly a southward shift of the subtropical jet
stream. In a later RegCM study, of 12 years, (Zanis et al., 2012) the aerosol induced cooling
in annual mean temperature was largest over the Balkan Peninsula amounting to -0.2°C.
Moreover changes in the atmospheric circulation have also been observed. However the
changes in both circulation and temperature have been in the verge of statistical significance
in this study, indicating a constrained feedback of aerosol direct effect on the European
climate. Another RegCM study over Europe, that of (Huszar et al., 2012), found intense
regional seasonal perturbations of surface temperature with the introduction of aerosols in
the range of +1.5°C. It is interesting that all the above studies do not find a clear spatial
correlation between the aerosol load, and consequently radiative forcing, and the induced
changes in temperature. This is a clear indication of the complexity and non-linearity of
aerosol impact on the climate system.

A CNRM study of dust aerosols for the 2012 summer (Nabat et al. 2015b) over the
Mediterranean concluded that the use of a prognostic aerosol scheme was superior to the
use of monthly averaged AOD means. The prognostic scheme succeeded in simulating the
dimming associated with dust events and improved the representation of surface
temperature compared to the use of AOD means.

Nabat et al. (2015c) conducted a comprehensive study of aerosol direct effect on the climate
of the EURO-Mediterranean region. Using CNRM with aerosols taken into account as inter-



annual AOD climatologies. Aerosol direct effect produced a negative surface radiative
forcing (-14.7 W/m?2 average over Europe). Interestingly the semi-direct effect calculated on
the other hand was positive and responsible for partially offsetting the direct effect impact,
due to changes in cloudiness and atmospheric circulation. However the overall aerosol
radiative effect was negative and produced an average temperature decrease of -0.4°C over
Europe, including sea surface. One of the major conclusions of this study indicated the
importance of coupling an RCM with an ocean model over the Mediterranean. If the sea
surface temperature cannot be modified, the aerosol induced feedbacks and overall impact
are attenuated (or are not shown to their full extent).

Schultze and Rockel (2018) conducted a long term COSCO-CLM study over Europe covering a
60 year period. They used different aerosol climatologies and concluded that the older
default climatology used by the model (Tanre et al. 1984) should be replaced with newer
more up to date datasets. Moreover this study also showed a widespread shortwave
radiation reduction at the surface that was larger during summer that led to a modest
seasonal mean cooling. The vertical profile of temperature changes is characterized by a
near surface cooling that is shallow, while warming happens higher in the troposphere. This
results is the stabilization of the atmosphere which in turn leads to the decrease of cloud
fraction and precipitation.

The study of Alexandri et al. (2015) assessed the ability of the RegCM4 model to simulate
solar radiation at the surface over Europe. It highlighted the importance of aerosol impact
on radiation concluding that aerosol optical depth is one of the most important parameters
affecting solar radiation levels and variability, besides of course cloud cover and cloud
optical depth.

Aerosol-cloud interactions (indirect effect) have not been usually implemented in RCM
simulations over Europe. In order to capture both aerosol-radiation (ARI) and aerosol-cloud
(ACI) interactions these is a need to use models that have online aerosol estimation. This is
usually done with complex coupled meteorology-chemistry models. Such modeling studies
focusing on the effects of both aerosol-radiation and aerosol-cloud interactions have been
conducted over Europe. However since these models are computationally very expensive,
the studies focus mainly on specific events and case studies and usually do not cover periods
larger than several months. For example, Forkel et al. (2012), used WRF-Chem over Europe
to simulate June and July of 2006 and assess the impact of including aerosol-radiation and
aerosol-cloud interactions. They found a mean solar radiation reduction over central Europe
around 3-7 W/m?. However changes in the cloud cover due to the semi-direct aerosol effect
had a much greater regional impact, and the semi-direct effect dominating over the aerosol-
radiation interactions. Moreover an intense response in precipitation was seen with regional
changes between £100%. Another study by Forkel et al. (2015) used an ensemble of eight
WRF-Chem simulations over Europe for the year 2010. Focusing on a Russian wildfire
episode for the summer of that year, the study found a large reduction of mean seasonal
solar radiation by 20 W/m? and a reduction of mean temperature drop of 0.25°C. The same
wildfire episode was also studied with the WRF-Chem model by Péré et al. (2014) who found



a large reduction of solar radiation over Eastern Europe and a decrease in temperature
between 0.2 and 2.6°C. Bard et al. (2017) conducted an evaluation of an ensemble of
coupled meteorology-chemistry models that simulated online aerosol concentrations, in
order to assess the aerosol impact on regional temperature. Two case studies were
examined for the year 2010 over Europe. They concluded that the inclusion of aerosol-
radiation interactions did not clearly improve the bias, however the spatial and temporal
correlation and variability were improved. Tuccella et al. (2019) used the WRF-CHIMERE
coupled meteorology-chemistry model to simulate aerosol-cloud interactions over Belgium
and the Netherlands for May 2008. They concluded that aerosol indirect effect had a
positive radiative effect at the surface for both shortwave and longwave radiation, with the
overall net increase being around +1W/m?. Moreover they found strong impacts on local
scale temperature and precipitation.

Finally, an interesting study of Da Silva, Mailler, and Drobinski (2018) explored the effects of
aerosol-cloud interactions on summer precipitation over Europe. However they did not use a
meteorology-chemistry coupled model. They used the ordinary WRF model and the
Thompson aerosol-aware microphysics scheme (Thompson and Eidhammer, 2014). This
scheme presents a computationally efficient way of simulating aerosol-cloud interactions.
They concluded that increased aerosol loads lead to precipitation reduction both in the low
resolution (50km) simulations as well as in the convection permitting high resolution
simulations (3.3km).

Weather Research and Forecast Model

Among the various regional climate models, the Weather Research and Forecasting (WRF)
model(Powers et al., 2017; Skamarock et al., 2008) is a widely used RCM by many users
around the world. Earlier versions of WRF did not provide many options regarding the
simulation of aerosol effects. However recent versions (especially after version 3.6 and on)
provide several parameterizations that simulate aerosol-radiation as well as aerosol-cloud
interactions. Therefore studies with the WRF model have been performed to assess aerosol
impact on the weather and the climatic system Ruiz-Arias, Dudhia, and Gueymard (2014)
presented a new parameterization regarding aerosol-radiation interactions and investigated
the aerosol impact on radiation over the US. They concluded that the parameterization
works satisfactory for simulating solar radiation. Furthermore the inclusion of aerosol —
radiation interactions considerably enhanced radiation prediction and improved the
seasonality of the bias. Aerosol-cloud interaction simulation is also recently available in WRF
through a cloud microphysics scheme, the Thompson aerosol-aware scheme (Thompson and
Eidhammer, 2014). This scheme is not very computationally demanding so that it can be
easily used in weather forecasting and solar applications as well as longer climate
projections without considerably increasing simulation run time. As described above Da Silva
used the Thompson aerosol-aware scheme to explore the effect of aerosol-cloud
interactions over Europe. Jimenez et al. (2016) used both the aerosol-radiation
parameterization (Ruiz-Arias et al., 2014) and the Thompson aerosol-aware scheme to
simulate solar radiation over North America. The inclusion of aerosol effects resulted in



significant improvement of radiation prediction especially on the direct and diffuse
components of solar radiation.

Solar dimming and brightening

The overall aerosol load presents considerable temporal variability, and in several cases long
term inter-annual trends have been observed. For example, before the early 1990s a global
average increase in aerosol load had been observed which was followed by a decrease in
global aerosol concentrations for the more recent decades. It is characteristic of the severe
impact of aerosol on radiation that the trends in aerosol load have been linked with
observed trends in shortwave surface radiation (Rsds) (Streets et al., 2006). Therefore the
global decrease in Rsds (dimming) before the 1990s has been mainly attributed to the
aerosol load increase and the subsequent increase of radiation (brightening) to the global
aerosol load reduction (Wild 2009). This effect is even more pronounced at regional scales
over Europe and North America (Cusworth et al. 2017-for the US). In these two regions it is
thought that a stricter environmental legislation has lead to decreased aerosol emissions
(Vestreng et al., 2007) thus affecting radiation levels at the surface. For the rest of the world
(Mehta et al. 2016-period 2001-2014) decreasing aerosol trends are found also over South
America and certain parts of southeast Asia and China that up until recently had been
exhibiting increasing aerosol pollution. On the other hand, clear increase of aerosol
concentration is present over the Indian subcontinent and the Arabic Penninsula. Over
Europe the diming phase has been detected in the period 1950s to mid 1980s with a
shortwave radiation trend estimated to be around -2 to -10W/m? per decade. After 1990 a
clear brightening period is observed whereas estimates for the increase of shortwave
radiation between 1 to 5 W/m? per decade (Wild 2009). Regarding climate models, both
global and regional, the correct simulation of the observed trends in shortwave radiation at
the surface (Rsds) proves to be a difficult task, especially for the regional ones. Since many of
the regional models use aerosol climatologies that do not evolve with time, the main
physical mechanism responsible for the Rsds trends is not taken into account. Moreover
since Rsds levels definitely impact near surface temperature, the aerosol induced trends in
Rsds can impose a time evolving influence upon temperature. The brightening over Europe
of the recent decades, with larger radiation amounts at the surface, tends to increase
temperature levels further enhancing the impact of climate change. Therefore the realistic
representation of future aerosol trends is considered a very important part of simulations of
the future climate, especially regarding heat extremes (Xu et al., 2018). A study by van
Oldenborgh et al. (2009) shows that GCMs tend to underestimate the temperature trend in
western Europe for the recent decades and incorrect representation of aerosol trends,
among other factors, does play a role. However Zubler et al. (2011) using a regional climate
model to simulate the European climate from 1958 to 2001 found that the use of static
aerosol climatology or time evolving aerosols had a much lesser impact to the Rsds amounts
and trends compared to the internal variability of the model. The aerosol effects on clear-sky
radiation trend were strong, but for all-sky radiation the role of cloudiness produced less
definitive results. However, newer RCM simulations, implementing also a coupling with
ocean model, indicate that long-term trends in radiation and temperature over the Euro-



Mediterranean region are definitely linked to trends in aerosol load (Nabat, Somot, Mallet,
Sanchez-Lorenzo, et al. 2014). Moreover these trends in temperature and radiation cannot
be reproduced correctly without the use of aerosol effects in the RCM simulations. Finally,
aerosols might also play a role in shaping the future shortwave radiation amounts at the
surface. A study by Bartdk et al. (2017) showed large discrepancies in the future (2006-2100)
shortwave radiation at the surface, between GCMs and RCMs over Europe. Global models
showed an increase in the future compared to the historical period, whereas a decrease was
seen in RCMs. These discrepancies were mainly attributed to the different behavior of
cloudiness amount between GCMs and RCMs. However, the different representation of
aerosol did have some impact in shortwave radiation amounts.

C. The goal of this study

As it can be clearly be seen from the introduction above, aerosols play a complex and
significant role in the climate. Some significant studies regarding aerosols in regional climate
models have been published the last decade but unfortunately aerosol effects have not
been given the proper attention they deserve in atmospheric models especially in regional
models. The main goal of this study is to investigate the impact of aerosols in regional
climate simulations over Europe. Focus is given in aerosol-radiation interactions but the
aerosol-cloud interactions (indirect effect) is also investigated. We aim to assess the role of
aerosols on simulations of both the current and the future climate. Since aerosol
concentrations present clear trends in their temporal evolution, we also aim to investigate
the role of aerosols in the climate change signal. We use a very popular regional climate
model, the Weather Research and Forecasting (WRF). As a result a secondary goal is to
assess the aerosol parameterizations offered in the RCM and the sensitivity of the model to
different aerosol options and datasets. To conclude this study aims to address the following
questions:

What is the impact of aerosols on the European Climate?

What are the aerosol parameterizations in the WRF model and what is the sensitivity of the
model to different aerosol options and aerosol datasets?

How can aerosol temporal evolution affect the signal of the climate change?

What is the uncertainty aerosols induce in the climate simulation and how does it compare
to the uncertainty attributed to other parameterizations?

D. Outline
This study comprises of two main parts. Part 1 consists of sensitivity experiments with the
WRF model using different aerosol parameterizations and datasets covering the period
2004-2008. In this part we explore the different aerosol options and datasets used and
identify the impact of aerosol over Europe. Part 2 consists of WRF simulations of historical



(1971-2000) and future climate (2021-2050) under the Rcp8.5 scenario. The model in these
experiments is being driven by the CESM1 global climate model. In this part we assess the
impact of aerosol over Europe in a larger (30year, historical) period over Europe and explore
their impact in the trends for both the historical and the future period.

E. Observational data
In this section we present the observational data used in the evaluation of the climate
simulations. Data from ground-based measurements as well as satellite data have been
used.

Temperature and precipitation

Regarding near surface temperature (2m) and precipitation model simulations are compared
to the E-OBS v16 dataset (Haylock et al., 2008). It is a gridded dataset based on ground
measurements covering the entire EURO-CORDEX domain. The gridding process is
performed in a way so that the value of each grid point is representative of the condition of
the whole grid box. This facilitates the use of this dataset in evaluation studies of model
simulations. The E-OBs dataset has some limitations. In a comparison against regional
datasets of higher station density (Hofstra et al., 2009) it presented a mean absolute error of
0.5°C for temperature whereas in general it underestimated precipitation with differences
exceeding in some cases 100%. Moreover gridded precipitation datasets over Europe
present in general large uncertainties over mountainous areas and over environments with
frequent snow fall.

For trend analysis in near surface temperature, we also use the E-OBS v19.0eHOM dataset.
This is a homogenized version of the E-OBS v19.0e dataset (Squintu et al., 2019).

Radiation

We use the Surface Solar Radiation Data Set - Heliosat (SARAH)-Edition1 in order to assess
shortwave downwelling radiation at the surface (Rsds) and direct normalized irradiance at
the surface (DNI). This is a dataset based on satellite observations from geostationary
Meteosat satellites that use the MVIRI and SEVIRI instruments (Miller et al., 2015). It is a
gridded dataset with a high spatial resolution of 0.05° x 0.05°. Monthly values of the SARAH
dataset have been used.

For Rsds evaluation we have also used another satellite dataset, the CLARA-A1 (Karlsson and
Johansson, 2013). This is a dataset with global coverage and includes not only radiation but a
number of other products such as cloud cover and characteristics. The CLARA dataset is
based on polar orbiting satellites using the Advanced Very High Resolution Radiometer
(AVHRR). It is a gridded dataset with a resolution of 0.25°, lower than that of SARAH.

We have obtained both the SARAH and CLARA-A1 datasets from the Satellite Application
Facilities for Climate Monitoring (CMSAF) a part of the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT).
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For radiation at the surface SARAH is the better product with better accuracy (< 5W/m?), less
estimated uncertainty (<10W/m?) and less missing data. We have conducted a comparison
of the two datasets and found that differences are in general small not exceeding 15% for
most regions and seasons. However larger differences are found in north latitudes,
especially over Scandinavia during winter. Large latitudes can be challenging for the
geostationary satellites (Schulz et al., 2009) (like those used in SARAH dataset) and also
areas of extensive snow cover increase measurement uncertainty. To conclude we have
chosen to use the SARAH dataset for the radiation (Rsds) evaluation since differences
between the two datasets are small and spatial patterns of radiation are very similar (spatial
correlation >0.95). The CLARA-A1 dataset however is being used in some cases in order to
take into account observational uncertainty.

Cloud fraction

We use the term “cloud fraction” to describe the total column cloud fraction over a grid cell.
Cloud fraction is evaluated against the CLARA-A1 satellite dataset (Karlsson et al., 2013)
described above. This cloud fraction dataset has been evaluated against global synoptical
observations and presented satisfactory results producing a small overestimation of 3.6%
(Karlsson and Hollmann 2012). Moreover when compared against measurements from the
CALIOP/CALIPSO instrument (satellite based as well) it presented an underestimation of -
10%.

Moreover, we also use the CLAAS-2 record of cloud properties (Benas et al., 2017). It is
derived by the SEVIRI instruments being carried by the Meteosat second generation (MSG)
geostationary satellites. We use monthly mean values on a 0.05°x0.05° resolution grid.

Aerosol optical depth

Since several aerosol datasets have been used in this study we wanted to perform an
evaluation of the aerosol optical depth (at 550nm) provided by these different sources. For
this purpose we use the aerosol optical depth (AOD) at 550nm of the MODIS Level-3 (L3)
Atmosphere Monthly Global Product (Platnick et al., 2015; Hubanks et al., 2019). This is a
satellite gridded dataset of various atmospheric parameters with a global coverage on a 1x1
degree resolution. It estimates AOD for non cloudy conditions in daytime. We use monthly
mean values of AOD.

To improve confidence in the evaluation we also use AOD estimates of the CMSAF climate
data record (Clerbaux 2017). This is a satellite based dataset using measurements from the
SEVIRI instrument on the Meteosat Second Generation satellites and implementing the Land
Daily Aerosol (LDA) algorithm. For our study monthly AOD estimates have been used.
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1. PART 1: Sensitivity simulations

1.1 Simulation general characteristics
The model used to perform all the simulations of this study is the Weather Research and
Forecasting Model (WRF) version 3.8.1 using the ARW core (Skamarock et al. 2008, Power et
al. 2018).

The simulations are forced by the ERA-Interim reanalysis dataset (Dee et al., 2011). Domain
setup follows the EURO-CORDEX specifications (Giorgi and Gutowski, 2015). Simulations are
performed over Europe with a resolution of 0.44° (~50km) covering the area between 25N-
75N and 40W-75E. The domain is partitioned in 131x130 grid points in the horizontal
dimension whereas in the vertical dimension 31 vertical levels are used with the top of the
atmosphere reaching 50hPa. A 9 grid cell relaxation zone is used at the boundaries. The
simulations of the sensitivity study cover the period 2004-2008, while 2003 is used as spin
up time. We have selected this time period since it overlaps temporary with several satellite
datasets used for the validation process as well as with several aerosol optical depth
datasets. The simulations are all conducted with the exact same model setup while they
differ only in the aerosol parameterizations and datasets used (see section 1.3). The
exception is simulation icloudl that uses another cloud fraction parameterization from the
control simulation.

The basic model parameterizations used:

We use the RRTMG (lacono et al., 2008) radiation scheme for both shortwave and longwave
radiation simulation. We also use the CLM4 (Lawrence et al., 2011; Oleson et al., 2010) land
surface model, the revised-MMS5 surface layer scheme (Jiménez et al.,, 2012) the Yonsei
University (Hong et al., 2006) boundary layer scheme and the Grell-Freitas cumulus scheme
(Grell and Freitas, 2014). For fractional cloud cover the “icloud=3" option in the namelist is
used which is based on the relative humidity threshold method of Sundqvist et al. (1989).
Also sub-grid cloud fraction interaction with radiation is enabled with the
“cu_rad_feedback” option enabled (Alapaty et al., 2012). Finally we use the Thompson
microphysics scheme (Thompson et al., 2008) in six simulations and the Thompson aerosol
aware microphysics scheme (Thompson and Eidhammer, 2014) in three simulations
(Tablel). The Thompson aerosol-aware scheme allows for aerosol-cloud interaction (indirect
effect), a process that is absent from the 2008 Thompson scheme.

1.2  Aerosol options in WRF model
Aerosol-radiation interactions

The WRF model, when the RRTMG shortwave radiation scheme is used, provides three main
aerosol-radiation parameterizations. All of them enable aerosols to interact only with the
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solar (shortwave) radiation spectrum. In the case of the RRTMG shortwave scheme, the

spectrum covers the range 0.2-12.2 mm.

1.

The first option enables the model to use the aerosol optical depth (AOD) climatology of
Tegen et al. (1997) to interact with radiation (aer_opt=1 in the namelist). This
climatology has a coarse resolution of 5 degrees in longitude and 4 degrees in latitude
and includes monthly variations of AOD throughout the year. Five different aerosol types
are taken into account: organic carbon, black carbon, sulfate, sea salt, dust. The overall
AOD provided in the model is an aggregate of the five aerosol types. It is important to
note that the Tegen climatology is 4-D and also provides a vertical dimension in the
aerosol optical depth which is thus provided in every vertical level of the model.

The second option enabling aerosol-radiation interactions (aer_opt=2 in the namelist)
(Ruiz-Arias et al., 2014) permits the user to provide the aerosol data in the model. The
user can choose to provide either fixed values of aerosol optical depth and aerosol
properties, or aerosol data with spatial and temporal variations through an external file.
In the latter case, the user needs to provide the total column aerosol optical depth at
550nm over every grid point. The vertical distribution of aerosol optical depth is
parameterized by this option assuming an exponential profile (Ruiz-Arias et al., 2013)
(Fig. 5-middle row). Three other aerosol optical properties, the single scattering albedo
(SSA), the asymmetry factor (ASY) and Angstrom exponent (AE) can also be provided by
the user from an external data source or they can be parameterized through a selection
of “aerosol type” in the model namelist. In the current aerosol parameterization three
“aerosol types” are available: rural, urban and maritime. We have experimented with

III

the first two. The “rural” aerosol type represents aerosol that are not heavily affected by
industrial or urban sources. It comprises of a mixture of 70% water soluble aerosol and
30% dust aerosol. On the other hand the “urban” type is a mixture of 80% “rural” type
aerosol and 20% black-carbon aerosol. Therefore the “urban” type becomes significantly

IM

more absorbing than the “rural” one. Finally the relative humidity level is also taken into

account for the parameterization of the aforementioned aerosol optical properties.

The third option (aer_opt=3 in the namelist) enables the model to use the aerosol data
generated by the Thompson aerosol aware microphysics scheme to interact with the
radiation. In essence it is based on the second aerosol-radiation interaction option
(aer_opt=2) and it uses the total AOD from the generated aerosol field and the “rura
aerosol type to describe the aerosol properties. More information about the Thompson

IM

aerosol-aware scheme is given in the next paragraph.

Aerosol-cloud interactions

Aerosol-cloud interactions are possible through the use of the Thompson aerosol-aware
cloud microphysics scheme (Thompson and Eidhammer, 2014). The scheme separates
aerosol into water-friendly aerosol that act as cloud condensation nuclei (CCN) and ice-
friendly aerosol that act as ice nuclei (IN). For the water friendly aerosol category: sea salt,
sulfates and organic carbon are taken into account. These aerosol types constitute a large
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fraction of the CCN found in clouds all over the world. As ice nuclei only dust particles larger
than 0.5 pum are considered. Black carbon is not considered in the scheme. Aerosol number
concentrations of the two aerosol types are explicitly predicted by the scheme. The scheme
uses an aerosol climatology to initialize the aerosol field and provide boundary conditions.
The climatology used is based on the Goddard Chemistry Aerosol Radiation and Transport
(GOCART) model (Ginoux et al., 2001) and is constructed from global simulations for the
period 2001-2007 (Colarco et al., 2010).

Then the two aerosol categories are advected within the model domain able to act as
condensation nuclei in the right conditions whereas a surface emission flux of droplet-
nucleating aerosol is added at the surface in every model time step. This emission flux is
artificial and is based on the initial aerosol optical depth and the mean wind. In the version
3.8.1 of WRF used in this study no emission flux is available for the ice-nucleating aerosol.
With the above mechanisms of aerosol initialization, emissions, sinks and advection the
Thompson scheme achieves a 3 dimensional aerosol field that is constantly evolving. In
essence what the Thompson aerosol aware scheme tries to achieve with the above way of
aerosol description, is to generate an aerosol field that on the long term approximates the
GOCART climatology but on the short term changes according to the atmospheric
conditions.

Finally as mentioned before, the aerosol generated by the Thompson aerosol-aware scheme
can also be enabled to interact with the radiation (aer_opt=3) enabling both aerosol-
radiation and aerosol cloud interactions in a model simulation.

1.3 Sensitivity simulations description
We have performed a control experiment and 9 sensitivity experiments based on the
original control simulation. For 8 of the simulations the aim of the sensitivity study is
aerosols and their implementation in the model. Thus different aerosol sources and datasets
have been used. One simulation explores the impact of the cloud fraction scheme
parameterization and is examined in a different chapter. All the simulations span the period
between 2004 to 2008. Here is a list of the sensitivity experiments conducted:

e The control experiment (CON). It does not take aerosol into account at all, thus
neither aerosol-radiation nor aerosol-cloud interactions are included. The basis on
which the rest of the sensitivities are performed.

Aerosol-radiation interaction

e The simulation ARI_T that enables aerosol-radiation interactions and uses the Tegen
(1997) climatology.

The next four simulations also enable aerosol-radiation interactions and use the
parameterization of Ruiz-Arias, Dudhia, and Gueymard (2014) (aer_opt=2):

e ARI_Mv1 uses AOD of the MACv1 climatology and the “rural” aerosol type.
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e ARI_Mvlurban uses AOD of the MACv1 climatology and the considerably more
absorbing “urban” aerosol type.
e - ARI_Mv1full uses AOD, single scattering albedo (SSA) and asymmetry factor (ASY)

from the MACv1 climatology. The “rural” aerosol type is used to parameterize only
the Angstrom exponent (AE).

e ARI_MC uses AOD of the MACC reanalysis and the “rural” aerosol type.

The implementation of aerosol-radiation interactions in a simulation enables both the
direct and semi-direct effects. All of the above simulations described use the Thompson
cloud microphysics scheme (mp=8) (Thompson et al., 2008) that does not include
aerosol-cloud interactions. The “urban” aerosol type is considerably more absorbing
than the “rural”. It is characteristic that in our experiments the single scattering albedo

|”

(SSA) values for the “rural” type range between 0.92 and 0.98 whereas for the “urban”
type they start at 0.6. These values are unrealistically absorbing (Rodriguez et al., 2013;
Tombette et al., 2008; Witte et al., 2011) and therefore we treat ARI_Mvlurban as an

idealized experiment that showcases the effects of extremely absorbing aerosols.

Aerosol-cloud interaction

These simulations use the Thompson aerosol-aware scheme (mp=28 in the model
namelist) that includes aerosol indirect effect. We often refer to the Thompson aerosol-
aware scheme as the TE2014.

e Simulation ACl includes only aerosol-cloud interactions.

e Simulation ARCI includes both aerosol-cloud and aerosol-radiation interactions. It
presents the most complete representation of aerosol effects in our study.

e Simulation ARCI_no is the same with ARCI except that the microphysics scheme does
not pass the calculated effective radii of cloud particles to the radiation scheme. This
hinders the full effect of the aerosol-cloud interactions.

Simulation ARCI_no is performed in order to estimate the significance of the process of
communication between the radiation and cloud microphysics schemes in terms of
cloud particle effective radii. It is not part of the main sensitivity ensemble that assesses
and is examined in a different section (1.5.3.11)

e Simulation icloudl is the same with control CON, thus having no aerosol, except that
it uses a different scheme to parameterize cloud fraction amount (icloud=1 in the
namelist). It is conducted in order to assess the impact of the cloud fraction scheme
and compare it to the sensitivity of the aerosol options and data. It is examined in a
different section apart from the main aerosol sensitivity.

It is evident that the simulations are named according to the aerosol effects they implement,
either aerosol-radiation (ARI) or aerosol-cloud (ACl) interactions. The simulations that have
only aerosol-radiation interactions (ARl in their names) are referred to as the ARI group of
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simulations. For the implementation of both aerosol-radiation and aerosol-cloud
interactions we use ARCI in the naming.

The simulations conducted for the sensitivity study and information about the aerosol
implementation and parameterizations used are presented in Table 1 below.

Table 1: Simulations conducted and aerosol-physics options used in the sensitivity study. Blue header for the
main simulations used for the aerosol sensitivity study. Pale pink header for two secondary simulations that
are examined at different sections.

Simulation CON ARI_T ARI_Mvl ARI_Mvl ARI_Mvifull ARI_MC ACI ARCI ARCI icloudl
(Control) urban _no
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Cloud
fraction

scheme

Sundqvist
Sundqvist
Sundqvist
Sundqvist
Sundqvist
Sundqvist
Sundqvist
Sundqvist
Sundqvist
Xu-Randall

1.4 Methodology

In this section we describe the methodology followed in the analysis.

Several variables are analyzed. The main variables are: temperature at 2m, precipitation,
shortwave down welling radiation at the surface (Rsds), direct normalized irradiance at the
surface (DNI), diffuse irradiance at the surface (DIF), total cloud fraction (CFRACT) and cloud
fraction of different level clouds and the wind field at various pressure levels.

In addition to CFRACT we also analyze cloud fraction of low (<2.5 km), medium (2.5<z<6 km)
and high (>6 km) level clouds. Calculation of cloud fraction for each cloud category is

performed according to the random overlapping method. Thus the total cloud fraction C,anqg

for two layers is considered as: Cy3ng= Ca+Cp-C5Cp Where C,, Cp, are the cloud fraction in
each layer (Hogan and lllingworth, 2000).

In order to assess the effect of aerosol on radiation we calculate the metrics below:

The radiative effect of aerosol on shortwave radiation at the surface (RE). It is the
difference in net shortwave radiation at the surface (netSw) between an aerosol
simulation and the control experiment CON. Thus RE = netSw_Aerosol —

netSw_Control

The direct radiative effect of aerosol on shortwave radiation at the surface under
clear-sky conditions (DRE). This is the difference in net (downwelling-upwelling)
clear-sky shortwave radiation at the surface (netCSw) between an aerosol simulation
and the CON experiment. Thus DRE = netCSw_Aerosol — netCSw_Control.
Because the DRE is calculated under clear-sky conditions it accounts only for the

direct aerosol effect and not the semi-direct effect.

The effect of clouds on shortwave radiation at the surface (SCRE). It is the difference
of the net shortwave radiation at the surface (netSw) and the net clear-sky
shortwave radiation at the surface (netCSw) for a given experiment: SCRE =

netSw — netCSw.
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iv. In a similar way the effect of clouds is also calculated at the top of the atmosphere

(SCRE_TOA). It is the difference of the net shortwave radiation at the top
(netSw_TOA) and the net clear-sky shortwave radiation at the stop (netCSw_TOA)
for a given experiment: SCRE_TOA = netSw_TOA — netCSw_TOA.
Therefore, SCRE7p4 = (swdt — swut) — (swdtc — swutc), where swdt is the
shortwave downward radiation at the top of atmosphere, swut is the shortwave
upward radiation at top, swdtc is the clear-sky shortwave downward radiation at top
and swutc is the clear-sky shortwave upward radiation at the top. Since swdt and
swdtc are equal (no clouds and aerosol in space) we have that:

SCRErp, = swutc — swut.

V. In order to assess the impact of the aerosol implementation on the radiative effect
of clouds, the difference of SCRE (ASCRE) is calculated between an aerosol
experiment and CON. Therefore ASCRE = SCREj.r0501 — SCREcontro1 = RE —
DRE.

When a simulation that includes only aerosol-radiation interactions is compared
against the control experiment CON, the calculated ASCRE accounts for the semi-
direct effect of aerosols. The change in cloud forcing is also calculated in a similar
way for the top of the atmosphere (TOA) as:

ASCRE_TOA = SCRE_TOAeros01 — SCRE_TOAcontrol -

In general, in order to assess the impact of aerosol effects implementation in the model we
compare a simulation that includes aerosol effects against the control experiment CON. In
order to assess the impact of aerosol-radiation interaction we compare the simulation family
ARI (aerosol-radiation interaction only) to CON. When comparing the simulation ACI
(aerosol-cloud interactions only) to CON we assess the impact of the Thompson aerosol-
aware microphysics scheme that includes aerosol-cloud interactions (indirect effect). This
comparison does not clearly isolate the impact of aerosol-cloud interactions since CON and
ACI use different cloud microphysics schemes (Thompson2008 and TE2014 respectively)
thus the indirect effect is not just turned on or off. Therefore in our study we assess the
impact of indirect effect implementation in the model through the TE2014 scheme.

Lastly, the only situation when we do not compare a simulation against control experiment
CON is when we compare ARCI to ACI. Both use the Thompson aerosol-aware scheme and
include aerosol indirect effect. The ARCI to ACI comparison indicates the impact of aerosol-
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radiation interaction implementation in an environment where the indirect effect is also
active.

For the evaluation process we use the metrics: Bias (model-reference), Absolute Bias
(|model-reference|) and relative Bias ((model-reference)/reference)*100. The same metrics
(named Difference, Absolute Difference and Relative Difference) are also used in the
comparison between the simulations themselves when the control experiment (or ACI) is
considered as reference data. We use the Mann-Whitney non-parametric test to calculate
statistical significance at the 0.05 level since many of the variables examined deviate from a
normal distribution. We use mean daily values to calculate statistical significance on a
seasonal basis in order to have a sufficient number of data since the sensitivities span only 5
years. The use of the monthly or seasonal values would be problematic for this purpose. In
our opinion the use of daily values does not degrade the results of the statistical significance
tests. On the contrary we believe that it is an even harder test of significance, than the use
of monthly values, since the variables examined present a much larger variability on a day-
to-day basis. Thus only a very robust signal of statistical significance can be detected by this
method.

In order to be able to compare model results and observational data at a grid point level we
remap the data on a common grid. We use the distance weighted average remapping
method using the four nearest neighbor values and always remap from the finer resolution
grid to the coarser one. As a result, the satellite products are remapped onto the WRF 0.44°
grid. On the other hand model temperature and precipitation results are remapped onto the
E-OBS 0.44° rotated grid. Moreover, simulated temperature is corrected with respect to the
E-OBS elevation, using a temperature lapse rate of 0.65 K/km all over the domain.

Analysis of the results is conducted over the Prudence subregions (Christensen et al., 2007)
but mainly over the European domain which we define as the region encompassing all the
Prudence subregions but also extends to the east over the Black Sea (Fig. 1). Therefore, it
lies between -10° and 40° in longitude and 36° to 70° in latitude. We symbolize the above
European domain as “EU” and we refer to it as the EU domain or the EU region. Moreover,
all the domain averaged values presented in the study correspond to the EU domain. We use
the terms subdomains and subregions in order to refer to the Prudence subregions. Finally,
both land and sea points are considered in the domain and subdomain averaging of
variables, unless otherwise stated.

Table 2: The Prudence subregions and their boundaries in degrees of longitude (west-east) and latitude (south-
north).

Subregion West East South North
(BI) British Isles -10 2 50 50
(IP) Iberian Peninsula -10 3 36 44
(FR) France -5 5 44 50
(ME) Mid-Europe 2 16 48 55
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(SC) Scandinavia 5 30 55 70

(AL) Alps 5 15 44 48
(MD) Mediterranean 3 25 36 44
(EA) Eastern Europe 16 30 44 55
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Fig. 1: The Prudence subregions (black line) and the EU region (red line) used in the analysis.

1.5 Results of aerosol implementation

1.5.1 Aerosol Optical Depth
In this study we have used several aerosol datasets in the sensitivity simulations. In order to
assess the credibility of each dataset we conduct a quick qualitative comparison of the
datasets used against the AOD estimates of the MODIS Terra (Hubanks et al., 2019) and the
CMSAF SEVIRI climate data record (Clerbaux et al., 2017). We have used both the MODIS
Terra and Aqua products, but since they are very similar for the scope of this evaluation, we
present only the Terra product. Fig. 2 depicts the mean seasonal fields of aerosol optical
depth at 550nm used for the simulations as well as the satellite estimates. It can be seen
that both satellite products do not have consistent coverage over Europe during winter and
autumn. Thus, we have only used grid points that had no missing values (monthly means)
over the entire 2004-2005 period. Table 3 presents the mean seasonal AOD of all products,
only over the grid points where MODIS has valid values. The mean AOD of the products used
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in the simulations over the entire EU domain can be seen in (Table 6). In the case of the
simulations using the Thompson aerosol aware microphysics scheme, the aerosol field is not
prescribed but produced by the scheme itself. Since the fields of all the simulations using the
Thompson aerosol aware scheme are quite similar we present only the AOD field of the ARCI
simulation.

All the datasets examined present a very similar seasonal variability. Largest AOD values are
seen in summer and spring whereas AOD is smallest in winter. Interestingly, the only
exception is the AOD of the ARCI simulation, which is produced by the Thompson aerosol-
aware microphysics scheme. ARCI has an AOD maximum over Eastern Europe that is
persistent throughout the year. Moreover it consistently has larger AOD than all other
aerosol products examined, for all seasons.

The satellite datasets, MODIS and SEVIRI, have quite similar AOD fields. However, MODIS
presents a slightly larger AOD over continental Europe in summer.

The fields of MACC reanalysis and MAC-v1 climatology have both larger AOD values than the
satellite datasets. Interestingly, MAC-v1 has a local AOD maximum over Eastern Europe in
summer that is strong and spatially extensive and is not seen in either satellite product.
MAC-v1 has also large AOD over central and Eastern Europe during spring. This is an
indication that MAC-vl might overestimate the African dust aerosol over central Europe
during spring and summer, since they seem spatially connected to the strong AOD over
North Africa present during these seasons. Finally, the climatology of Tegen has the lowest
AOD compared to all other products, throughout the year.

Table 3: Mean seasonal aerosol optical depth (AOD) of all datasets examined, only over the grid points where
MODIS has valid values.

DJF MAM JIA SON

MODIS 0,12 0,20 0,20 0,15
Seviri 0,14 0,20 0,21 0,16
Tegen 0,11 0,17 0,18 0,17
Macvl 0,14 0,27 0,24 0,20
MACC 0,15 0,26 0,22 0,20
ARCI 0,20 0,25 0,24 0,22
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Fig. 2: Mean seasonal aerosol optical depth at 550nm for (top to bottom) the MODIS TERRA satellite dataset,
the CM SAF climate record (SEVIRI), the Tegen climatology, the MACv1 climatology, the MACC reanalysis and
the ARCI simulation that uses the Thompson aerosol aware microphysics to produce the aerosol field.

Because the Thompson aerosol aware scheme produces the AOD field, as described in the
methodology, we have tried to assert its ability to maintain the pattern and levels of the
AOD field throughout the 5 year long climate simulations. The trend of domain averaged
AOD monthly mean values is slightly negative, showing a decrease of -0.003 or -1.5% over
the 5 year period (Fig. 3). In the scope of our study this decreasing trend is negligible since it
does not change at all the regime of AOD of each season. In order to put this in perspective,
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the mean AOD difference between winter and summer is much higher, 0.06 or 32% whereas
between summer and autumn is 0.033 or 17%, more than an order of magnitude larger than
the decrease experienced due to the trend. Similar behavior is seen for the concentrations
of water friendly and ice friendly aerosols, with the trend of ice friendly aerosols being
slightly more negative due to the lack of an emission field for this aerosol category.
Regarding the spatial pattern, for a given month or season the AOD field presents some
differences due to the inevitable differences in the meteorological conditions throughout
the years, but retains the same basic characteristics. Thus we believe that the Thompson
aerosol aware scheme can be successfully implemented in short multi-year climate
simulations like the ones used in this study. For considerably longer simulations however,
the decreasing trend of AOD could lead to larger reductions in aerosol load that might start
to deviate from normality. In newer WRF versions (v3.9 and on), the stability of the AOD
field is expected to increase even further. This is because of the addition of an emission field
for ice friendly aerosols and introduction of monthly variations in the emission fields of both
ice friendly and water friendly.

Water friendly aerosol concentration Ice friendly aerosol concentration
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Fig. 3: Domain averaged monthly mean values (circles) of aerosol concentration for water friendly aerosol (top
left), ice friendly aerosol (top right) and aerosol optical depth (bottom) together with the linear fit line
(yellow). For simulation ARCI using the Thomspon aerosol aware scheme.

Aerosol extinction vertical profile

Besides the total aerosol optical depth (AOD), the vertical profile of the aerosol extinction
can also be quite important since it can affect the vertical thermodynamic profile of the
atmosphere. This is especially true in the case of absorbing aerosol.

The annual mean vertical profile of the aerosol extinction coefficient (km™) in each model
layer is presented in Fig. 4 for the EU region. It is presented for the first aerosol option
(aer_opt=1), the second aerosol option (aer_opt=2) and the Thompson aerosol aware
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scheme (TE2014). All aerosol implementations in the model have the same basic
characteristics. Maximum values of extinction coefficient are seen near the surface and a
decrease of extinction is encountered with increasing altitude. The Tegen climatology used
in the first aerosol option has much smaller values of extinction near the surface compared
to the aerosol datasets (MAC-vl, MACC) that have been used in the second option.
Moreover, the Thompson aerosol-aware scheme has systematically the largest aerosol
extinction near the surface.

ARL_T (aer_opt=1) ARI_Mv1 (aer_opt=2) ARCI TE2014 scheme
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Fig. 4: Domain averaged of annual mean vertical distribution of aerosol extinction coefficient at 550nm (km™)
in each model layer (red dots). For the simulations ARI_T (indicative of aer_opt=1), ARI_Mv1 (indicative of
aer_opt=2) and ARCI (indicative of the TE2014 scheme).

We also present in Fig. 5 the total aerosol extinction (in essence the AOD) in each model
layer, averaged for the EU region and for all seasons. Top row presents the vertical profile of
the aer_opt=1 option that uses the Tegen climatology. Middle row presents the profile of
ARI_Mv1. All simulations that use aer_opt=2 (ARI_Mv1, ARI_Mvifull, ARI_Mvlurban and
ARI_MC) have an almost identical vertical profile since this is parameterized by the
aforementioned option. Bottom row presents the profile of simulation ARCI that uses the
Thompson aerosol aware scheme. All simulations using the Thompson aerosol aware
scheme (ACI, ARCI, ARCI_no) have similar profiles (however not identical).

In Fig. 5 all simulations have a similar general behavior: Increasing AOD values as we move
from the surface up to the maximum AOD, that is relatively low in the troposphere, and then
decreasing AOD, close to an exponential decay, as we move in higher altitudes. The
maximum AQOD per layer is encountered not near the surface but at higher altitudes, despite
the aerosol extinction per unit of altitude being larger near the surface. This is because of
the varying thickness of model layers. Layers are much thinner near the surface (50-100m)
and despite the large extinction coefficients, the total AOD of the layer is moderate. The
extinction coefficients considerably decreases with altitude but the layer thickness increases
(~500m), thus resulting in maximum AQOD values near the lower to middle troposphere .

As said before, the profile of AOD per layer is quite similar for all options used. However
discrepancies do exist, mainly regarding the height and shape of the maximum. Simulation
ARL_T (top row) has an AOD maximum around 3.5km. ARI_Mv1 (middle row) has a double
peak in AOD of equal magnitude, one close to 1.5-2km and the other around 3.5-4km. Finally
ARCI (bottom row) has a maximum closer to the surface, 1-1.5 km and a considerably
smaller secondary peak higher, around 3.5km.
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It must be stated here that the vertical AOD profile in the option aer_opt=2 is prescribed. It
A

Fo/Zy fz“’“ e “n dz where t(z) is the AOD at height

Zsfc _Ztoa Yz

e Zh —e Zn
Z, T, is the total column AOD, z,, the altitude at the top of the atmosphere and z, a scale
height parameter that is set to 2.5 km (Ruiz-Arias et al., 2013, 2014). Therefore the shape of
the AOD profile is the same over all grip points of the domain. Moreover this profile is fully

is given by the equation 7(2) =

representative for all simulations using aer_opt=2 regardless of the AOD dataset
implemented.

On the other hand the vertical profile of aer_opt=1 that uses the Tegen climatology is not
prescribed. The climatology of Tegen is fully 3-dimensional and the vertical profile of AOD is
given for all five aerosol types described (organic carbon, black carbon, sea salt, dust,
sulfates) (Fig. 6). The total aerosol optical depth in each vertical level is the sum the aerosol
optical depth of all the aerosol types. Therefore the vertical AOD profile can change
depending on the region, since the spatial distribution of the aerosol types differs. However
in essence, the shape of the vertical profile and the height of the maximum are very similar
in all subregions.

Finally the Thompson aerosol aware microphysics scheme creates its own 3-dimensional
AOD field since it has mechanisms of aerosol emission, sinking and advection. This means
however that the vertical profile has more degrees of freedom to change. Indeed larger
differences are seen in the simulations using the Thompson aerosol aware for the different
subregions and seasons. In Fig. 7 we see that for a given season (summer) the simulations
using aer_opt=1 and 2 (first two rows) do not change the shape of their vertical profile
between different subregions. On the other hand, simulation ARCI (bottom row) with the
Thompson aerosol aware scheme diversifies to a considerable degree the vertical AOD
distribution. It is important to note however that the general behavior of the AOD profile
(maximum at a low height and then decrease with altitude) remains remarkably stable. This
is an important result regarding the use of the Thompson aerosol aware scheme.
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Fig. 5: Aerosol optical depth (AOD) vertical profile averaged for the EU region. For simulation ARI_T (top) that
uses aer_opt=1, for simulation ARI_Mv1 (middle) that uses aer_opt=2 and for simulation ARCI that uses the
Thompson aerosol aware microphysics scheme. For all seasons. The vertical y-axis presents the geopotential
height (km). The horizontal x-axis the aerosol optical depth.
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Fig. 6: Total aerosol optical depth vertical profile for ARI_T (aer_opt-=1) in summer (blue box- top row and
left) and aerosol optical depth decomposition in each aerosol species. Mind the different horizontal y-axis for
the total AOD and the various aerosol species.
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Fig. 7: Aerosol optical depth vertical profile in summer for the subregions: British Isles (Bl — left column),
Mediterranean (MD - middle column) and Eastern Europe (EA — right column). For simulation ARL_T
(aer_opt=1) (top row), ARI_Mv1l (aer_opt=2) (middle row) and ARCI (Thompson aerosol aware scheme)
(bottom row).

Single Scattering Albedo

Single scattering albedo (SSA) describes the relative importance of scattering compared to
the overall extinction caused by the interaction of aerosols with radiation. The more SSA
deviates from 1 the more absorbing the aerosols are. It is a very important characteristic of
aerosols especially regarding the semi-direct effect, since the absorption of radiation tends
to warm the surrounding air masses, leading to changes in the thermodynamic profile of the
atmosphere and thus impacting cloudiness.

We present in Fig. 8 the single scattering albedo in the spectrum 0.4-1.0 um at the surface.
Simulation ARI_T (aer_opt=1,) has values close to 0.9 over large parts of central Europe and
even more absorbing aerosol over North Africa with SSA reaching 0.85. On the other hand
the Atlantic ocean has intensely scattering aerosol.

The SSA of ARI_Mv1 is depicted in the second row. It presents considerably more scattering
aerosol than ARL_T since the SSA values are always above 0.93 over the entire domain. This
SSA field is fully representative of all simulations using aer_opt=2 and the “rural” aerosol
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type to parameterize aerosol properties (ARI_Mv1, ARI_MC) as well as for simulation ARCI
that uses the Thompson aerosol aware scheme. This is because the interaction of aerosol
with radiation in the Thompson aerosol aware scheme (aer_opt=3) parameterizes SSA
according to the “rural” type of the aer_opt=2 option. Therefore the SSA field has negligible
differences in all these simulations.

SSA ARI_T DJF SSA ARLT MAM SSA ARLT JJA SSA ARI_T SON

SSA ARI_Mvifull DJF

0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00

SSA ARI_Mviurban DJF SSA f\RI_Mv1urban MAM SSA ARI_Mviurban JJA

Fig. 8: Single scattering albedo (SSA) in the spectrum 0.4-1.0pum for simulations ARI_T (top), ARI_Mv1 (second
row), ARI_Mv1full (third row) and ARI_Mvlurban (bottom). For all seasons. Mind the different colorbar for
ARI_Mv1lurban.

Simulation ARI_Mv1full uses the single scattering albedo from the MACv1 climatology. In
this case a spot of SSA minimum (0.92) is seen over central-eastern Europe (0.92). Therefore
over this area ARI_Mv1full has more absorbing aerosol compared to ARI_Mv1, but are still
considerably less absorbing than ARI_T. Finally very scattering aerosols are seen over the
Atlantic. We must note here that we used from the MACv1 product single scattering albedo
at the 550nm. However if the SSA is externally provided in the aer_opt=2 option, as is the
case here, it is used without any adjustment for the full spectrum of the RRTMG radiation
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scheme. Therefore the SSA field of MACv1 at 550nm is fully comparable with the SSA fields
of all the rest simulations, hat have been obtained by the model output for the spectrum
0.4-1.0 pm.

Finally ARl_Mvlurban has way more absorbing aerosols than all the other simulations. SSA
values reach as low as 0.6 over North Africa. Values below 0.65 are seen over extensive
areas of southern Europe during summer. Moreover continental Europe almost always has
SSA values less than 0.85. As said before, these values are unrealistically absorbing
(Rodriguez et al ., 2013; Tombette et al., 2008; Witte et al., 2011). Thus we consider
ARI_Mvlurban as an idealized experiment exploring the effects of extremely absorbing
aerosols.

1.5.2 Evaluation

In this section we present a basic evaluation study, mainly focusing on the control simulation
CON. We examine temperature at 2m, precipitation, cloud fraction and shortwave radiation
at the surface. Since all the sensitivity experiments are based on CON, it is important to
assess the ability of the control experiment to correctly simulate the climate. Large
deviations would decrease the credibility of the sensitivity simulations. Results indicate that
there are some biases present, but in general the control simulation describes the basic
characteristics of the European climate. This indicates that the main physical processes are
simulated with a sufficient degree of correctness, therefore increasing the robustness of the
sensitivity study.

Quick summary

The control simulation is in general mildly colder (-0.5°C) than the observations in both
winter and summer, with colder biases over Scandinavia. Precipitation amount is
overestimated during winter and underestimated in summer with the exception of limited
areas in the Mediterranean. Total cloud fraction is overestimated all over the domain in
winter and in central and northern Europe during summer. Shortwave radiation is affected
by the cloud fraction overestimation and is in general slightly underestimated.

The biases of the control simulation are depicted in Fig. 9.
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Fig. 9: Bias plots for control simulation CON for winter (DJF-left) and summer (JJA-right). Biases depicted from
top to bottom for temperature (T), precipitation (Pr), total cloud fraction (Cfract) ,down welling shortwave
radiation to the surface (Rsds) and direct normalized irradiance at the surface (DNI).
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1.5.2.1 Temperature

In winter the control simulation is mildly colder than the observations (-0.5°C on average)
(Fig. 9-top panel). Larger cold biases, exceeding -1C, can be seen over Scandinavia, parts of
the Mediterranean and the Alps. Cold biases during winter, especially over northern Europe,
are quite common in EURO-CORDEX simulations (Kotlarski et al., 2014). Interestingly,
compared to other WRF hindcast simulations in EURO-CORDEX (Katragkou et al., 2015), the
winter cold biases in our study are reduced. Large parts of northern Europe are covered with
snow during winter and correct simulation of the snowpack by the land scheme of the
model is very important. Interestingly, most of the WRF simulations in EURO-CORDEX use
the Noah land surface scheme. Therefore we believe that the use of the CLM land surface
scheme in this study plays a significant role in reducing the cold winter bias. Summer
presents dual pattern of a cold bias over the largest part of the domain (-5°C domain
average) whereas some areas with warm bias are seen in south and eastern Europe. A bias
pattern like the above (cold bias in the north and warm in the south) is also present in
several other RCM simulations over the European domain (Kotlarski et al., 2014), including
different models like CCLM4, HIRHAM and RCA4.

1.5.2.2 Precipitation

The control simulation in winter is considerably more wet than the observations.
Precipitation in winter is considerably overestimated all over the domain (43% domain
average). Large wet biases exist over central and eastern Europe that may exceed 100% over
limited areas. Winter precipitation overestimation over eastern Europe is common in many
WREF simulations (Garcia-Diez et al., 2015; Jin et al., 2010; Katragkou et al., 2015; Mooney et
al.,, 2013). Compared to the bibliography this winter wet bias is enlarged in the control
simulation of this study.

In summer there is a general precipitation underestimation (-3% domain average) with
several areas presenting a dry bias around -20 to -30%. This dry bias during summer is not
commonly found in WRF simulations. On the other hand there are some limited areas,
mainly in southern Europe, with large wet biases. These must be interpreted with caution
since summer precipitation amounts over these regions are quite small, something that can
strongly amplify the relative bias. Interestingly the bias patterns described for both summer
and winter are present not only in CON but in all the sensitivity simulations, regardless the
microphysics scheme used (Thompson2008 or Thompson aerosol-aware). We also
conducted an additional simulation using the WDM®6 microphysics scheme that produced
very similar behavior regarding precipitation bias. Therefore we have a strong indication that
the microphysics scheme used is not the main cause of the precipitation bias detected.

1.5.2.3 Cloud fraction
In winter, cloud fraction is considerably overestimated all over the domain with a mean bias
of 0.17 or +35%. Larger pronounced biases are common over mountainous areas, as well as
over other regions such as the Iberian Peninsula (+60%) (Fig. 9, 3" panel). In summer there
is also cloud fraction overestimation on average but to a lesser degree (0.08 or 12%). There
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is however a dual pattern present, with overestimation in north Europe (around 30%) and a
small underestimation (-10%) over south Europe and the Mediterranean. Since summer
cloud fraction amount over south Europe is small, something that amplifies relative bias, this
small underestimation is almost negligible. Interestingly, several other WRF simulations
(Garcia-Diez et al., 2015; Katragkou et al., 2015) have presented very similar bias patterns for
both winter and summer. Interestingly, the WRF simulations in the study of Katragkou et al.
2015, that had a large cloud fraction overestimation over north Europe, where those using
the Grell-Devenyi cumulus parameterization scheme. In this study we use the Grell-Freitas
scheme that is closely related to the Grell-Devenyi. Therefore the cloud fraction
overestimation seen in our study could be partially connected to the cumulus scheme used.
We expect this link to be more pronounced during summer when convection plays a
significant role in shaping cloudiness levels. On the other hand, large biases are seen also in
winter when convection is less significant and cloudiness is governed mainly by large scale
processes. This indicates that the cumulus scheme is definitely not the only factor of cloud
fraction bias. The microphysics scheme theoretically could have a large influence on cloud
fraction bias, especially in winter. However similar behavior to then control simulation
regarding the cloud fraction bias is also seen in the simulations using the Thompson aerosol
aware scheme and the one that used the WDM®6 microphysics. Thus the large cloud fraction
biases in our study do not seem to be connected to the microphysics scheme. However, we
show in section 1.5.4 that the cloud cover scheme can have a considerable impact on
cloudiness amount and bias.

1.5.2.4 Shortwave radiation and direct component

As expected, shortwave radiation at the surface (Rsds) is strongly influenced by the general
cloud fraction overestimation. Therefore Rsds is underestimated over Europe for both
winter and summer. In winter, domain averaged bias is small (-4%). There are however areas
of central Europe that present considerably larger underestimation (-20 to -40%). In summer
the domain averaged bias is larger, around -8%. Radiation underestimation is large over
northern Europe and gradually decreases in intensity moving towards the southern parts of
the domain, thus following closely the dual cloud fraction bias pattern seen in summer. It is
characteristic that for all seasons the bias patterns of cloud fraction and shortwave radiation
are very well spatially correlated.

Regarding the direct normalized irradiance (DNI), its bias pattern is similar to the one seen in
Rsds, however the bias magnitude is amplified. In winter the domain averaged
underestimation is around -13%. However there is an extensive area of large positive bias
over southern Scandinavia. In summer, a dual north-south bias pattern is present, like the
ones seen in Rsds and cloud fraction, but even more pronounced. Negative biases are
encountered in the north (-20%) that change to overestimation (20 to 30%) as we move
towards the southern parts of Europe.
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1.5.2.5 Sensitivity simulations evaluation

Evaluation results of the sensitivity simulations (Table 4) are quite similar to those of the
control experiment, regarding the bias patterns and magnitude. This is the case for most of
the variables examined, regardless of the aerosol interactions implemented and aerosol data
used. This is a clear indication that aerosol parameterization is not one of the main sources
of bias in the simulations of this study. However in the case of shortwave radiation (Rsds and
DNI) the introduction of aerosol-radiation interactions does have a considerable impact on
bias. Aerosol with their scattering and absorption tend to decrease radiation at the surface.
Thus the radiation underestimation seen in the control simulation is amplified when aerosol-
radiation interaction is enabled. For example domain averaged Rsds bias for CON in winter is
-11% and amplifies to around -17% with aerosol-radiation interactions enabled. This effect is
even more pronounced in DNI where a winter underestimation of -13% for CON is enlarged
to around -40% for the ARI group of simulations. Therefore we see that the inclusion of an
additional physical mechanism in the model, despite providing a more complete
representation of the physical processes, does not always improve the bias. On the contrary
in some cases, as described above for radiation, it can considerably increase it. It must also
be noted here that the simulation ARI_Mvlurban presents the largest bias changes
compared to the control simulation. ARI_Mvlurban utilizes the very absorbing “urban” type
aerosol that in general have a very intense impact compared to CON for all the variables
examined.

Table 4: Domain averaged bias for temperature, precipitation, cloud fraction, shortwave radiation at the
surface and direct normalized irradiance. For all seasons.

Temperature (°C)

CON ARL_T  ARI_Mvl ARI_Mvifull ARI_MC ACI ARCI ARI_Mv1lurban

DJF -0,5 -0,6 -0,6 -0,8 -0,7 -0,4 -0,6 -0,9
MAM -1,8 -1,9 -1,9 -2,2 -1,7 -1,5 -1,7 -1,9
JA -0,5 -0,8 -0,8 -1,0 -0,7 -0,1 -0,5 -0,6
SON -0,1 -0,6 -0,3 -0,5 -0,4 -0,2 -0,1 -0,6

Precipitation (%)

CON  ARLT ARL_Mvl AR_Mvifull AR_MC ACl  ARCI  ARI_Mvlurban

DJF 43 41 42 40 41 41 37 36
MAM 22 14 19 20 13 16 21 4
JA -3 -9 -4 -1 -7 0 -6 -18
SON 7 10 7 11 8 12 4 2
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Cloud fraction (%)

CON-  ARLT ARL_Mvl ARI_Mvlfull ARILMC ACl  ARCl  ARI_Mvlurban

DJF 28 28 29 28 28 27 26 28

MAM 25 25 26 26 25 24 24 24

JIA 12 14 13 15 15 9 10 10

SON 27 29 28 27 29 25 26 29
Rsds (%)

CON ARL_T  ARI_Mvl ARI_Mvifull  ARI_MC ACI ARCI ARI_Mv1lurban

DJF -11 -16 -16 -15 -14 -6 -8 -21
MAM -13 -17 -18 -18 -17 -8 -12 -24
JA -11 -17 -17 -17 -16 -5 -11 -23
SON -21 -28 -27 -26 -27 -16 -20 -34

Direct Normalized Irradiance (%)

CON ARL_T  ARI_Mvl ARI_Mvifull ARI_MC ACI ARCI ARI_Mv1lurban

DJF -13 -39 -41 -40 -35 -6 -25 -41
MAM -18 -37 -42 -42 -40 -11 -31 -41
JA -2 -31 -32 -32 -30 5 -20 -31
SON -17 -44 -45 -44 -41 -13 -30 -47

1.5.3 Aerosol treatment Sensitivities
This section is the main part of the sensitivity study. We present the results of aerosol
introduction in the model by showing the impact on each variable.

1.5.3.1 Clear sky radiation at the surface and DRE
Clear sky downwelling shortwave radiation at the surface (CRsds) is produced when the
radiation scheme of the model does not take into account cloudiness at all. Therefore it is a
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variable free of the impact of clouds on radiation. Thus we examine CRsds as a first step in
the sensitivity study, since it provides a clear view regarding the impact of aerosol on
radiation that is isolated by the impact of cloudiness on radiation.

In general, enabling of aerosol-radiation interactions clearly leads to a reduction in CRsds
that is statistically significant, regardless of the aerosol data used (Fig. 10). This decrease is
around -5 to -8% (domain average) (Table 5) for all seasons and all the simulations.
Exception is simulation ARI_Mvlurban with the heavily absorbing aerosol. In this case the
decrease is amplified to -14%.

We have also calculated the direct radiative effect of aerosol (DRE) as the difference of the
net CRsds between a simulation having aerosol-radiation interactions and the control
experiment CON. Regarding domain averages, the DRE is negative and very similar for all the
simulations that enable aerosol-radiation interactions only (ARI group), despite the different
aerosol data used. DRE values are around -4 to -5 W/m? in winter and -14 to -17 W/m? in
summer (Table 6). The impact of ARI_Mvlurban is again enlarged and almost double
compared to the rest simulations.

When we implement aerosol-radiation interactions in an environment where aerosol-cloud
interactions are also present (we calculate the difference ARCI-ARI), the results are very
similar to the ones seen in the simulations that have only aerosol-radiation effects. This is
the case for both the relative CRsds decrease and the observed DRE values.

Spatially there is a very good correlation between the DRE and the AOD field used in each
experiment. The AOD maxima coincide spatially with the DRE minima and vice versa. For the
ARI group, the correlation coefficients are very high, between -0.8 and -0.98. However this
correlation is considerably weaker for simulation ARCI that implements all aerosol
interactions. Coefficients range around -0.7 to -0.8 for most seasons whereas in winter it is
considerably lower at -0.4. As stated before, the DRE of ARCI is calculated against ACI. Both
of these simulations use the Thompson aerosol-aware microphysics scheme that produces
an evolving AOD field. In the correlation analysis we used the mean AOD pattern, an action
that has possibly partially responsible for the decreased correlation. Moreover the produced
AOD field depends on the meteorological conditions that are not identical on simulations
ARCI and ARI something that results in slightly different AOD fields for these two
simulations. This effect is also responsible for the decreased spatial correlation.

We have also calculated the ratio of the DRE (decrease in net clear-sky radiation at the
surface) to the AOD for all ARI simulations including the ARCI-ACI comparison (Table 7). We
see that all simulations that use the second aerosol-radiation option (aer_opt=2) (ARI_Mv1,
ARI_Mv1full, ARI_MC) have a similar decrease of clear-sky radiation at the surface (CRsds)
per unit of AOD, that is around -50 W/m? on an annual basis. These simulations have aerosol
datasets (MAC-vl, MACC) with similar AOD values and also make use of similar single
scattering albedo (SSA) values. Interestingly, the ARI_T simulation (aer_opt=1, Tegen
climatology) leads to a larger (-70 W/m?) decrease per AOD. This is probably due to the
existence of more absorbing aerosol (smaller SSA). The result is that ARI_T presents a similar
DRE to the rest ARI simulations (except of course ARI_Mvlurban), despite having smaller
AOD values (Tegen), exactly because it tends to decrease clear-sky radiation more strongly
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per unit of AOD. Simulation ARI_Mvlurban presents by far the largest CRsds decrease (-100
W/m?) per AOD due to its extremely absorbing aerosols. Moreover, the ARCI-ACI
comparison presents a similar but slightly smaller ratio to that of ARI_Mv1, ARl_Mv1full and
ARI_MC, as it shares very similar SSA values with them. Finally, all simulations present a
larger DRE/AOD in spring and summer. This must also be connected to the fact that in these
two seasons the absorptivity of aerosol is increase (smaller SSA values).

Table 5: Relative difference (%) from control CON for clear-sky shortwave radiation (CRsds), shortwave
radiation (Rsds), direct normalized irradiance (DNI) and diffuse radiation at the surface (DIF). For all
simulations and seasons.

DIJF MAM JA SON

Rsds  DNI DIF Rsds  DNI DIF Rsds  DNI DIF Rsds  DNI DIF
ARI_T -5 -30 7 -4 -22 12 -7 -27 36 -8 -31 16
ARI_Mv1 -5 -33 8 -5 -29 17 -6 -30 38 -7 -34 18
ARI_Mvlurban -11 -33 -3 -12 -29 0 -13 -29 12 -16 -37 1
ARI_Mv1full -4 -31 9 -5 -28 17 -7 -29 37 -6 -33 18
ARI_MC -3 -26 7 -5 -27 15 -6 -29 35 -7 -29 15
ARCI-ACI -2 -20 6 -4 -23 12 -6 -25 26 -3 -18 14
ACI 7 8 7 7 9 5 9 11 6 8 6 7
ARCI 5 -14 13 2 -16 17 2 -17 31 5 -14 21
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Table 6: Domain averaged values of aerosol optical depth (AOD), Radiative effect (RE), direct radiative effect
(DRE) and change in shortwave cloud effect at the surface (ASCRE) all calculated as differences from control
CON. For all experiments and all seasons. At the first column the changes that are being implemented are
stated above each group of simulations. For simulation ARCI all the above quantities are also calculated
against ACI (e.g. ARCI-ACI) in order to assess the implementation of aerosol-radiation interactions in the
Thompson aerosol aware microphysics.

AOD RE DRE ASCRE
Radiation interacting DJF MAM  JJA. SON | DJF MAM JJA SON | DIF MAM JJA SON | DIF MAM JJA  SON
ARI_T 011 016 0,18 0,15 -2 -7 -13 -7 -5 -13 -16 -9 3 7 4 2
ARI_Mv1 014 024 024 0,9 -2 -8 -12 -5 -4 -13 -15 -8 3 5 4 3
ARI_Mvlurban 0,14 024 024 0,19 -4 -18 -26 -12 -8 -29 34 -16 4 11 8 4
ARI_Mv1full 014 024 024 0,9 -2 -8 -13 -5 -5 -14 -17 -9 3 6 4 4
ARI_MC 013 022 022 017 -2 -6 -11 -5 -4 -12 -14 -7 2 6 3 2
ARCI-ACI 022 026 024 0,23 -1 -6 -11 -3 -5 -13 -14 -8 4 7 4 5
Cloud interacting +
cloud microphysics
ACl - - - - 2 7 10 3 0 0 0 0 2 6 10 3
Radiation + Cloud
interacting + cloud
microphysics
ARCI 022 026 024 023 1 0 -1 0 -5 -13 -14 -8 6 13 13 8

Table 7: Ratio of direct radiative effect (DRE) to the aerosol optical depth (AOD) over the domain for all ARI
simulations (W/m”/AOD). The DRE is calculated against the control simulation CON. The ARCI-ACI comparison
is also included to examine aerosol-radiation interactions in an environment where the indirect effect is also
present.

DRE/AOD

DJF MAM JIA SON Annual
ARL_T -46 -82 -91 -60 -70
ARI_Mv1 -32 -56 -64 -43 -49
ARI_Mv1lurban -59 -121 -143 -85 -102
ARI_Mv1full -33 -59 -70 -46 -52
ARI_MC -30 -56 -64 -40 -48
ARCI-ACI -24 -50 -59 -35 -42
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Fig. 10: Direct radiative effect (DRE) at the surface for simulations implementing aerosol-radiation
interactions. For all seasons. DRE has been calculated as the difference in net CRsds at the surface from control
CON for the ARI group of simulations (rows 1 to 5). The last row depicts the direct aerosol effect in an
environment where the indirect effect is also present and displays the difference of experiment ARCI from ACI.
Stippling indicates areas where the differences are not statistically significant at the 95% level, according to the
Mann-Whitney non-parametric test.

1.5.3.2 Radiation at the surface and RE

With the implementation of aerosol-radiation interactions, shortwave downwelling radiation
at the surface (Rsds) is decreased in the ARI group of simulations. This reduction is present
throughout the year almost over the entire domain while being statistically significant over
extensive large areas. The attenuation of Rsds is around -3 to -8%, regarding domain
averages, for all seasons (Table 5). These values are similar to the decrease seen in clear-sky
radiation (CRsds). Interestingly, over specific areas an Rsds decrease larger than -10% can be
frequently seen (Fig. 11). Similarly to CRsds, simulation ARI_Mv1lurban is again an exception
since it presents a much larger domain averaged decrease that is around -11 to -16%.
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In addition to the relative difference of Rsds, we have calculated the metric of radiative
effect (RE) (Fig. 12). RE is the change of the net shortwave radiation at the surface, and it
consists of the sum of the direct radiative effect (DRE) and the forcing due to changes in
cloud cover and cloud properties (ASCRE). Implementation of only aerosol-radiation
interactions produces a negative RE of -7W/m? as annual domain average. The RE in winter
is -2W/m? whereas in summer it is considerably stronger, around -11 to -13W/m? (Table 6),
something to be expected due to the larger amounts of radiation at the surface as well as
due to the increased AOD during this season. Simulation ARlI_Mvlurban has again a more
pronounced effect on radiation with RE values being much more negative, more than double
of those seen in the ARI group. RE for ARI_Mvlurban is -15 W/m? as annual average, -4
W/m? in winter and -26 W/m? in summer.

In general, the radiative effect for the ARI group of simulations (except ARI_Mvlurban) is
smaller when compared to other studies. The study of Huszar et al. (2012) presented a RE
similar to our study in summer (-12 to -15 W/m?) but had a noticeably larger effect in winter
(-7 W/m? ). Zanis (2009), using RegCM3, calculated a RE for the summer of 2000 that is
stronger compared to the mean values of our study. Moreover Nabat et al. (2015) presented
a RE of -10 W/m? as an annual average. Indeed the simulations of our study that implement
only aerosol-radiation interactions have a smaller radiative effect both as annual averages as
well as on a seasonal basis. The exception of ARI_Mvlurban on the other hand presents
values that are larger (more negative) compared to the studies discussed above. Especially
during summer ARI_Mvlurban has a way to strong RE (-26 W/m?) to be considered realistic.

Interestingly, when we implement aerosol-radiation interactions in an environment where
aerosol-cloud interactions are also present, the impact on radiation slightly weakens. In
order to assess this, we calculate the RE between ARCI and ACI. It presents a similar behavior
compared to the RE calculated between the ARI group and CON however, Rsds decrease is
smaller and the RE is slightly less negative ranging from -1W/m?” in DJF to -11W/m? in JIA. As
it will be shown in section 1.5.3.6, this happens because between ARCI and ACI there is
change in the cloud forcing (ASCRE) that is positive and increased compared to the ARI
simulations. Therefore this is a clear indication that when both aerosol-radiation and
aerosol-cloud interactions are introduced, cloudiness responds in a way that tends to
counterbalance the radiation decrease seen by aerosol-radiation interactions.

We have seen that ARCI has aerosol-cloud-radiation interactions and uses the Thompson
aerosol-aware microphysics. If we compare ARCI to the control simulation CON (and not to
ACl as above) the clear-sky radiation decreases as expected due to aerosol scattering and
absorption. Interestingly however, the Rsds presents a small increase of 2 to 10% (domain
average) whereas RE becomes negligible close to zero. This happens because the simulations
using the Thompson aerosol-aware scheme present in general a slightly smaller cloud cover
compared to those using the Thompson2008 microphysics (see section 1.5.3.6). This leads to
a positive cloud forcing (clouds allow more radiation to reach the surface) that in turn leads
to the radiation increase. Therefore when ACI, that has only the indirect effect, is also
compared to CON it presents Rsds increase that is around 7 to 9% depending on season.
Therefore we see that only the change of the microphysics scheme can lead to a
considerable change in shortwave radiation. Back to the comparison of ARCI to CON, we see
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that the RE presents both positive and negative values over the domain. The positive RE is
more pronounced during spring and summer in the northern and western part of the
domain, spatially coinciding with large positive changes in the cloud forcing. However, as we
will see in section 1.5.3.6, the significant changes in cloud forcing do not always coincide
spatially with large and significant changes in the amount of cloud cover.

By implementing aerosol-radiation interactions only, the spatial correlation between
radiative forcing RE (calculated as a difference from CON) and the AOD field is high (-0.6 to -
0.9). However, when aerosol-cloud interactions are also included this spatial correlation
considerably decreases (-0.2 to -0.4). This is something to be expected and must be
attributed to the occurring changes in cloud fraction that blur the link between the AOD field
and the overall impact on radiation. These changes in cloudiness can be attributed not only
to aerosol-cloud interactions that are enabled effects but also to the different microphysics
scheme used.

We must note here that aerosol optical depth (AOD) is of course extremely important in
modeling aerosol-radiation interactions, but the other aerosol optical properties, especially
the single scattering albedo (SSA), can also have an intense impact on radiation amount. The
study of Alexandri et al. (2015), using RegCM4 over Europe, found that AOD is the most
important of the aerosol parameters for correctly simulating shortwave radiation but the
other aerosol optical properties, single scattering albedo (SSA) and asymmetry factor (ASY),
can also play an important role that can be crucial over specific areas and during specific
months.

In the case of our study, a nice example is to look at the simulations, ARI_Mv1, ARl_Mv1full
and ARI_Mvlurban. All of them use the MACv1 climatology of AOD but have differences in
the other aerosol optical properties. Simulations ARI_Mv1 and ARI_Mv1full have similar
values of SSA (ranging from 0.92 to 0.98) and also present very similar results in Rsds
decrease and radiative effect. Their results are however not identical (e.g. Table 5), showing
that small differences in single scattering albedo can have an impact on radiation levels
despite using the same AOD. Interestingly, in some cases the differences in radiation
between simulations with the same AOD but different SSA values can be as large as the
differences between simulations using different AOD fields. Simulation ARI_Mvlurban on
the other hand has much lower SSA values (starting from 0.6) compared to all the other
simulations in the sensitivity study. Therefore its aerosols are considerably more absorbing
leading to a much larger impact on Rsds attenuation that in many cases is more than double
compared to that of the rest simulations. This intense effect on radiation is widespread over
the domain. It is characteristic that ARI_Mv1lurban has a distribution (including all grid points
on a given season) of Rsds decrease that is clearly shifted towards more negative values
compared to the rest simulations (Fig. 11).
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Fig. 11: Box plots regarding annual domain averaged values of the difference of each simulation from control
simulation CON. For shortwave radiation at the surface (Rsds), diffuse radiation at the surface (DIF), direct
normalized radiation at the surface (DNI), temperature (T), total cloud fraction (CFRACT) and precipitation (Pr).
The difference of ARCI-ACI is also included to assess aerosol-radiation interactions in an environment where
the indirect effect is also present.
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Fig. 12: Radiative forcing (RE) calculated against control CON for all experiments and seasons. Furthermore,
the RE of ARCI calculated against ACI (ARCI-ACI) is given to assess aerosol-radiation interaction implementation
in the Thompson aerosol aware microphysics that includes the indirect aerosol effect (row six). First six rows
present the impact of aerosol-radiation interactions. Last two rows (black box) present the impact of TE2014
with indirect effect against control (row seven) and TE2014 with aerosol-radiation interactions enabled against
control (row eight).Stippling indicates areas where the differences are not statistically significant at the 95%
level, according to the Mann-Whitney non-parametric test.
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1.5.3.3 Overall radiation budget

We have also calculated the change in the overall radiation budget at the surface. The
overall budget consists of the sum of the net shortwave (downwelling-upwelling) radiation
and net longwave (downwelling-upwelling) radiation at the surface. The change in the
overall radiation budget at the surface after aerosol-radiation interactions is negative and
has a very similar behavior to the change in shortwave radiation at the surface and the
radiative effect (RE) regarding both the spatial pattern (Fig. 13) as well as the domain
averaged values (Table 8). However, the change in the overall radiation budget is
consistently slightly smaller than the change in the net shortwave radiation. This is because
the change in the net longwave radiation at the surface is slightly increased when aerosol-
radiation interactions are enabled.

The decrease in the overall radiation budget at the surface is seen almost over the entire
domain. The changes are of statistical significance over large parts of the domain, especially
during summer. The annual domain averaged change is around -5 to -6W/m? for the ARI
group of simulations (except ARI_Mv1lurban), while on a seasonal basis, domain averaged
values are smaller in winter (-1 to -2W/m?) and largest in summer (-9 to -11W/m?).
Interestingly, if we consider the relative difference (%) from control simulation CON, winter
is the season with by far the largest relative decrease (-50%). The small radiation amounts in
winter definitely play a role in inflating the relative decrease amount. Again ARl_Mvlurban
presents a much stronger impact (-13W/m? annual average) that is more than twice as large
as the one seen for the other simulations that implement only aerosol-radiation
interactions.

Table 8: Domain averaged values of aerosol optical depth (AOD), change (W/m?) and relative change (%) in
overall radiative budget at the surface (net shortwave + net longwave) from control CON simulation. For all
experiments and all seasons. For simulation ARCI the change in overall radiation budget is also calculated
against ACI (e.g. ARCI-ACI) in order to assess the implementation of aerosol-radiation interactions in the
Thompson aerosol aware microphysics.

AOD OVERALL RADIATION BUDGET
Difference (W/mz) Relative Difference (%)

Radiation interacting DJF  MAM JIA SON DIF  MAM JA SON DIF  MAM JA SON
ARI_T 0,11 0,16 0,18 0,15 -2 -6 -10 -5 -59 -7 -8 -19
ARI_Mv1 0,14 0,24 0,24 0,19 -2 -7 -10 -4 -52 -9 -7 -14
ARI_Mv1lurban 0,14 0,24 0,24 0,19 -4 -15 -22 -9 -120 -19 -18 -35
ARI_Mv1full 0,14 0,24 0,24 0,19 -2 -7 -11 -4 -53 -9 -8 -15
ARI_MC 0,13 0,22 0,22 0,17 -1 -5 -9 -3 -49 -7 -7 -14
ARCI-ACI 0,22 0,26 0,24 0,23 -1 -5 -8 -2 -59 -6 -6 -8
Cloud interacting +
cloud microphysics
ACl - - - - 1 5 8 1 18 6 6 6
Radiation + Cloud
interacting + cloud
microphysics
ARCI 0,22 0,26 0,24 0,23 -1 -1 -1 -1 -30 -1 -1 -3
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Fig. 13: Change of overall radiative budget at the surface (net shortwave + net longwave) from control
simulation CON. Furthermore, the difference of ARCI calculated against ACI (ARCI-ACI) is given to assess
aerosol-radiation interaction implementation in the Thompson aerosol aware microphysics that includes the
indirect aerosol effect (row six). First six rows present the impact of aerosol-radiation interactions. Last two
rows (black box) present the impact of TE2014 with indirect effect against control (row seven) and TE2014 with
aerosol-radiation interactions enabled against control (row eight).Stippling indicates areas where the
differences are not statistically significant at the 95% level, according to the Mann-Whitney non-parametric
test.
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1.5.3.4 Direct and Diffuse radiation
The shortwave radiation at the surface comprises of the direct and diffuse components. The
direct radiation has not been scattered or absorbed and thus comes from the direction of
the sun disk. In this study we examine the direct normalized irradiance (DNI) that is the
direct radiation measured on a surface perpendicular to the direction of radiation. The
diffuse radiation has been scattered and therefore comes from all angles.

Introduction of aerosol-radiation interactions in the ARI group leads to an intense direct
normalized irradiance decrease that is considerably more severe than the decrease seen for
Rsds. The domain averaged differences (from control) are around -30% for all simulations
and seasons (Table 5). Over specific grid points the DNI decrease can exceed 50% (Fig. 11)
especially during winter and autumn when the DNI levels are low due to the extensive cloud
cover and small radiation (Rsds) levels.

Introducing aerosol-radiation interactions in an environment where the indirect effect is also
present (ARCI-ACI) leads to a smaller decrease of DNI that is around -20% to -25% for all
seasons. This is not attributed to cloud fraction changes between ARCI and ACI. This is
because cloud fraction changes are not larger compared to the ARI group of simulations and
also there is no tendency for a general cloud fraction decrease that could counteract the
reduction of DNI by the aerosol. However, as shown in section 1.5.3.6, a general increase of
cloud forcing is seen in the ARI group of simulations. Interestingly, this increase in cloud
forcing is slightly larger between ARCI and ACI that only have aerosol-radiation interactions.
Therefore, since the clouds let even more radiation to reach the surface in the ARCI-ACI
comparison, we expect the direct component to be enhanced. This is probably the effect
that slightly compensates for the decrease in DNI by aerosol scattering, thus leading to a
more moderate reduction of DNI.

We have seen that the experiments with the Thompson aerosol-aware microphysics scheme
present in general less cloud fraction values than those with the Thompson2008 scheme.
This naturally affects DNI. For example when we compare ARCI (that has aerosol-cloud-
radiation interactions) to CON the DNI decrease is less intense than those seen in the ARI
group or in the ARCI-ARI comparison, mainly due to the less cloudiness amount ARCI has
compared to CON. The same mechanism is seen in the comparison of ACl to CON. ACI does
not have aerosol-radiation interactions and since it presents less cloud fraction values it
normally shows increased DNI compared to CON. This increase is not negligible, around 6 to
11% regarding domain averages and consistent since it is present over almost 75% of all grid
points (Fig. 11). As it was the case for Rsds, we see that only the change of the microphysics
scheme can have a considerable and spatially extensive impact on the direct normalized
irradiance.

Contrary to DNI, the diffuse radiation at the surface (DIF) consistently increases in all
simulations with aerosol-radiation interactions enabled, except ARI_Mvlurban (Table 5).
The intensity of the decrease varies noticeably and depends on the season. In winter it is
around 7 to 20% whereas in summer it intensifies around 30 to 40%. We see that the impact
of aerosol-radiation interaction on DIF is in general more intense over areas with small
cloudiness amount, as is the case over the southern part of Europe especially during
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summer. It is characteristic that a dual pattern of DIF changes (from control) is seen with the
largest increase over the south parts of the domain that becomes less intense as we move
towards the north. As said above, one interesting exception to the general increase of
diffuse radiation is ARI_Mvlurban. This simulation presents a small domain averaged
decrease of DIF in winter (-3%) and zero change in spring that is of course the product of
compensation between areas with increased and areas with decreased DIF. Moreover the
increase seen in summer and autumn is much smaller compared to the rest ARI simulations.
This peculiar behavior of ARI_Mvlurban is probably connected to the changes in cloud
fraction seen in this simulation. ARI_Mvlurban has the most pronounced changes
(compared to control) in cloud fraction among all the simulations conducted and presents an
overall cloud fraction decrease. Therefore, this decrease in cloudiness is partially
counterbalancing the diffuse radiation increase due to aerosol scattering.

Ratio of direct to diffuse

We have seen how aerosol-radiation interactions impact radiation amounts. It is interesting
to examine how shortwave radiation is distributed to the direct and diffuse components,
and how this is differentiated with aerosol implementation. For this reason we examine the
ratio of direct to diffuse radiation. We take into account the direct radiation (DIR) that
reaches the surface and not direct normalized irradiance (DNI). This is because DIR and
diffuse (DIF) both are calculated at the surface with their sum constituting the overall
shortwave radiation (DIR+DIF=Rsds).

It is evident that aerosol-radiation interactions clearly impact the direct/diffuse ratio
systematically, lowering it for all seasons compared to control CON (Fig. 14). The impact is
less pronounced in winter, possibly due to the extensive cloudiness in this season which is
dictating the distribution of Rsds to its direct and diffuse components.

The general behavior of the ratio distribution is quite similar for all simulations having
aerosol-radiation interactions. For all seasons except summer, the largest part of the DIR/DIF
distribution is below 1, indicating that diffuse radiation is usually greater than the direct
component when aerosol-radiation interactions are enabled. Moreover the maximum values
of the DIR/DIF ratio are small (at most 2-3) indicating that direct radiation never gets
overwhelmingly larger than diffuse.

On the contrary, the control simulation CON that has no aerosol, has a DIR/DIF distribution
that is clearly shifted towards larger values. Characteristically, in spring and autumn half of
the grid points over the domain have larger direct than diffuse radiation, a number that is
increased to 75% of the grid points for summer. Moreover in CON there are many cases
where direct radiation can become immensely larger than diffuse, even by an order of
magnitude (in summer). It must be noted that simulation ACI, which also does not have
aerosol-radiation interactions, has an identical behavior to CON.

Finally, the DIR/DIF ratio has also been calculated for the SARAH satellite dataset. SARAH
consistently presents direct radiation that is larger than diffuse. It is characteristic that in
spring, summer and autumn 75% of the grid points present larger direct than diffuse
radiation. In this respect, the distribution of the control simulation CON is closer to that of
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the satellite dataset. However the maximum of DIR/DIF ratio is considerably more
constrained in' SARAH in spring, autumn and especially in summer compared to CON. The
very large DIR/DIF values are absent for the satellite data for these seasons.

To sum up, aerosol-radiation introduction clearly affects the DIR/DIF ratio, lowering it and
systematically presenting larger diffuse than direct radiation values. However the
distribution of the DIR/DIF ratio seems to be closer to the satellite data when aerosol-
radiation interactions are not enabled. This is probably related to the calibration of the
model and especially the radiation scheme (RRTMG) used.
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Fig. 14: Box plots of the direct/diffuse radiation at the surface ratio for each season. For all sensitivity
simulations and the SARAH satellite dataset. The whiskers extend to the maximum and minimum data, or to
1.5 times either the IQR75 or IQR25, if there is data beyond this range. Outliers are identified with small
circles.

1.5.3.5 Spatial and Temporal comparison of radiation with satellite data

In this section we explore how much the spatial and temporal patterns of radiation change
in the sensitivity simulations and how well they compare against the satellite data. We have
seen that aerosol-radiation introduction does not necessarily improve the radiation bias
(1.5.2.5). On the contrary in several cases it may worsen it. Bias however depends on the
calibration and overall tuning of the model and its parameterization schemes. Since aerosols
have considerable spatial and temporal variability, a more relevant question would be
whether the introduction of aerosols improves the spatial pattern and temporal correlation
with reference datasets. However due to their highly parameterized nature, satellite
datasets might not be adequate to fully assess the spatial pattern of the sensitivity
simulations, a matter that is discussed below.
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Spatial pattern

We have constructed Taylor plots of the mean spatial pattern (all grid points of EU domain)
for each season for clear-sky radiation (CRsds) and shortwave radiation at the surface (Rsds)
as well as for the direct normalized irradiance (DNI) and total cloud fraction (CFRACT). We
mainly use the SARAH dataset as reference but also present results for the CLARA dataset
(for CRsds) and the CLAAS dataset (for CFRACT).

Regarding clear-sky radiation, when compared against the SARAH dataset (Fig. 15, top),
correlation is very high for all seasons (above 0.95) and all simulations are tightly grouped
together. Exception is summer where correlation is slightly worse (but still quite high, above
0.9) and simulations present a larger spread. Finally all simulations overestimate the
variability (standard deviation) of the satellite data. The same overall picture is seen for
comparison against the CLARA dataset, with the exception that the correlation coefficients
are generally smaller (between 0.8 and 0.95).

For all seasons except summer, introduction of aerosol does not seem to make a
considerable difference regarding spatial matching with the reference datasets. Interestingly
in summer, introduction of aerosol-radiation interactions slightly worsens the correlation
with the SARAH dataset for almost all simulations compared to that of the control simulation
CON. Only ARI_MC with the MACC climatology has a similar correlation coefficient with that
of CON. On the other hand, in the comparison against the CLARA dataset, the simulations
using the MAC-vl climatology (except ARI_Mvlurban) present a small improvement in
correlation. However these results seem to be strongly connected to the parameterized
nature of the satellite datasets. It has been a surprise to discover that both the SARAH and
CLARA datasets presume the existence of specific aerosol climatologies in order to
parameterize radiation. The SARAH use a slightly modified MACC aerosol climatology (Miiller
et al., 2015), therefore simulation ARI_MC (yellow square in summer), which uses the MACC
climatology, presents better correlation with this dataset compared to the other simulations
with aerosol-radiation interactions. On the other hand, the CLARA dataset presumes an
aerosol climatology that is related to the MAC-v1 (Karlsson et al., 2013). Thus, simulations
ARlI_Mv1l and ARI_Mvifull that use the MAC-v1 climatology (blue and green squares in
summer) have better correlation against CLARA. As a result, the use of these satellite
datasets in order to assess spatial pattern correlation, at the fine level that is required for
simulations with aerosol-radiation interactions, is definitely dubious.

However we can make a statement about the assessment of the CRsds spatial variability of
the simulations. All simulations present systematically larger spatial variability compared to
both SARAH and CLARA datasets. Moreover the use of aerosol-radiation interactions tends
to slightly reduce the spatial variability and thus leads to a moderate improvement with the
satellite datasets.

If we examine all-sky shortwave radiation at the surface (Rsds) and its direct normalized
component (DNI) we see that spatial pattern behavior is very similar regarding spatial
correlation for all simulations on a given season (Fig. 16). More importantly, simulations are
grouped together in the Taylor plots forming clusters for a given season in a way that follows
the spatial pattern assessment of simulated cloud fraction against satellite data. Both the
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CLARA and the CLAAS (which is more closely related to the SARAH dataset) satellite datasets
have been used in CFRACT assessment to improve robustness of results. This indicates that
cloudiness is the major factor impacting the seasonal spatial pattern of both Rsds and DNI
and aerosol inclusion has little to no difference. However, as is the case in CRsds, the
inclusion of aerosol-radiation interactions leads to a reduction of the spatial variability, an
effect that is very strong in direct normalized irradiance. Since the control simulation tends
to overestimate both Rsds and DNI spatial variability for all seasons except winter, the
inclusion of aerosol-radiation interactions constrains the variability and generally improves
its matching with the satellite data.
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Fig. 15: Taylor plot for the mean seasonal spatial pattern of clear-sky down welling radiation at the surface
(CRsds). Comparison against the SARAH satellite dataset (top) and the CLARA satellite dataset (bottom). The
seasons are depicted with different symbols. The simulations are depicted with different colors and numbers.
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Fig. 16: Top: Taylor plot for the mean seasonal spatial pattern of shortwave down welling radiation at the
surface (Rsds) (left) and its direct normalized component (DNI) (right) against the SARAH satellite dataset.
Bottom: Taylor plot for the mean seasonal spatial pattern of total cloud fraction (CFRACT) against the CLARA
(left) and the CLAAS (right) satellite datasets. The seasons are depicted with different symbols. The simulations
are depicted with different colors and numbers.

Temporal matching

We have constructed temporal Taylor plots for CRsds, Rsds and DNI against the SARAH
dataset, using as time series the spatial mean for all the Prudence subregions and the EU
domain for the entire 2004-2008 period (Fig. 17). Both monthly mean and daily mean values
have been used with similar results. We do not put emphasis on the temporal comparison
against the satellite data since for all the variables examined the inclusion of aerosol does
not have an impact on correlation. Despite the strong seasonal variability of aerosol, the
correlation of all radiation variables examined is dominated by the natural seasonal cycle of
solar radiation. Thus all simulations present very good correlation with SARAH and no impact
of aerosol is seen on temporal correlation. The only impact is seen in the case of DNI where
the temporal variability is greatly reduced when aerosol-radiation interactions are used.
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Fig. 17: Temporal Taylor plot using domain averaged values for the EU region and the Eastern Europe (EA)
subregion (bottom, right) against the SARAH satellite dataset. For shortwave radiation at the surface (Rsds),
clear-sky shortwave radiation at the surface (CRsds) and direct normalized irradiance (DNI).

1.5.3.6 Cloud fraction and cloud forcing

Total cloud fraction

The model calculates cloud fraction at each vertical level. Total cloud fraction (CFRACT) is
synthesized by the fraction amount of all the vertical levels and it represents the extent to
which the sky is covered with clouds as seen at the surface.

Changes in CFRACT, compared to control CON, are in general very constrained for all
simulations, regardless of the aerosol interaction enabled or aerosol data set used. The
domain averaged changes are very small, around 0.01 (in a 0 to 1 scale). Of course this is up
to a point due to sign compensation since there are CFRACT decreases and increases over
different areas of the domain. However even the absolute differences from CON are also
small. They range from 0.01 to 0.03, showing that changes in cloudiness are indeed quite
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constrained and that the sign compensation described above is not what it keeps the
domain averaged values small.

Enabling aerosol-radiation interactions in the ARI group leads to changes that are usually
less than 0.01 and at most 0.03 for some subregions. The smallest impact is seen in winter,
something to be expected since then the aerosol load is small and also cloudiness is mainly
affected by strong synoptic phenomena. In relative values differences of up to 10% can be
seen over areas with small cloud amount, such as south Europe during summer (Table 9).
The direction of cloudiness change is not very clear, nevertheless a small domain averaged
increase in CFRACT is seen for all ARI simulations, except ARl_Mvlurban, in summer and
spring. Other studies of aerosol-radiation interactions (Nabat et al., 2015a; Schultze and
Rockel, 2018) have shown a general cloud fraction reduction.

Interestingly, we can see from Fig. 19 that all the ARI simulations, including ARI_Mv1lurban,
share a common area of pronounced cloud fraction increase in autumn that seems to be of
statistical significance. This area lies over the Black and the eastern Balkan Peninsula and
includes parts of central-eastern Mediterranean and North Africa is some cases. These are
probably connected to a cyclonic anomaly found in the upper atmosphere that is present
over the region (section 1.5.3.9). It seems that aerosol can have an impact on temperature
(section 1.5.3.7) and the overall thermodynamic profile of the atmosphere that can lead to
local changes in circulation that in turn can affect cloudiness amount.

The absorbing “urban” aerosol type of ARI_Mvlurban seems to have a more pronounced
impact on cloudiness. Areas of central Europe, including France and the Alps present a
pronounced decrease in CFRACT during spring and summer that ranges around -2% to -18%
(-0.02 to -0.09) and in several grid points can exceed -20% (-0.15). In summer and autumn
an intense increase of CFRACT is seen over large parts of eastern and northeastern Europe
that reaches 20% in places (exceeds 0.1). In autumn a CFRACT increase (2%) is seen almost
all over the domain, except over the Alps. For all seasons except winter there are extensive
areas of the domain with CFRACT changes that seem to be of statistical significance.
ARI_Mvlurban highlights once again the importance of correctly representing aerosol
optical properties such as SSA in climate simulations.

The use of the Thompson aerosol-aware microphysics scheme seems to have an impact on
cloudiness, since it presents in general lower cloud fraction amounts compared to the
Thompson2008 scheme. It is characteristic that simulation ACI, that uses the aerosol-aware
scheme, has smaller CFRACT compared to CON for all seasons and for almost all the
subregions of the domain (Table 9). Averaged for the entire domain the CFRACT difference
from CON is between -0.7% in winter and -3% in summer. Regarding the subregions the
largest difference is seen over central Europe (including ME, FR and AL) in summer, where it
reaches -7%. For this extensive area we also have the indication that the differences present
statistical significance. Simulation ARCI, that also uses the Thompson aerosol-aware scheme,
presents also smaller CFRACT values than CON, but to a smaller extent compared to ACI.
Interestingly ARCI does not present an area of significant CFRACT decrease (compared to
CON) over central Europe, as is the case with ACI. The implementation of aerosol-radiation
interactions in ARCI leads to a significant increase of CFRACT over this area compared to ACI.
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Therefore when ARCl is compared to CON the differences over central Europe are negligible.
Finally, in addition to CFRACT, the Thompson aerosol-aware microphysics also presents
impact on variables that are related to cloudiness such as the liquid water path (LWP) and
the ice water path (IWP). Both ARCI and ACI present lower values of both IWP and LWP
compared to control CON for all seasons and for the biggest part of the domain. This makes
the results on CFRACT even more robust, thus we can clearly state that the Thompson-
aerosol aware scheme has a clear tendency of producing less cloudiness compared to the
Thompson2008 scheme.

Finally we have a comment regarding the impact on different cloud levels. So far we have
only examined the impact on total cloud fraction (CFRACT). We have also categorized
cloudiness, according to the height it is encountered, into Low, Medium and High clouds and
have calculated a total cloud fraction for each category. For this we used the same algorithm
the model uses to derive the total cloud fraction (maximum-random overlap). Investigating
the sensitivities for the different cloud categories it becomes clear that the cloud fraction of
the Low clouds presents the biggest changes among the three categories, regardless the
aerosol-interaction implemented or the aerosol data used. Moreover the patterns of
pronounced and statistical significant changes in total cloud fraction are mainly driven by
changes in the Low clouds. The changes of Medium level clouds are less intense and less
extensive in terms of area, whereas higher clouds are the least impacted by changes in
aerosol and/or the microphysics scheme. This is something to be expected since the largest
aerosol loads in the model, as well as in nature, are located in the lower parts of the
troposphere. Fig. 18 presents two cases (ACI in summer and ARL_T in autumn) where the
total cloud fraction differences from control CON are decomposed into the three cloud
categories.
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Fig. 18: Difference from control simulation CON regarding total cloud fraction (first column) as well as cloud
fraction for Low, Medium and High clouds (second to fourth column respectively) for simulation ARI_T during
Autumn (top row) and simulation ACI during summer (bottom row). Stippling indicates areas where the
differences are statistically significant at the 95% level, according to the Mann-Whitney non parametric test.
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Table 9: Relative differences in total cloud fraction (CFRACT) from control CON. For all seasons and all
subregions.

DIF
ARLT  ARI_Mvl ARI_Mvlurban ARI_Mvifull ARI_MC ACI ARCI  ARCI-ACI
BI 0,2 0,0 0,1 0,3 0,2 0,3 0,5 0,2
IP 0,2 2,2 0,9 0,9 0,4 -1,7 3,7 2,0
FR 0,0 1,0 0,8 0,3 0,2 0,1 -1,3 -1,3
ME 0,5 0,4 0,9 -1,2 0,5 0,6 -1,4 0,8
sC 0,1 0,4 0,1 0,4 0,1 0,5 0,4 0,1
AL 0,3 0,8 -1,4 -0,9 0,3 0,2 -1,9 -1,7
MD 0,3 1,9 1,1 1,1 0,3 -1,3 2,1 0,9
EA 0,6 0,5 0,7 0,9 0,1 0,8 -1,2 0,5
EU 0,1 0,5 0,0 0,0 0,0 0,7 -1,4 0,6
MAM
ARLT  ARL_Mvl ARI_Mvlurban ARI_Mvifull ARI_MC ACI ARCI  ARCI-ACI
BI 0,2 -0,3 0,9 -1,0 0,9 0,5 0,5 0,0
1P 0,3 0,6 1,3 0,3 1,0 1,1 -1,9 0,9
FR 1,1 0,6 -1,8 -1,0 0,2 3,4 2,5 0,9
ME 0,2 -1,0 -1,5 0,4 0,9 2,3 -1,4 0,9
sC -1,2 0,2 0,1 0,1 0,8 -1,6 0,1 1,4
AL 1,1 0,6 7,2 0,3 0,9 2,0 -1,7 0,3
MD 0,5 2,0 2,3 3,8 1,4 -1,4 -1,0 0,4
EA -1,7 0,5 3,9 0,1 1,1 2,9 -3,0 0,2
EU 0,6 0,3 1,1 0,5 0,0 -1,5 -1,0 0,5
LA
ARLT  ARI_Mvl ARI_Mvlurban ARI_Mvifull ARI_MC ACI ARCI  ARCI-ACI
BI 1,0 1,4 1,7 0,9 2,2 2,7 0,3 3,0
1P 0,7 4,5 6,8 1,3 0,6 2,0 2,2 0,1
FR 1,1 0,9 5,9 0,3 0,0 5,4 -1,3 4,2
ME 1,2 1,7 -1,8 0,8 2,0 -6,8 0,0 6,8
sC 2,6 2,3 0,6 2,0 1,5 3,1 -1,0 2,1
AL 3,5 -3,9 -18,0 1,8 1,7 5,6 -1,9 3,7
MD 5,7 0,9 -10,5 11,2 7,4 -1,0 6,7 5,7
EA 0,3 1,0 0,1 3,6 2,5 3,5 0,1 3,4
EU 1,1 0,9 2,3 3,2 2,4 -3,0 -1,9 1,2
SON
ARLT  ARI_Mvl ARI_Mvlurban ARI_Mvifull ARI_MC ACI ARCI  ARCI-ACI
BI 0,6 1,2 1,3 0,2 0,9 -0,4 0,8 0,5
P 1,3 1,7 0,8 2,0 2,0 5,9 1,7 4,6
FR 0,1 1,8 1,4 0,2 2,0 0,4 -1,5 -1,9
ME 1,0 2,1 2,6 1,6 0,7 0,0 -1,4 -1,5
sC 0,1 0,9 1,0 1,4 0,2 -0,4 1,1 0,8
AL 0,9 0,2 2,4 -1,2 0,8 1,1 2,6 -1,6
MD 5,6 1,3 3,4 0,9 6,0 2,6 1,9 4,5
EA 4,6 31 5,0 1,6 3,9 -0,4 1,0 1,3
EU 1,9 1,0 2,0 0,7 2,1 -1,3 0,5 0,8
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Fig. 19: Total cloud fraction (CFRACT) difference from control simulation CON for all simulations and seasons.
Moreover the CFRACT difference of ARCI calculated against ACI (ARCI-ACI) is given to assess implementation of
aerosol-radiation interactions in the Thompson aerosol aware microphysics (row six). First six rows present the
impact of aerosol-radiation interactions. Last two rows (black box) present the impact of TE2014 with aerosol-
cloud interactions against control (row seven) and TE2014 with both aerosol-radiation and aerosol-cloud
interactions enabled against control (row eight). Stippling indicates areas where the differences are not
statistically significant at the 95% level, according to the Mann-Whitney non-parametric test.
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Cloud forcing

We have seen so far that aerosol-radiation interactions can change total cloud fraction over
specific areas, whereas the use of the Thompson aerosol-aware scheme produces lower
CFRACT amounts compared to the Thompson2008 scheme.

Probably of even greater importance than the changes in cloud fraction is the impact of
aerosol on the ability of clouds to interact with radiation. In order to assess this impact we
calculated the change in the cloud forcing at the surface regarding shortwave radiation
(ASCRE). ASCRE is the difference between the radiative effect RE and the Direct radiative
effect DRE (thus ASCRE=RE-DRE). The change in the cloud forcing definitely depends on the
change in cloud fraction amount but also depends on the change in the cloud optical
properties that lead to changes in the cloud optical thickness. If no changes in the optical
properties are made we expect the changes in cloud forcing to be negatively correlated with
the changes in CFRACT. For example a decrease (increase) in CFRACT lets more (less)
radiation to reach the surface thus presents an increased (decreased) ASCRE.

Interestingly, when compared to control CON, all the simulations present an increase in the
cloud forcing. Domain averaged ASCRE is positive for all simulations (Table 6) while ASCRE is
also positive over almost the entire domain (Fig. 21). Therefore the introduction of aerosol-
radiation interactions and/or the Thompson microphysics with aerosol-cloud interactions
leads to situation where cloudiness is enabling more radiation to reach the surface.

For the simulations that have only aerosol-radiation interactions (ARl group), the ASCRE
represents the impact of semi-direct aerosol effect on radiation. The semi-direct effect is
positive with annual average around 3 to 4 W/m? and is strongest during spring (5 to 7
W/m?) (Table 6). The study of Nabat et al. (2015) had calculated a somewhat larger semi-
direct effect of 5 to 6 W/m? regarding annual averages. The positive semi-direct effect is
counteracting the clearly negative direct radiative effect (DRE) of aerosol thus helps to
constrain the overall negative total aerosol radiative effect (RE). Compared to the direct
radiative effect the magnitude of the semi-direct effect is considerable. For example the
semi-direct effect amounts to 60% of the direct radiative effect (absolute value) on radiation
in winter, 45% in spring and ranges from 20 to 35% in summer and spring. Therefore the
impact of the semi-direct effect plays an important role in the overall effect of aerosol-
radiation interaction implementation in the model. Fig. 20 decomposes the overall radiative
effect into the direct radiative effect and the change in the cloud forcing (semi-direct effect
for ARI group). It clearly displays the counteracting between DRE and ASCRE as well as the
relative importance of ASCRE in the overall radiative effect RE.

When we compare simulation ARCI to ACI (ARCI-ACI) we examine the implementation of
aerosol-radiation interactions in an environment where aerosol-cloud interactions are also
present. In this case the ASCRE represents the combined impact of the semi-direct and
indirect effect on cloud forcing. Results show that ASCRE slightly increases (4-7 W/m?)
compared to the cloud forcing change seen in the ARl group. The relative importance of
ASCRE is also larger, reaching 80% of the DRE in winter and 65% in autumn.

57



In the comparison of ARCI to control CON, the change in cloud forcing is attributed not only
to the semi-direct and indirect effects but to the change in the microphysics scheme as well.
The ASCRE is further increased in this case ranging from 6 to 13 W/m?. This leads to a ASCRE
that is equal in magnitude to the DRE and has an increased relative importance in the overall
radiative effect RE.

As we have said before, the changes in cloud forcing are the result of: a) changes in cloud
fraction amount and/or b) changes in cloud optical properties and characteristics. We would
expect that a general positive change in the cloud forcing, seen when aerosol-radiation
interactions are enabled, would be attributed to an overall decrease of cloudiness. However,
this does not happen in the ARI group of simulations (except for ARI_Mvlurban for most
seasons) and there seems to be no clear connection between the change in cloud forcing
and the change in cloud fraction amount (Fig. 22). Of course, over the domain areas with
considerable cloud fraction changes usually impact cloud forcing. On the other hand there
are also areas where a statistically significant CFRACT change does not lead to a significant
change in cloud forcing (such as the CFRACT increase near the Black Sea in autumn for the
ARI group). Since, the positive change in ASCRE is not explained by an overall decrease of
cloudiness amount, it must be explained by a change in the cloud optical properties. To
examine this, we have also calculated the shortwave cloud forcing at the top of the
atmosphere (SCRE_TOA) and its change (ASCRE_TOA) with the introduction of aerosol-
radiation interactions. The SCRE_TOA is the difference of shortwave upwelling clear-sky
radiation at the top (swutc) and the shortwave upwelling radiation at the top (swut), thus
SCRE_TOA = swutc — swut (see section 1.4). Since the existence of clouds tends to increase
the shortwave upwelling radiation at the top due to scattering (thus swut > swutc) the
SCRE_TOA values are negative. An increase of cloudiness amount or/and cloud reflectivity
would make SCRE_TOA even more negative whereas a decrease of cloud fraction or/and
cloud reflectivity makes SCRE_TOA less negative (positive change). In our study it is
characteristic that when aerosol-radiation interactions are introduced, the change in cloud
forcing at the top of atmosphere (ASCRE_TOA) is clearly positive over the entire domain and
for all seasons. Since there is not a general decrease of cloudiness amount, this positive
ASCRE_TOA must be explained by a decrease in cloud reflectivity. Moreover, the change in
cloud forcing at the top of the atmosphere (ASCRE_TOA) has very similar values to the
change in the cloud forcing at the surface (ASCRE). It is impressive that for the different
subregions, the ASCRE clearly follows the ASCRE_TOA for all seasons and all ARI simulations
(Fig. 23). This further enhances the notion that clouds tend to let more radiation to reach
the surface due to a decrease in their reflectivity.

Finally, there are some areas with a very intense ASCRE increase that is accompanied by a
very small negligible change in cloudiness that has no indication of statistical significance.
This behavior is encountered in the simulations using the Thompson aerosol-aware
microphysics and is prominent over the northeastern part of the domain especially over the
Atlantic Ocean during spring and summer. In these cases a mean ASCRE of around 12W/m? is
seen over areas with negligible cloud fraction changes (first 5% of the absolute cloud
fraction changes). Therefore in these cases, the positive change in the cloud forcing can also
be attributed to changes in cloud properties that result in decreased cloud optical depth
possibly due to smaller reflectivity. Since the Thompson aerosol-aware scheme enables
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aerosol-cloud interactions these changes in cloud properties are a very important indication
of the impact of the indirect aerosol effect.

Winter

W ASCRE

1
N
!

20

10

W/m2
=

-
=,
=

RE

W DRE

-30 m ASCRE

Fig. 20: Radiative effect (RE-green) decomposition into direct radiative effect (DRE-blue) and change in the
cloud forcing (ASCRE-red ) for winter (top) and summer (bottom) regarding domain averaged values.

59



ARI_T-CON DJF ARI_T-CON MAM ARI_T-CON JJA T—CON SON

\\\\

[W/m 2]

Fig. 21: Shortwave cloud radiative effect difference (ASCRE) from control simulation CON for all experiments
and seasons. Furthermore the SCRE difference of ARCI calculated against ACI (ARCI-ACI) is given to assess
aerosol-radiation interaction implementation in the Thompson aerosol aware microphysics (row six).The last
two rows (black box) present the impact of TE2014 with aerosol-cloud interactions against control (row seven)
and TE2014 with both aerosol-radiation and aerosol-cloud interactions enabled against control (row eight).
Stippling indicates areas where the differences are not statistically significant at the 95% level, according to the
Mann-Whitney non-parametric test.
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Fig. 22: Change in the cloud forcing at the surface (ASCRE) in relation to the change in total cloud fraction
(ACFRACT) for all ARI simulations and all subregions, compared to control simulation CON. For all seasons.
Each simulation is depicted with a different symbol and color. Each point represents a different subregion.
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Fig. 23: Change in the cloud forcing at the surface (ASCRE) in relation to the change in the cloud forcing at the
top of the atmosphere for all ARI simulations and all subregions, compared to control simulation CON. For all
seasons. Each simulation is depicted with a different symbol and color. Each point represents a different
subregion.

61



1.5.3.7 Temperature

As we have seen in section 1.5.3.2, introduction of aerosol-radiation interactions in the ARI
group leads to considerable shortwave radiation decrease at the surface. This decrease in
radiation clearly impacts temperature leading to surface cooling. The ARI simulations
present negative domain averaged changes ranging from -0.1 to -0.4°C depending on
season. The study of Zanis et al. (2012) presented very similar values of temperature
decrease in a RegCM study over Europe. Nabat et al. (2015) however presented a larger
cooling of -0.4°C regarding annual average (over land only).

Back to our study, the observed cooling seen in the ARI group, with the exception of
ARI_Mvlurban, is spatially extensive. It is characteristic that almost all the subregions
present temperature decrease throughout the year. In some cases the subregional averaged
decrease can reach -1 °C (e.g. Eastern Europe in autumn). At grid point level the cooling can
be considerably more intense, in cases exceeding -1.5 °C (Fig. 24).

Spatial correlation of temperature changes with the AOD field is moderate to good
(coefficients usually between -0.3 and -0.65 depending on season). Usually the maxima of
cooling are collocated or very close to the AOD maxima. In some cases however, (e.g.
ARI_Mv1l in autumn) a considerable spatial discrepancy between the two is seen.
Temperature decrease is also moderately to well spatially correlated with the pattern of
shortwave radiative effect (RE) of aerosol (coefficients range between 0.45 and 0.65
depending on season). In contrast, two RegCM studies over Europe, (Zanis, 2009; Zanis et al.,
2012) presented a poorer spatial correlation of temperature decrease with radiative effect.

Table 10: Domain averaged temperature difference (°C) compared to CON for all simulations and seasons. In
parenthesis the values when only land points are considered. Where stated, for simulation ARCI the above
quantities are also calculated against ACI (ARCI-ACI) in order to assess the implementation of direct effect in
the Thompson aerosol aware microphysics.

(°c) Year DIF MAM IA SON
ARI_T 02 (03) 01 (-0,1) 01 (02 02 (-04) 04  (-0,5)
ARI_Mv1 02 (02) 01 (-01) 01 (-02) 03  (-04) 02 (-03)
ARI_Mvlurban  -0,2  (-0,4) 02 (-03) 01 (02) 02 (-04) 04  (-0,6)
ARI_Mvifull 03  (-04) 01 (02) 03 (04 03  (-0,5) 03 (04
ARI_MC 01  (-02) 01 (-01) 00 (-0,1) 01  (-0,2) 02 (-03)
ARCI-ACI 01  (02) 02  (-03) 01 (02) 02  (-03) 01  (0,1)
ACl 01  (01) 01  (01) 01 (02 02 (03) 01  (-0,1)
ARCI 00 (0,0 01 (02) 00 (0,0 00 (0,0 00 (0,0
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Interestingly the temperature decrease is not only constrained to the surface but also
reaches higher parts of the atmosphere. This can be clearly seen at Fig. 25 that depicts the
vertical profile of temperature changes from control (and the difference ARCI-ACI) at a cross-
section of 48.25° latitude. This latitude is near the middle of the domain and the cross-
section passes over or close to areas of AOD local maxima in eastern Europe. If we examine
the ARI group, excluding ARI_Mv1lurban, we see that with aerosol-radiation interactions the
temperature decrease is largest near the surface and lowers in intensity with height. The
vertical profile of temperature decrease is not uniform with longitude and depends heavily
on the spatial distribution of aerosol optical depth. The higher altitudes are strongly affected
only over spots with intense surface cooling. Over these areas a considerable temperature
decrease can easily reach 800hPa. In summer for example we observe a -0.5°C cooling at this
level between 20° and 40° longitude that quickly diminishes at higher altitudes. In autumn, a
decrease of -0.2 °C reaches up to 400hPa over similar longitudes. This area is located over
the Balkans and the Black Sea, coinciding with the cyclonic wind anomaly described at
section 1.5.3.9. Winter is the season with the smallest impact regarding both near surface
temperature as well as the higher altitudes. Finally when we compare simulations ARI_Mv1
and ARI_Mv1full, that have the same AOD, they present a fairly similar behavior. However in
spring and in autumn ARI_Mv1full presents a larger cooling both at the near surface and at
the higher levels (reaching 400hPa). Therefore it is an important conclusion that a small
differentiation at the aerosol optical properties besides AOD (SSA and ASY) can have a
considerable impact on temperature at 2m and temperature profile.

An even larger change in the aerosol absorptivity (SSA) however, can have a dramatic impact
on temperature. This is the case of ARI_Mvlurban with the more absorbing “urban” type
aerosol. It is characteristic that this is the only simulation with only aerosol-radiation
interactions that presents an extensive area (over the Iberian Peninsula, the Alps, Italy and
part of the Balkans) with considerable warming at the surface (larger than 1 °C in cases). This
warming has the indication of statistical significance and spatially coincides with a decrease
in total cloud fraction. On the other hand intense cooling at the surface is encountered over
large part of the rest of the domain, especially on the northeastern Europe. Over the
warming areas, the absorbing aerosols warm the atmosphere not only near the surface but
mainly at higher altitudes. In summer as well as in spring an intense warming of the entire
troposphere is seen, reaching up at the tropopause (200hPa), with the maximum of warming
near the 700hPa level. In the case of summer this maximum warming exceeds 2 °C. Warming
at the surface is also encountered in other studies (Huszar et al., 2012; Zanis, 2009) including
the spatial pattern of both warming and cooling seen in summer even though these studies
had aerosol with more realistic and less absorbing properties compared to ARI_Mvlurban.
Interestingly in our study, the area of considerable cooling in eastern Europe (between 20°
and 40° ) reaches up to 850hPa, but above that there is an intense upper level warming. The
“urban” aerosols warm the atmosphere by absorbing solar radiation but due to this
absorption they also limit the radiation that reaches the lower levels and the surface.
Moreover the change of the thermodynamic characteristics of the atmosphere can induce
changes in the circulation and the cloud fraction. Therefore the final impact on temperature
depends of the balance between all of these factors, leading to either cooling or warming.
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Implementation of aerosol-radiation interactions in an environment where aerosol-cloud
interactions are also present (examining ARCI-ACI) has quite similar results with the ARI
group that have only aerosol-radiation interactions enabled. Cooling at the surface is seen
over extended parts of the domain for all seasons. Domain averaged temperature decrease
is around -0.1 to -0.2°C, roughly the same cooling seen when aerosol-radiation interaction
are enable in control CON, with the exception of autumn. In autumn however a warming
(around 0.5 °C) is seen over a large area surrounding the Alps and spatially coincides with a
positive change in the cloud forcing. This warming is also seen at higher altitudes with a
temperature increase of 0.6 °C almost reaching the 300hPa level. Therefore we see that if
the indirect effect is enabled, the aerosol-radiation interactions (for normal-not extremely
absorbing aerosol) do not always lead to the clear temperature decrease at the surface seen
in the ARI group. Finally, simulation ACI presents a domain averaged temperature increase
(0.1 t0 0.2°C) compared to CON. We have seen that the use of the Thompson aerosol-aware
scheme in ACI presents decrease cloud fraction and cloud forcing, which is probably the
reason for the observed temperature increase.
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Fig. 24: Temperature at 2m (T) changes from control simulation CON for all simulations and seasons.
Furthermore the temperature difference of ARCI calculated against ACI (ARCI-ACI) is given to assess aerosol-
radiation interaction implementation in the Thompson aerosol-aware microphysics (row six). First six rows
present the impact of aerosol-radiation interactions. The last two rows (black box) present the impact of
TE2014 with aerosol-cloud interactions against control (row seven) and TE2014 with both aerosol-radiation
and aerosol-cloud interactions enabled against control (row eight). Stippling indicates areas where the
differences are NOT statistically significant at the 95% level, according to the Mann-Whitney non parametric
test.
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Fig. 25: Vertical profile of temperature changes from control simulation CON at a 48.25 latitude cross-section.
For all simulations and seasons. Furthermore the temperature difference of ARCI calculated against ACI (ARCI-
ACl) is given to assess aerosol-radiation interaction implementation in the Thompson aerosol-aware




microphysics (row six). First six rows present the impact of aerosol-radiation interactions. The last two rows
(black box) present the impact of TE2014 with aerosol-cloud interactions against control (row seven) and
TE2014 with both aerosol-radiation and aerosol-cloud interactions enabled against control (row eight).
Stippling indicates areas where the differences are NOT statistically significant at the 95% level, according to
the Mann-Whitney non parametric test.

1.5.3.8 Precipitation

Domain averaged precipitation changes related to aerosol-radiation interaction are small in
all simulations (x0.08mm/day) and do not exceed +5% in relative values, with the exception
of ARI_Mvlurban. The small values however are to an extent the product of compensation
since the spatial pattern of precipitation differences from control is not uniform but patchy
ad presents many small areas with increases and decreases scattered all over the domain
(Fig. 26). The changes at grid scale level can exceed +50%, in many cases. Because the
spatial pattern of the changes seems random, this effect is probably related to the internal
model variability and not to the aerosol introduction. In general the small impact of aerosol-
radiation interactions is seen in winter.

It is quite important that the ARI group of simulations, except ARI_Mvlurban, presents no
specific tendency of precipitation change throughout the year. However, in spring and
summer most of the ARI group simulations (except ARI_Mv1full) have a small domain
averaged precipitation decrease (-2 to -5%, -0.02 to -0.09 mm/day). In general winter is the
season which is least impacted by aerosol implementations. Nabat et al. (2015) presented a
precipitation decrease over Europe using a coupled atmospheric-ocean model. The decrease
in precipitation was attributed to the decrease of sea surface temperature (SST) induced by
the reduction of radiation due to aerosol interactions. The decrease in SST led to a decrease
in the latent heat fluxes that in turn led to decreased atmospheric humidity and cloud cover
finally impacting precipitation amount. For this reason the use of prescribed SST in our study
is a limitation that could especially affect precipitation results. Moreover the long term RCM
study of Schultze and Rockel (2018) over Europe, presented also precipitation reduction that
was attributed to the stabilization of the atmosphere.

Most of the simulations of the ARI group (except ARI_MC) present a common area of
precipitation increase over the Black Sea in autumn that has the indication of statistical
significance. ARI_T with the Tegen climatology has the most pronounced increase. At this
area a significant CFRACT increase and a cyclonic anomaly in the wind field are also present,
something that indicates a systematic impact on precipitation. However this area of
precipitation increase is also seen in simulations ACI and ARCI, therefore its attribution to
aerosol-radiation interactions remains uncertain. Moreover there is no clear spatial
correlation between cloud fraction and precipitation changes. In the case over the Black Sea
in autumn precipitation increase coincided with cloud fraction increase. However in the case
of ACI for example, the spatially extensive and significant CFRACT decrease over central and
northern Europe in not accompanied by a respective decrease in precipitation amount.
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2 'él’h:e'mbre' ébébrbiné'éé‘"r'osol of ARI_Mvlurban however definitely have a systematic impact
on precipitation. PreC|p|tat|on amount is decreased for all seasons with the decrease being

more pronounced in relative values in spring and summer (-11%). For these two seasons
there are also large areas of central Europe that have extensive precipitation decrease with
the indication of statistical significance (around -30% in summer, -15 to -25% in spring). It is
clear that the absorbing aerosol warm the mid troposphere stabilizing the atmosphere and
finally leading to cloud dissolution and the suppression of precipitation.
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Fig. 26: Precipitation changes from control simulation CON for all simulations and seasons. Furthermore the
precipitation difference of ARCI calculated against ACI (ARCI-ACI) is given to assess aerosol-radiation
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interaction implementation in the Thompson aerosol-aware microphysics (row six). First six rows present the
impact of aerosol-radiation interactions. The last two rows (black box) present the impact of TE2014 with
aerosol-cloud interactions against control (row seven) and TE2014 with both aerosol-radiation and aerosol-
cloud interactions enabled against control (row eight). Stippling indicates areas where the differences are NOT
statistically significant at the 95% level, according to the Mann-Whitney non parametric test.

Table 11: Domain averaged precipitation difference (mm/day) and relative difference (%) compared to CON for
all simulations and seasons. Where stated, for simulation ARCI the above quantities are also calculated against
ACl (ARCI-ACI) in order to assess the implementation of direct effect in the Thompson aerosol aware
microphysics.

DJF MAM JIA SON

mm/day relative % mm/day relative % mm/day relative % mm/day relative %
ARI_T 0,00 0 -0,08 -4 -0,08 -5 0,04 2
ARI_Mv1 0,00 0 -0,05 -2 -0,02 -2 0,00 0
ARI_Mvlurban -0,05 -2 -0,24 -13 -0,21 -14 -0,06 -2
ARI_Mv1full -0,01 0 -0,01 0 0,00 0 0,06 3
ARI_MC 0,01 0 -0,09 -5 -0,03 -2 0,02 1
ARCI-ACI -0,04 -1 0,02 1 -0,03 -2 -0,13 -5
ACI -0,04 -2 -0,05 -3 0,00 0 0,07 3
ARCI -0,08 -3 -0,03 -2 -0,04 -2 -0,06 -2

1.5.3.9 Wind field
At first glance the introduction of aerosol-radiation interactions does not have a visible
impact on the wind field. Fig. 27 depicts the wind field at the 850hPa level for control CON,
ARL_T and ARI_Mv1lurban for all seasons. Colored contours represent the wind velocity. We
can see that aerosol implementation has a little to no impact on the general seasonal wind
circulation even in the case of the ultra absorbing “urban” aerosol. The same picture is true
for higher levels like the 500hPa.

Looking at the wind field anomalies (from control CON) however reveals the existence of a
tendency towards specific changes at the circulation. Fig. 28 depicts the wind change
compared to control (as well as ARCI-ACI) at the 850hPa level. The colored contours depict
the change in the value of the meridional wind component. Red values mean either
increased wind speed towards the south or reduction of the wind speed towards the north.
Blue values mean increased wind speed towards the north or reduction of the wind speed
towards the south. We can observe a general tendency of cyclonic anomalies to form over
areas of intense surface cooling. The existence of this cooling also at much higher levels in
the troposphere seems to help towards the formation of an anomaly but it does not seem to
be absolutely necessary. One other hand we have a few areas with near surface warming
and those do not seem to have a considerable impact on the wind field at the lower
troposphere. However if this warming is retained at higher levels, considerable anti-cyclonic
anomalies form in the same area at the 500hPa level.

A characteristic example is the cyclonic anomaly at 850hPa seen in autumn north of the
Black Sea, for all ARI simulations. In autumn these simulations present an area of
considerable cooling near the surface that is also clearly observed much higher in the
atmosphere up to 400hPa. The cyclonic anomaly is also seen higher, at the 500hPa level.
Simulation ARI_MC presents the smallest near surface temperature decrease and also the
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least pronounced cyclonic anomaly. On the other hand, ARI_T and ARI_mvlurban that have
the largest near surface cooling also present the most intense cyclonic anomalies in autumn.
This .enhances the notion that there seems to be a connection between the intensity of
temperature change and the formed anomaly in circulation. It is important to note for these
simulations extended areas of both the zonal and the meridional wind anomalies (in essence
the south-east part of the whole cyclonic anomaly) present indications of statistical
significance at the 95% level.

In summer the ARI group presents a temperature decrease that is quite similar to autumn
with the exception of ARI_Mv1lurban. Cooling is seen over similar areas and with comparable
magnitude but this time it is more shallow as it ends around 800hPa and does not reach
higher altitudes. There are faint traces of a weak cyclonic anomaly at the same area as seen
in autumn in some simulations (ARI_Mv1, ARl_MC) but in other simulations it is completely
absent. On the contrary an anti-cyclonic anomaly at 850hPa is trying to form at the north
part of Eastern Europe, north of the cooling spot. It is also encountered at the 500hPa level.
We suspect that it is the change in temperature difference between areas that drives the
form of the anti-cyclonic anomaly. Cooling over the Balkans and north of the Black Sea can
produce a more intense temperature change as we move more towards the north. Thus the
north Eastern Europe seems “warmer” compared to the cooling spot to its south when
aerosol-radiation interactions are enabled.

Simulation ARI_Mvlurban has the biggest impact on circulation. A well formed and
pronounced cyclonic anomaly is seen in summer and in autumn (at both 850 and 500hPa)
above the Balkans and north of the Black Sea, areas that also present intense near surface
cooling. This cooling however does not extend in height past of the 800hPa level. On the
other hand, the intense warming seen over central Europe in summer does not seem to
have a considerable impact on the wind field at 850hPa. At 500hPa however there is a clear
anti-cyclonic anomaly probably the attributed to the warming extending up to the
tropopause at 200hPa.

Finally, ACI presents another case of a cyclonic anomaly forming over an area of cooling. In
autumn an area of moderate cooling over the Balkans is accompanied by a well formed
cyclonic anomaly that spreads over the biggest part of the domain at both 850 and 500hPa.
The cooling might not be considerable in magnitude, especially compared to the ones seen
in the ARl simulations, but it extends way up in the troposphere, exceeding 400hPa.
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Fig. 27: The wind field (arrows) and wind speed (colored contours) for the control simulation CON (top), ARI_T
(middle) and ARI_Mv1urban (bottom). For each season.
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Fig. 28: Wind field difference (arrows) and meridional (v) wind component difference (colors) from control
simulation CON. For ARI group of simulations and all seasons.
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1.5.3.10. Two examples of aerosol-radiation interaction impact
We have seen so far the impact on each variable separately. In this section we present two
cases of strong impact due to aerosol-radiation interactions and offer a more concentrated
view of the impact on all the variables of the climate examined. We want to present a more
rounded view of the aerosol impact and also address the possible connections and feedback
mechanisms between the impacted variables.

Firstly we present the example of simulation ARI_T during autumn. Then we present the
example of ARI_MvZlurban in summer.

ARI_T in autumn

A composite analysis for this case can be seen at Fig. 29. Mind that in this figure stippling
depicts the areas that HAVE the indication of statistical significance.

Firstly we can see that the aerosol optical depth presents a maximum over the Black Sea and
large AOD values are encountered over eastern Europe, the Balkans and eastern
Mediterranean. This aerosol field leads to an intense and significant reduction in the
shortwave radiation at the surface (negative RE), seen both over land and at sea. The
reduced radiation leads to a significant near surface temperature decrease that exceeds 1°C.
The cooling spatially coincides with the AOD field but it is seen only over land.

Over the sea the temperature change is negligible. Changes at SST are not expected to be
large since the sea has a much larger thermal capacity than land and is therefore more
resistant to temperature change. However the use of prescribed SST in this study and the
lack of an ocean model does not allow the sea surface to cool at all and thus impact the near
surface temperature. Therefore the cooling due to aerosol-radiation interactions does not
reach its full potential. This seems to be one of the limitations of this study.

The observed cooling over land is also seen at much higher levels of the troposphere
decreasing in intensity with height while spatially coinciding with the surface cooling. At the
850hPa level a cooling of around -0.4°C is seen whereas a decrease of -0.2°C is seen way up
at the 400hPa.

Total cloud fraction (CFRACT) is clearly increased over the land area of intense surface
cooling but also over the sea, especially over the Black Sea where we have the maximum of
cloud fraction increase. It is characteristic that almost all the large CFRACT changes have the
indication of statistical significance. The increased cloudiness leads in turn to decreased
cloud forcing (ASCRE) allowing even less radiation to reach the surface. The ASCRE in this
case represents the aerosol semi-direct effect. We can therefore identify a positive feedback
mechanism where the cooling due to aerosol scattering and absorption (direct effect) leads
to cloud fraction increase (semi-direct effect) that in turn leads to further cooling. It seems
however that aerosol direct effect is the major driver of reduced radiation and cooling at the
surface. The decrease at the radiation levels due to cloudiness increase (semi-direct effect) is
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considerably weaker (around 6 times) than then decrease due to aerosol direct effect. It is
characteristic that over the areas with negative semi-direct effect (ASCRE), (around -
2.5W/m?) the semi-direct effect amounts on average around 16% of the entire radiative
effect (direct + semi-direct). Therefore the negative semi-direct effect on radiation seen
over and near AOD maxima is not negligible but it is five times smaller than the observed
direct effect.

Interestingly changes in the wind circulation are also detected. A clear cyclonic anomaly in
the wind field forms near the cooling spot and is seen both at the 850 and 500hPa level.
Spatially it is close to the cooling seen at the surface and at the 850hPa but does not
coincide completely, since its center lies to the east of the area with maximum cooling.
Indications of statistical significance are seen at the south and east part of the anomaly. This
change in the circulation could potentially affect cloud fraction. The CFRACT increase over
the Black Sea could be partially attributed to the south wind anomaly importing humidity
over the area. No change at the vertical wind speed (w) is seen over the Black Sea and the
Balkans. However parts of the Mediterranean have positive changes in w especially at the
500hPa, indicating increased upwards speed something that could explain the increased
cloud fraction in this area. Regarding the overall situation, it is interesting that despite the
cooling of the lower troposphere, the atmosphere is not stabilized and the cyclonic anomaly
with cloud amount increase is formatted. Here it also must be noted that during autumn
very low wind speeds are present at 850hPa in the area of the cyclonic anomaly, denoting
the absence of a severe forcing from the general circulation thus facilitating the impact of
the aerosol implementation over the wind field.

Finally the cloud fraction increase is also accompanied with significant precipitation increase
over the Black Sea and the Balkans that is considerable and regularly exceeds +30%. We can
therefore clearly state that for ARIL_T in autumn not only radiation at the surface and
temperature are affected, but there is an area where a systematic impact is observed on the
wind circulation, cloud fraction and precipitation amount as well.
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Fig. 29: Composite analysis for simulation ARI_T in autumn. The shown differences are calculated against
control CON. Top row, from left to right: AOD field, Radiative forcing RE, differences in cloud forcing (ASCRE).
Second row: difference in cloud fraction (CFRACT), difference in near surface temperature (T), temperature
difference at 850hPa. Third row: cross-section at 48.25 latitude depicting differences in temperature vertical
profile, relative difference in precipitation (Pr), differences at the wind field at 850hPa. Bottom row:
differences at the wind field at 500hPa, difference in vertical wind speed w at 850hPa (left) and at 500hPa
(right). Stippling indicates areas that ARE of statistical significance. Statistical significance has not been
calculated for temperature in the upper atmosphere.

ARI_Mv1lurban in summer

Simulation ARI_Mv1lurban is a good example of the impact of ultra absorbing aerosol. It is
reminded that the “urban” type aerosol are extremely absorbing (SSA values starting from
0.6) and thus we consider ARI_Mvlurban as an idealized experiment showing the impact of
unrealistically intense absorption. The “urban” type might be suitable for specific limited
areas suffering from urban or industrial pollution but not for the entire European domain.
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The intense impact of the absorbing “urban” aerosol is seen in almost every aspect of the
climate examined, while the indication of statistical significance is present over extended
areas of the domain (Fig. 30). The MACv1 climatology used presents the largest AOD values
over Eastern Europe and north Africa. The SSA values are lower (thus more absorbing) over
the southern half of the domain.

Shortwave radiation is intensely reduced almost over the entire domain. The RE is highly
negative and significant and routinely exceeds -30W/m”. In relative values an Rsds reduction
of around 15% (exceeding) is seen over southern Europe whereas over eastern Europe it
exceeds 20%.

We could expect that the intense and overall reduction of radiation at the surface would
lead to a wide spread cooling at the near surface, as we have seen in all the other
sensitivities implementing aerosol-radiation interactions. This indeed happens over a large
area over eastern and northeastern Europe with intense temperature dropping over 1°C.
Interestingly, on the other hand a large area including the Alps, Italy, parts of the Balkans
and the lberian Peninsula shows a completely different picture with considerable near
surface warming that in places exceeds 1°C. One explanation for this peculiar behavior could
be that over this exact area we have considerable cloud fraction decrease that significantly
increases the cloud forcing (clouds let more radiation to reach the surface). However the
direct radiative effect of the absorbing aerosol is so strong in reducing radiation that in most
areas compensates for cloudiness decrease. Therefore only an area around the Alps has an
overall Rsds increase (positive RE), something that could explain the warming at this specific
place. The other areas present a strange combination of shortwave radiation decrease and
near surface warming. Therefore the intense surface warming must be attributed to the
warming induced by the aerosol absorption of incoming radiation. Highly absorbing aerosol
tend to warm the surrounding atmosphere. Therefore the resulting temperature change at
the near surface mainly depends on the balance between shortwave radiation reduction
(due to aerosol scattering and cloud fraction changes) and the warming due to the aerosol
radiation absorption.

Naturally, aerosol radiation absorption also tends to warm higher altitudes in the
atmosphere. A considerable warming is seen way up until the tropopause, whereas the
maximum of warming is encountered around 800-700hPa and is so intense that exceeds 2°C.
It is evident that the absorbing aerosol can dramatically change the thermodynamic profile
of the atmosphere. Over the area of near surface warming there is warming encountered at
all vertical levels up the tropopause (Fig. 30, 40.25° latitude cross section). At eastern
Europe, the area with near surface cooling, the cooling reaches up to the 800hPa level.
However above that level an intense warming is still encountered (Fig. 30, 52.25° latitude
cross section), testament to the warming abilities of absorbing aerosol.

The presence of the maximum warming high in the atmosphere and not near the surface
where the aerosol load is larger might seem peculiar. However, we must also take into
account that radiation amount decreases from the top of the atmosphere towards the
surface, due to interaction with the atmospheric components and especially in this case with
the absorbing aerosol. Thus the maximum is seen at an altitude where the balancing
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between these two factors is optimum, meaning that there is a considerable aerosol load
but also a sufficient shortwave radiation amount for the aerosol to absorb.

As we have already seen, the ultra absorbing aerosol also have a considerable impact on
cloud fraction. The intense change of the atmospheric thermodynamic profile leads to a
strong semi-direct aerosol effect. A large part of the domain is covered with significant
CFRACT changes. We have seen an area above the Alps, Italy and the Balkans with cloud
fraction decrease and surface warming. This area also present significant precipitation
reduction (ranging from -20% to over -50%). There is also the extended area with surface
cooling over eastern Europe that presents considerable cloud fraction increase. This
cloudiness increase seems to further aid the temperature reduction at the surface.
Moreover a clear impact on the wind circulation is also detected. A clear cyclonic anomaly is
formed over eastern Europe, coinciding with the CFRACT increase and near surface cooling.
It is present both at the 850hPa and 500hPa level. Some traces of increased upwards vertical
speed w do exist at the area and could be partially responsible for the cloudiness increase.
Conversely, over the area with CFRACT decrease an anti-cyclonic anomaly in the wind field is
seen, but this time only at the 500hPa level. In this case a decrease in the upward wind
speed w is also seen over several spots and could be partially responsible for the observed
cloudiness reduction.

To sum up, we have strong indications that the absorbing “urban” aerosol have a large
impact not only due to their direct effect (warming and radiation reduction due to
absorption) but also due to their strong indirect effect that causes significant changes in the
wind circulation and cloudiness amount.
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Fig. 30: Composite analysis for simulation ARI_Mvlurban in summer. The shown differences are calculated
against control CON. Top row, from left to right: AOD field, Radiative forcing RE, difference in cloud forcing
SCRE.. Second row: Difference in cloud fraction CFRACT, Difference in near-surface temperature (TAS),
Temperature differences at 850hPa. Third row: Cross-section at 40.25 latitude depicting differences in
temperature vertical profile, cross-section at 50.25 latitude depicting differences in temperature vertical
profile, difference in the wind field at 850hPa. Bottom row: Difference in the wind field at and 500hPa,
difference in vertical wind speed w at 850hPa and at 500hPa. Stippling indicates areas that ARE of statistical
significance. Statistical significance has not been calculated for temperature in the upper atmosphere.

1.5.3.11 Effective radii communication between microphysics and radiation
schemes
So far, all the simulations examined have a connection between the microphysics and
radiation schemes regarding the effective radii of the cloud particles. That is the
microphysics scheme that calculates the radii of the cloud particles (either water droplets or
ice particles) passes the results to the radiation scheme which uses it to parameterize cloud
optical thickness and finally calculate radiation results. Such a communication between the
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two schemes obviously improves the physical consistency of the simulation. However this
option has only been recently made available (version 3.5.1) and can only be used with the
RRTMG radiation scheme and a limited number of microphysics schemes. Otherwise the
radiation scheme makes its own simplified assumptions about the effective radii of cloud
particles. Since the aerosol-cloud interactions may lead to changes in the cloud particles, the
communication of the microphysics and radiation schemes is vital in order to fully and
properly simulate the aerosol indirect effect. As said before, the communication between
the two schemes is by default enabled in the model (from version 3.5.1). However the user
is given the option to turn this off (from version 3.8). In order to assess the impact of the
effective radii communication we have performed another simulation, ARCI_no, that has this
communication disabled. It is identical to ARCI that has both aerosol-radiation and aerosol-
cloud interactions with only the effective radii communication option disabled. ARCI was
chosen as the basis of this sensitivity since it is the most complete simulation in terms of the
aerosol effects included and it would be interesting to see the impact of removing a vital
piece of the physical mechanism that can especially affect the indirect effect.

Results

In order to estimate the impact of radiation-microphysics communication we directly
compare the simulation ARCI_no to ARCI. As expected both simulations have almost
identical results regarding clear-sky shortwave radiation (CRsds). This is because CRsds is not
affected by cloudiness at all and any change in cloud characteristics does not impact it.

However we see that ARCI_no has differences in cloud forcing compared to ARCI. We
calculated the change in the cloud forcing (ASCRE) between the two simulations. There are
large areas with the indication of statistical significant changes (Fig. 31). Some of them are
connected with changes in the cloud fraction. Indeed there are some areas (e.g.
northeastern Europe in spring and central Europe in autumn) with significant cloud fraction
changes that inevitably affect the cloud forcing. In general cloudiness is not affected in a
particular way. There are both increases and decreases of cloud fraction over the domain
and thus if we average over the domain the changes counterbalance (Table 12).

The interesting characteristic is that there are large areas with significant and considerable
increase in cloud forcing that are not accompanied by intense or significant cloud fraction
changes. This implies that the change in cloud forcing is attributed to the different cloud
optical properties that in turn can be attributed to the different effective radii of cloud
particles. This is particularly evident over the sea and especially over the Atlantic at the
northwest part of the domain. In general ARCI_no presents a clearly increased cloud forcing
over the sea compared to ARCI. This is because in ARCI_no the effective radii of cloud
particles are parameterized by the RRTMG radiation scheme and not the microphysics.
Moreover the RRTMG makes a clear distinction between cloud water particles over land and
over the sea, using different relations to describe the effective radii, leading to a different
cloud forcing above the ocean.

Since clouds in ARCI_no allow more radiation to reach the surface, the shortwave radiation
at the surface (Rsds) is also increased. The change in net Rsds, in essence the radiative effect
(RE) due to microphysics-radiation scheme communication, presents the same extended
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areas of considerable changes with the indication of significance (Fig. 31 — 3™ row) as seen
in the ASCRE. The domain averaged relative change in Rsds ranges between 1% (autumn)
and 7% (winter). Similarly to the change in cloud forcing (ASCRE), the impact on Rsds is
clearly larger over the sea with elevated domain averages ranging between 7% (autumn) and
10% (winter). If we focus on the area of the north Atlantic (-13° west - 10° east, 45° south —
70° north) with the most pronounced changes, we observe an impressive increase of 17% in
summer and 13% in spring (over sea only).

Bae, Hong, and Lim (2016) in a WRF study over Korea using the WDM®6 microphysics found
that the coupling between the microphysics and RRTMG also lead to a shortwave radiation
increase at the surface, which in their case was more pronounced over areas with small
cloud fraction.

The impact on Rsds in our study is definitely large. If we take into account that aerosol-
radiation interactions lead to an Rsds decrease that is around -5% to -7% throughout the
year, the coupling of the microphysics-radiation schemes seems quite important. In order to
better understand the magnitude of the change we calculate the mean absolute difference
for each month. The absolute difference is always positive and therefore we cannot have
effects of compensation between positive and negative values. Thus it is a better metric to
describe how big the change is. Fig. 32 presents the mean absolute difference ARCI_no-ARCI
(red line) on Rsds for each month over the European domain (EU-right) and over the British
Isles (Bl-left). The same difference but only above the sea is also depicted (red line). Finally
to establish the relative importance of the radiation-microphysics coupling we also present
the absolute difference ARI_T-CON that represents the aerosol-radiation interaction impact.
Firstly we clearly see that the Rsds difference is clearly larger above the sea almost
throughout the year for both domains. This is the case for all the Prudence subdomains
examined that encompass sea grid points. Secondly it becomes even more obvious that the
effective radii coupling impact is comparable to the enabling of the aerosol-radiation
interactions. For the European domain (EU) the ARCI_no-ARCI absolute difference is very
similar in magnitude to the aerosol-radiation impact for a large part of the year (winter and
spring) and becomes smaller but still comparable in summer and autumn. This is usually the
case for most of the Prudence subdomains. There are subdomains, like Scandinavia and
France, where the ARCI_no-ARCl absolute difference is larger than the aerosol-radiation
impact for some months of the year. The most extreme case however is the British Isles (Bl)
where the effective radii coupling impact is consistently larger throughout the year.

The change in shortwave radiation at the surface does affect temperature but not towards a
specific direction. Small increases and decreases are seen all over Europe thus the domain
averages become small. In spring there is a large area of warming covering most of the east
part of the domain, but it has no indication of significance. The only case where the changes
have the indication of statistical significance is in summer over a large part of central Europe
and Spain that presents cooling. This is somewhat peculiar since it does not fully coincide
spatially with a clear reduction in Rsds. Finally the intense radiation increase over the sea
does not impact near surface temperature. This impact is definitely hindered by the lack of
an ocean component in the model of our study, that does not let sea surface temperature to
change (it uses seasonally changing prescribed values) and in turn affect near surface
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temperature. However because of the large thermal capacity of the sea the impact on sea
surface temperature would be considerably weaker compared to that on land.

Summary

To sum up, the coupling between the microphysics and radiation scheme is important. It can
have a large impact on Rsds, especially over the sea where a clear Rsds increase is observed
if the coupling is disabled. The impact of the coupling on shortwave radiation is comparable
in many cases with the impact of enabling aerosol radiation interactions.

CFRACT ARCI_no-ARCI DJF CFRACT ARCI_no-ARCI MAM CFRACT ARCI_no-ARCI JJA CFRACT ARCI_no-ARCI SON

Fig. 31: Differences between simulations ARCI_no and ARCI for total cloud fraction (CFRACT) (first row), cloud
forcing (ASCRE) (second row), net shortwave radiation at the surface (radiative effect -RE) (third row) and near
surface temperature (T) (bottom row). Stippling indicates the areas that are NOT statistically significant 95%
level, according to the Mann-Whitney non parametric test.

Table 12: Domain averaged differences between simulations ARCI_no and ARCI regarding total cloud fraction
(CFRACT), shortwave down welling radiation at the surface (RSDS), shortwave down welling radiation at the
surface over the sea and temperature (T). For all seasons.

Winter Spring Summer  Autumn
CFRACT (%) 0 -1 0 1
RSDS (%) 7 6 4 1
RSDS over SEA (%) 10 8 9 7
Temperature (°C) 0,0 0,3 0,0 -0,1
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Fig. 32: Domain averaged absolute difference on shortwave down welling radiation at the surface (Rsds)
between simulations ARCI_no and ARCI (red line) over the British Isles (Bl) and the European domain (EU). For
each month. The difference only above the sea is also presented (blue line). Moreover the difference ARI_T-
CON is also presented (black dashed line) to enable comparison with the impact of aerosol-radiation
interactions. Mind the different scale for the two regions.

1.5.4 Cloud cover scheme sensitivity

1.5.4.1 Introduction

Aerosol tend to affect radiation amount through their direct effect and cloudiness through
their semi-direct and indirect effects. However cloudiness is among the most important
factors that affect the climate and can be affected by other parameterizations such as the
convection scheme and the cloud parameterization. The cloud parameterization is the
scheme that is responsible for calculating the cloud fraction amount in atmospheric models.
The produced cloud fraction, among other factors such as liquid water path, is then used by
the radiation scheme to calculate radiation levels. Since we have seen the cloud fraction
changes induced by aerosol implementation, it would be interesting to estimate the impact
of cloud scheme selection on cloudiness amount and on other climate variables as well. Such
a study would be important on its own, especially because cloud schemes are often
overlooked in climate simulations. Furthermore, a comparison with the impact seen in the
aerosol sensitivities can help us assess the relative importance of each sensitivity experiment
and provide a better context regarding the impact of aerosol in the model.

A cloud parameterization produces cloud fraction amount for each grid cell and at each
vertical model level. There is a variety of methods used for this calculation, the most
common ones use relative humidity (RH) thresholds or probability density functions (pdf) for
saturation (Quaas, 2012). Cloud parameterizations also have different degrees of
complexity. The simpler ones produce only either fully covered or cloud-free skies over a
specific grid cell. The more advanced ones can produce intermediate degrees of cloud
fraction at different model levels for a grid box.
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1.5.4.2 Methodology

The control simulation CON in the aerosol sensitivity used the Xu-Randall method to
parameterize cloud fraction (option icloud=1 in the namelist). This method relies on relative
humidity (RH), the saturation of water vapor and the mixing ratios of cloud and ice water (Xu
and Randall, 1996). We have also conducted another simulation, named icloud3, identical
with CON in every aspect but with the only difference being the cloud scheme. In this case
the scheme uses a method based on Sundqvist et al. (1989) (icloud=3 in the namelist) that
relies on a RH threshold that depends on grid cell size.

It is important to note that after the cloud scheme has produced cloud fraction at each
model level, the total cloud fraction is calculated by a separate algorithm that combines the
values of each model level. The method used can definitely have an impact on the results.
However in our study both CON and icloud3 use the same method, that is the maximum-
random overlap.

We compare CON and icloud3 to assess the impact of the cloud scheme selection. Also we
present results of the comparison ARI_T-CON to compare the importance of cloud scheme
selection to the inclusion of aerosol-radiation interactions in the model. Furthermore we
calculate the bias of the simulations to see which scheme is closer to the observed data.
Analysis mainly focuses on the total cloud fraction (CFRACT) but also temperature near the
surface, shortwave down welling radiation at the surface (Rsds) and longwave down welling
radiation at the surface (RIds) are examined.

The CLARA-A1 satellite dataset is used to evaluate total cloud fraction as well as longwave
radiation at the surface (RIds). For shortwave radiation (Rsds) the SARAH dataset is used
whereas temperature is evaluated against the E-OBS v16 dataset. Description of each
dataset can be seen at section E Observational data.

1.5.4.3 Results

We have seen that control simulation CON in general overestimates cloudiness (section
1.5.2.3) and the same is true for icloud3. Both simulations produce considerably larger cloud
fraction amount than the satellite data over almost the entire domain and for most seasons
except summer (Fig. 33, first two rows). Averaged for the domain of study the cloudiness
overestimation is similar and ranges usually between 20 to 30% but for summer it becomes
considerably smaller: 12% for CON and 1% for icloudl (Table 13). In general icloud3
produces less cloud fraction than CON and thus the overestimation for icloudl is slightly
reduced. In summer both simulations present a pattern of CFRACT overestimation for
central and northern Europe whereas for the south an underestimation is present for both
schemes, a mild one for CON (less than -10%) that becomes considerably larger with the use
of the Xu-Randall method in icloudl and can reach -30% over extended parts of the
Mediterranean. We must always consider however that relative bias in summer can be
inflated due to small cloud fraction amounts. Another common feature seen in both
simulations is the large biases over mountainous areas. This is probably attributed to the
average resolution (~50km) of the simulations that is not sufficient to properly resolve the
small-scale and complex interaction between orography and cloud formation.
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The bias patterns of the two simulations are quite similar showing almost the same spatial
correlation against the CLARA dataset for each season Fig. 34. However CON presents
slightly.smaller variability improving the matching with the satellite data in this respect. Both
simulations have their best correlation with CLARA for summer (0.93) and their worst in
winter (0.75).

Moreover the behavior of the bias in relation to the cloud fraction amount of the CLARA
dataset is very similar (Fig. 35). For example in winter both simulations have overestimation
in almost all cloud fraction amounts of the satellite dataset, with the largest biases seen in
the medium values of CFRACT (0.4-0.5) while a declining of large biases is seen as we move
towards large (>0.7) cloud fraction values. In summer both simulations have an
underestimation of small to medium CFRACT values (0.1-0.5) that turns to overestimation in
larger (0.5-0.9) cloud fraction amounts.

To sum up, we see that the two simulations present very similar CFRACT bias patterns and
amounts. Both tend to overestimate cloud fraction. However the selection of cloud
parameterization can have an impact on bias, especially on summer where the magnitude of
the bias changes is the largest.

The cloud fraction differences (icloud1-CON) between the two schemes are small, usually
around -0.05 (scale of 0 to 1) whereas in some cases they can exceed -0.1, for example over
central Europe in summer (Fig. 33, third row). In relative values domain averaged
differences are between -1% to -2% for most seasons (table). For summer however we have
both the largest difference (-0.05) and largest relative difference (-13%) in cloud fraction
amount. Domain averaged differences are always negative, therefore as said before, icloud1
presents consistently smaller CFRACT amounts that CON throughout the year. This is
especially true for summer where the entire domain present smaller cloud fraction in
icloudl with the differences having the indication of statistical significance. However for the
rest seasons, there areas with significant cloudiness increase for icloud1, for example winter
and spring over Scandinavia.

A really important finding is the intense impact the cloud fraction changes have on the
shortwave radiation at the surface (Rsds). Rsds is hugely impacted with icloudl presenting
larger Rsds amounts than CON (icloud3) due to the decreased cloudiness. The domain
averaged Rsds increase ranges between +16% and +18% for all seasons. This is much larger
(2 to 4 times) than the impact of aerosol-radiation interactions on Rsds (around -4% to -8%),
excluding ARI_Mvlurban that has comparable but still slightly smaller impact on shortwave
radiation. There are even specific areas where icloudl has an increase of +30% in shortwave
radiation.

Rsds biases are also impacted. The control simulation CON presents Rsds underestimation
for all seasons probably because of the large cloudiness overestimation. The increase of
shortwave radiation in icloudl reduces this underestimation in autumn whereas in all other
seasons we have a complete change in bias sign with an overestimation of Rsds being
present.
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It isinteresting that icloud1 has both shortwave radiation and cloud fraction overestimation
for all seasons except autumn. This is probably a matter of calibration of the cloud and
radiation 'schemes of the model. Different domains and conditions might have different
calibration needs. Moreover it must be reminded here, that the cloud fraction (CLARA) and
shortwave radiation (SARAH) data used for evaluation belong to two different satellite
datasets, something that could partially explain the above discrepancy.

Near surface temperature is also heavily impacted by the change in radiation fluxes. Domain
averaged changes are between 0.4 and -0.8°C whereas at grid point level changes greater
than 1.5 °C are seen. This impact far surpasses the one seen in the aerosol sensitivities when
aerosol-radiation interactions were enabled. This true even for the ARI_Mvlurban
simulation with the highly absorbing aerosol that had a more intense impact on many
variables. The largest difference between CON and icloud1 is seen in winter over Scandinavia
and northeastern Europe with icloud1 being colder at -1.4 °C on average. In general for
icloudl, temperature decreases in winter and autumn and increases in spring and summer
compared to CON. Over large areas the changes have the indication of statistical
significance, especially in winter and summer.

These intense changes in temperature also affect temperature bias. CON generally
underestimates temperature, thus icloudl increases this underestimation in winter and
autumn and improves it in spring and summer. An extreme impact on bias is seen over
northern Europe in winter where icloudl presents the largest negative temperature
decrease. As a result the already cold bias of -1.2°C in CON over Scandinavia considerably

worsen in icloudl to -2.6°C.

A very interesting feature is that icloudl is clearly colder than CON for winter and autumn,
despite allowing more shortwave radiation to reach the surface due to the less cloudiness it
presents. This might seem physically inconsistent. However we must also take into account
that clouds can also impact longwave radiation. Clouds can absorb the longwave radiation
coming from the earth and re-emit a considerable portion of it back to the surface, resulting
in near surface temperature increase. When down welling longwave radiation at the surface
(Rlds) is analyzed, we see that it decreases around -2 to-3% for all seasons in icloudl. This is
consistent with the cloudiness decrease seen in icloud1 since we expect that less clouds will
absorb and re-emit a smaller longwave radiation amount back at the surface. This Rlds
decrease may sound small but it can be especially important in winter over northern Europe
where the shortwave radiation amount is very small. The general Rlds decrease seen in
cloudl helps to counteract the widespread Rsds increase observed, something that can
affect temperature. Indeed when the change in the overall radiation budget at the surface is
calculated (net shortwave + net longwave) it matches quite well with the changes in
temperature. For example the cooling seen in winter for icloudl is attributed to the
considerable decrease in the overall radiative budget that is especially pronounced over
northern Europe. In this case the longwave radiation decrease is prevailing over the
shortwave radiation increase. Conversely, for summer and spring the increase in the
radiation budget leads to warming at the surface. However autumn is a peculiar case. A
general temperature decrease is happening despite a positive change in the radiation
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budget at the surface. This indicates that other factors, such as changes in the atmospheric
circulation or in the sensible and latent heat fluxes might play an important role in this case.

Besides the difference in total cloud fraction, it is important to assess the differences of the
two schemes at the various cloud levels up in the atmosphere. Clouds at different altitudes
can have quite different characteristics. For example higher clouds do not heavily reduce the

incoming solar radiation but can effectively interact with earth’s longwave radiation trapping
it into the atmosphere.

As a final summary, it is clear that the change of the cloud parameterization had a very
strong impact on many variables. Besides cloud fraction, shortwave and longwave radiation
at the surface as well as temperature were intensely affected. It is impressive the impact
was in most cases considerably higher than the effect on aerosol implementation in the
model. We can conclude that the cloud parameterization is a very important one in the
model and proper attention needs to given in the selection of the proper scheme.
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Fig. 33: Total cloud fraction relative bias against the CLARA-A1 data set for control simulation CON (top row)
and icloudl (second row). Cloud fraction difference (third row) and temperature difference (bottom row)
between the two simulations (icloud1-CON) with stippling indicating where the differences are NOT significant
at the 0.05 level with the Mann-Whitney test. For all seasons.
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Fig. 34: Spatial Taylor diagram for total cloud fraction (CFRACT) comparing the control simulation (black) and
icloud1 (red) for all seasons against the CLARA satellite dataset.

Table 13: Domain averaged relative bias for total cloud fraction (CFRACT), shortwave (Rsds) and longwave
down welling radiation at the surface (Rlds) and simple bias for temperature. For all seasons.

Bias
Winter Spring Summer Autumn
icloud3 icloudl icloud3 icloudl icloud3 icloudl icloud3 icloudl
CFRACT (%) 28 26 25 22 12 1 27 24
RSDS (%) -7 10 -10 6 -8 4 -18 -8
RLDS(%) 6 2 4 2 2 0 4 2
Temperature -0.6 -15 -1.8 -1.7 -0.5 0.1 -0.1 -0.6
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Fig. 35: Cloud fraction (CFRACT) bias against the CLARA dataset in relation to the cloud fraction of the CLARA

dataset. For control simulation CON (top) and icloud1 (bottom). For winter (left) and summer (right).

86



2. PART2-Historical and Rcp8.5 simulations

2.1 Overview
PART1 of this study examined the sensitivity of the model regarding the introduction of
aerosol effects as well as the effective radii communication and cloud scheme selection. All
the simulations were forced using ERA-Interim reanalysis data and spanned a period of 5
years.

In this section we conduct longer simulations of 30 years for a historical period (1971-2000)
and a future period (2021-2050) enabling in the model aerosol-radiation interactions. This
time the model is driven by the CESM1 global climate model, using data that have been bias
corrected. Moreover the simulation of the future period is performed using the Rcp8.5
scenario. A series of experiments using either a static aerosol field or a time evolving aerosol
field is conducted. We use the same aerosol data set that was used for the global
simulations of CESM1, while the aerosol-radiation interactions are enabled through the
option aer_opt=2 which has been described in section 1.2.

Aim of Part2 of this study is:

a) To assess the impact of aerosol-radiation interactions more robustly based a longer
time period

b) To assess the impact of aerosol-radiation interactions using time evolving aerosol in
the trends of several variables and especially on the climate change signal.

Outline

Firstly we describe the global model and aerosol data used. Then we present the simulations
conducted. A brief evaluation of the Historical simulations is given in section 2.7. The
assessment of aerosol-radiation interactions based on a 30year period is given in section 2.9.
The impact of aerosol-radiation interactions on the trends or several variables and on the
signal of climate change for the historical period is given in section 2.8. An analysis for the
future projections is given at section 2.10.

2.2 The global model-CESM1

The global model used for driving the WRF regional climate model is NCAR's Community
Earth System Model (CESM1) used in Climate Model Intercomparison Program 5 (CMIP5). It
is a state-of-the-art global climate model that has coupled atmosphere, ocean, land, and sea
ice component models. It uses the CAM4.0 NCAR Community Atmosphere Model
atmospheric model that can enable prescribed aerosols to interact with radiation. CAM4.0
is the sixth generation of the NCAR atmospheric GCM.

The CESM1 data used in this study are bias corrected data according to the method
described in (Bruyere et al., 2014). This method corrects the mean bias of the GCM but also
lets the weather and climate variability to change. The mean bias is corrected using the ERA-
Interim reanalysis data from 1985-2005. Bias correction is performed in all the variables that
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are needed by WRF to generate boundary conditions: temperature, geopotential height,
relative humidity, sea surface temperature, mean sea level pressure and zonal and
meridional wind.

Spatial resolution of the CESM1 data used is 1.25 degrees in longitude and 0.94 degrees in
latitude whereas 26 vertical pressure levels are present. Temporal resolution is six hours.

2.3 Aerosol data
For both our Historical and Rcp8.5 simulations with time evolving aerosol we use the exact
same aerosol dataset (regarding total AOD) that the driving model CESM1 used for the
respective simulations that took part in CMIP5. Since both the RCM and the GCM that
provides the boundary conditions rely on the same aerosol dataset we believe this improves
the physical consistency of the conducted simulations.

The CCESM1 model uses the CAM4 atmospheric model. Earlier versions of CAM used
considerable simplifications regarding aerosol-radiation interaction treatment. CAM2 had
only a uniform aerosol background (AOD of 0.15) whereas CAM3 used a static climatology of
sulfate, sea-salt, carbonaceous and dust aerosol. The CAM4 version uses a tropospheric
aerosol climatology of monthly mean aerosol mass that evolves with time. It uses the same
main aerosol categories used in CAM3. However in CAM4 some of the categories are divided
even further thus the dataset contains ten aerosol categories: sea salt, four size related
types of dust, sulfates, new and aged black carbon, hydrophobic and hydrophilic organic
carbon.

The aerosol used in the historical experiments of the CESM1 used for bias correction have
been produced by the incorporating updated emission inventories in the CAM-Chem
coupled atmosphere-chemistry model for the period 1850-2000 (Lamarque et al., 2010). We
use the total AOD of the same aerosol field for the historical simulations (1971-2000) of this
study. Similarly, CESM1 used for its future projections an aerosol field coming from CAM-
Chem simulations for the period 2000-2100 using the emissions of the different
Representative Concentration Pathways (RCPs) (Lamarque et al., 2011). In the future
projections of this study (2021-2050) we use the total AOD of the same aerosol field.

Both for the historical and future simulations of this study we use the same total aerosol
optical depth that CESM1 used for its respective simulations. We provide it in WRF through
the aer_opt=2 option, in order to enable aerosol-radiation interactions. The rest aerosol

III

properties are parameterized using the “rural” aerosol type (see section 1.2).

2.4 Model setup
For both the Historical and Rcp8.5 simulations we use the exact same model set up. We use
the Weather Research and Forecasting Model (WRF) version 3.8.1 with the ARW core
(Skamarock et al. 2008, Power et al. 2018), the same model and version used in the
sensitivity study of PART1.

All the PART2 simulations are forced by the CESM1 bias corrected data (Bruyére et al., 2014).
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Model domain is the same as in the sensitivity study of PART1. It covers Europe between
25N-75N and 40W-75E with a resolution of 0.44° (~50km) following the EURO-CORDEX
specifications (Giorgi and Gutowski, 2015). We use 44 vertical levels, a higher number than
the one used in the sensitivity study of PART1 (31 levels). This is because the CESM1 data
reach 10hPa at the top of the atmosphere thus higher in the atmosphere than the ERA-
Interim (50hPa) used in PART1. Each group of simulations (Historical, Rcp8.5) covers a period
of 30years and uses 3 years as spin up time. The Historical simulations cover the period
1971-2000 (spin up 1968-1970) while the Rcp8.5 cover the period 2021-2050 (spin up 2018-
2020).

The simulations are all conducted with the exact same model setup while they differ only in
the aerosol fields used (see section 2.5). The basic model parameterizations used are:

The RRTMG (lacono et al.,, 2008) radiation scheme for both shortwave and longwave
radiation simulation. The CLM4 (Lawrence et al., 2011; Oleson et al.,, 2010) land surface
model. The MYNN surface layer scheme and the MYNN2 (Nakanishi and Niino, 2006)
boundary layer scheme. The Kain-Fritsch cumulus scheme (Kain, 2004). The Xu-Randall
method (Xu and Randall, 1996) for estimating fractional cloud cover (“icloud=1" option in
the namelist). Sub-grid cloud fraction interaction with radiation is enabled with the
“cu_rad_feedback” option enabled (Alapaty et al.,, 2012). Finally we use the Thompson
microphysics scheme (Thompson et al., 2008) in all simulations (not the Thompson aerosol-
aware scheme).

The above model setup has some changes compared to the set up used in the sensitivity
study of PART1. We have chosen the new model set up since it seems to improve some of
the biases seen in the old one. The differences are: We use the MYNN surface layer scheme
instead of the revised-MM5, the MYNN2 boundary layer instead of the Yonsei University
scheme and the Kain-Fritsch cumulus scheme instead of the Grell-Freitas scheme. Finally we
use option icloud=1 (Xu-Randall method) to estimate cloud fraction instead of icloud=3
(Sundqvist method) since we have seen in our sensitivity study (section 1.5.4) that it lowers
the cloud fraction overestimation.

2.5 Simulations conducted
All simulations use the Thompson 2008 microphysics scheme that does not enable aerosol-
cloud interactions. Only aerosol-radiation interactions are enabled through the aer_opt=2
option (see section 1.2). For both the Historical and Rcp8.5 simulations with time evolving
aerosol we use the exact same aerosol dataset (regarding total AOD) that the driving model
CESM1 used for the respective simulations in the context of CMIP5.

We have conducted three Historical simulations covering the period 1971-2000.

1. Simulation HisNo does not have any aerosol interactions.
Simulation HisAer uses the original time evolving aerosol used in the CESM1
Historical runs.

3. Simulation HisStatic uses an aerosol field that has no year-to-year variability, derived
by the CESM1 time evolving aerosol. We average the time evolving aerosol of
CESM1 over the period 1971-2000 keeping the spatial and monthly variability. In
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essence we have constructed a monthly mean (12 fields-one for each month)
climatology of the time evolving aerosol dataset that has the same average aerosol
optical depth with the time evolving historical dataset. We refer to this static in time
(on a year-to-year basis) aerosol dataset as the Static dataset.

We have conducted two scenario Rcp8.5 simulations covering the period 2021-2050.

1. Simulation RcpAer uses the original time evolving aerosol used in the CESM1 Rcp8.5
runs.

2. Simulation RcpStatic uses a static in time aerosol field. It is the same field used in
simulation HisStatic, derived by averaging the time evolving aerosol of CESM1 over
the period 1971-2000 keeping the spatial and monthly variability. With RcpStatic we
have a simulation of a future period that has the same mean AOD with the Historical
run.

We see that there are simulations using time evolving aerosol have the term “Aer” in their
names whereas those featuring a static in time mean AOD field have the term “Static” in
their names.

Table 14: Simulation conducted for PART2 of this study and information about aerosol treatment. The
Historical runs are depicted with pale green header. The Rcp8.5 scenarios are depicted with pale purple
header.

Simulation HisNo HisAer HisStatic RcpAer RcpStatic
Mp scheme Thompson Thompson Thompson Thompson Thompson
2008 2008 2008 2008 2008
Aerosol
- aer_opt=2 aer_opt=2 aer_opt=2 aer_opt=2
option
Aerosol CESM1
CESM1 CESM1 CESM1
source ;
- time time
; static static
evolving evolving
Aerosol
- “rural” “rural” “rural” “rural”
type
Aerosol
- radiation radiation radiation radiation
interacting
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with

The goal of conducting these simulations

By evaluating simulations HisAer, HisStatic and HisNo: To assess the coupling between the
CESM1 bias corrected data and WRF.

By comparing simulations HisAer and HisNo: To assess the impact of aerosol interactions
over the 30year historical period. This will provide a more robust result than the 5year
sensitivity studies.

By comparing simulations HisAer and HisStatic: To assess the impact of time evolving aerosol
on trends in some main variables (e.g. radiations and temperature) versus the impact of a
static aerosol field.

By analyzing RcpAer: To identify the simulated climate of the future 2021-2050 period and
detect the trends and climate change signal.

By comparing RcpAer and RcpStatic: To assess the impact of time evolving aerosol
(decreasing concentrations) on the simulated future climate compared to a static aerosol
field that has the same mean AOD with the historical period.

2.6 Aerosol Optical Depth
We present in this section a short analysis of the aerosol data, specifically the total aerosol
optical depth at 550nm (AOD), used in the historical and Rcp8.5 simulations.

In Fig. 36 (left) we present the total aerosol optical depth at the visible range of the CCM4
aerosol data set over the model domain, covering the entire historical period of 1850-2005
and the future period of 2005-2100. For the future period AOD is depicted for the Rcp 4.5,
6.0 and 8.5 scenarios. It is clear that for the broader historical period AOD has an intense
increasing trend until the mid 1970s early 1980s. From that time and on the trend is
reversed and AOD decreases rapidly with time. This behavior is expected and has been
described in observational studies ((Streets et al., 2006). It is attributed to the reduction of
anthropogenic aerosol concentrations (Vestreng et al., 2007). The strict regulations
regarding aerosol emissions in Europe have affected aerosol concentrations reducing their
numbers and resulting in decreasing trends (Wild, 2009). Thus for the future period all the
Rcp scenarios present decreasing AOD trends, however less intense compared to the one
seen in the 1980-2005 time frame. The Rcp8.5, the one we use in this study, has the largest
AOD reduction for the period 2021-2050 compared to the other two emission scenarios.

We must note here that the spikes of sudden increases in AOD during the historical 1850-
2005 period are the result of volcanic eruptions. The impact of such eruptions on the total
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AOD is impressive. There are cases that the AOD of the entire model domain more than
doubles after a large eruption. Volcanic eruptions are also present in the 1971-2000 period
(Fig. 36-right) used in the historical simulations of this study and thus their impact on AOD is
fully taken into account. For example the large spike in SOD seen in the early 1990s is caused
by the eruption of Mt. Pinatubo in 1991. This eruption had the largest ejection of aerosol in
the stratosphere in the 20" century and intensely affected radiation and temperature
worldwide causing a cooling at the surface of 0.5 to 0.6 °C in the Northern Hemisphere
(McCormick et al., 1995).

In Fig. 36-right we present the temporal evolution of AOD for the simulations conducted in
PART2, both historical and Rcp8.5. It is clear that simulations HisStatic and RcpStatic have
the same AOD field that has a static average value through time. In both historical and
Rcp8.5 simulations with time evolving aerosol, HisAer (1971-2000) and RcpAer (2021-2050),
the trends are negative, resulting in decreasing AOD with time. It is characteristic that this
decreasing trend is not only present regarding domain averages but it is also detected on the
times series at grid point level for the biggest part of the domain. Fig. 37 presents the trend
coefficient calculated as the slope of a least-squares fit on the yearly mean time series over
each grid point for the historical period 1971-2000 (left) and the Rcp8.5 scenario 2021-2050
(right). It is evident that for the main European domain used in the analysis (Fig. 37) the
AOD trend is negative (blue color) thus decreasing. Only some areas of the wider model
domain, over North Africa and the Central Atlantic ocean, present increasing (deep red) AOD
trends in the period 1971-2000 whereas in the 2021-2050 they are even less spatially
extensive.

More information about the trends of the time evolving aerosol used in the historical HisAer
simulation are given in section 2.8.2.
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Fig. 36: Left: Aerosol optical depth (AOD) evolution during the entire historical 1850-2005 period and for three
Rcp scenarios covering the period 2005-2100. Right: AOD temporal evolution for the simulations conducted in
PART2, both historical and Rcp8.5. Both plots cover the entire model domain.
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Fig. 37: Aerosol optical depth (AOD) trend coefficient for the periods 1971-2000 and 2021-2050 using yearly
mean time series over each grid point over the model domain. The trend coefficient is the slope of a linear fit
to each time series using the least-squares method.

In order to put the CESM1 aerosol used in PART2 into context we present in the yearly
average AOD for the Static aerosol field, the Historical and Rcp8.5 fields both in the
beginning and the end of each period as well as for the aerosol climatologies used in the
sensitivity study in PART1 and the Seviri satellite data set (2004-2008 period average). We
see that the Static field is close to the Macvl and MACC mean values as well as close to the
Historical data set in the beginning of the period (1971). On a seasonal basis it presents
smaller domain averaged AOD than both MACC and Macvl for all seasons except for
summer (0.25). The Tegen climatology on the other hand has the smallest AOD among the
climatologies (0.13) with its value being very close to the Rcp8.5 mean AOD. Therefore a
user interested only in mean AOD could chose the Tegen climatology to represent aerosol
for the simulation of a future period. Moreover, the use of the Static field in the future
period (simulation RcpStatic) provides the model with a mean AOD (0.19) considerably
larger than that of the Rcp8.5 scenario. The Static fields also presents a seasonal variability,
with an average AOD of 0.12 in winter, 0.20 in spring, 0.26 in summer and 0.17 in autumn.

Table 15: Mean aerosol optical depth (AOD) for the Static aerosol field, the Historical and Rcp8.5 fields both in
the beginning and end of each period as well as for the aerosol climatologies used in the sensitivity study in
PART1 and the Seviri satellite data set (mean for the period 2004-2008).

STATIC Historical Historical Rcp8.5 Rcp8.5 Tegen  Macvl MACC Seviri
1971 2000 2021 2050 (2004- (2004-
2008)
2008)
0,19 0,18 0,16 0,13 0,12 0,13 0,22 0,21 0,27

Spatially the CCM4 aerosol (historical, future and Static) present the same basic behavior like
the one seen in the climatologies used in the sensitivity study of PART1. Fig. 38 presents the
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Static AOD field and Rcp8.5 field for each season as well as the climatologies of MACv1 and
Tegen. We see that the Static field is very similar to the spatial pattern of the MACv1
climatology. However the Static field has a much stronger AOD (exceeding 0.6 in places) over
North Africa in summer. This intense AOD over North Africa is the largest among all the
datasets examined and only Seviri has a few spots of comparable intensity. Moreover as is
the case with MACv1, the Static lacks the intense AOD maximum seen in winter over Eastern
Europe in the Seviri satellite dataset. The Rcp8.5 field has a much milder AOD than all the
other datasets, indicative of the decreasing AOD trend. The largest part of the European
continent presents quite low AOD values (below 0.15) for all seasons without any
considerable seasonal variability. It is characteristic that in summer the AOD maximum over
North Africa decreases both in intensity and extent whereas the secondary maximum over
central Europe is completely gone. The Tegen climatology is the closest to the Rcp8.5 in
terms of AOD magnitude, even though Tegen presents larger AOD values over extended
parts of eastern and southeastern Europe.

AOD Static DJF AOQD Static MAM AQD Static JUA

AOD Tegen DJF

Fig. 38: Seasonal aerosol optical depth (AOD) for the Static field (first row) and the Rcp8.5 field (second row)
that are used in PART2. For comparison, the bottom two rows present the aerosol optical depth fields of the
MACv1 climatology (third row) and the Tegen climatology (bottom row) that were used in the sensitivity study
of PART1..
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2.7 Evaluation-Historical simulations
In this section we present the evaluation of the historical simulations. We examine near
surface temperature (T), precipitation (Pr), shortwave radiation at the surface (Rsds) and its
direct normalized component (DNI) and total cloud fraction (CFRACT). The purpose is to
assert the degree of success that our simulations exhibit in simulating the historical climate
over Europe.

Here we perform a basic evaluation of the historical runs. Since bias differences between the
simulations are small we present plot only for HisNo (no aerosol) and HisAer (transient
aerosol). Temperature and precipitation are compared against the E-OBS v19 observational
dataset. Rsds and DNI are compared against the SARAH satellite dataset and CFRACT is
compared against the CLARA-A1 satellite dataset. Since all the satellite datasets used have
data after 1983 evaluation against the satellite data covers the period 1983-2000.

An analysis of the trends of the historical simulations and of the observational data is
performed in the next section (2.8). Even though it could be considered as part of the overall
evaluation, we choose to present it in a separate section since we mainly focus on the
aerosol-radiation interactions impact on the trends.

2.7.1 Summary

In general the biases seem to be reduced compared to the CON simulation in the sensitivity
study of PART1 and are constrained compared to other biases seen in the bibliography for
both GCMs and RCMs over Europe. This indicates that both the current model setup of WRF
as well as the coupling with the CESM1 bias corrected data is successful. The ability of the
historical simulations to correctly simulate the climate of Europe makes the results of the
Rcp8.5 scenarios more robust. The bias differences between the historical simulations are
small indicating that aerosol treatment is not one of the main causes of bias.

2.7.2 Temperature
In general there is a good agreement between the historical simulations and E-OBS. Domain
averaged biases are less than 1°C for all seasons and this behavior is also seen for most of
the Prudence subregions as well. Only EA and FR in summer have stronger biases, around
1.5°C.

There are seasons where the domain averaged bias is very small (winter, autumn and even
spring) but this happens because of error compensation between positive and negative
values. If we examine the absolute bias we see that domain averages are close to 1 °C for
winter and summer and around 0.6 to 0.7 °C for spring and autumn. Therefore the
magnitude of error is pretty much comparable for all seasons. Moreover the absolute bias is
also constrained usually below 1 °C for most subregions and seasons. The absolute bias
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metric is more indicative of the error magnitude since it does not take into account the sign
of the bias, thus it does not suffer from sign compensation.

The historical runs are clearly warmer than E-OBS in summer, with this overestimation
happening all over the domain. For the rest seasons there is not a clear specific tendency of
the bias. In autumn a small overestimation is present for most subregions except
Scandinavia. In winter and spring positive and negative biases are seen over the domain.
However characteristic is a large area over eastern Europe where the simulations are cooler
than the observational data (underestimation).

Compared to the control simulation CON from PART1, the historical simulations have smaller
biases. Some of the strong biases of CON, like the underestimation over central and north
Europe in spring (-2.3°C) and the underestimation over Scandinavia in winter (-1°C) are
decreased or are completely gone in the historical simulations. For example the winter cold
bias over Scandinavia, characteristic of many WRF simulations, is altered to a small warm
bias (0.4°C) in the historical runs. In terms of absolute bias however the values are
comparable to CON in winter, autumn and summer but there are considerably better in
spring (0.7 instead of 1.8 °C).

Overall the performance is quite good compared with CON and with other studies over
Europe. There are simulations, especially with WRF than present much larger biases in
temperature, especially in winter over northern Europe (sometimes exceeding 3°C) (Garcia-
Diez et al., 2015).

Finally it must be noted that the differences between the historical simulations are very
small. The pattern of temperature bias is almost identical whereas the magnitude of bias is
very similar. Domain or subdomain averages usually do not differ more than 0.1 °C. The use
of aerosol-radiation interactions does not necessarily reduce the temperature bias
compared to HisNo. In cases of negative bias in HisNo (e.g. Scandinavia and the Alps in
spring) the introduction of aerosol-radiation interactions leads to bias increase since it
produces further cooling.

Table 16: Temperature bias (C) for the historical simulations against Eobs19. For all seasons and all subregions
including the EU region. Last row presents the absolute bias for the EU region.

DIF MAM JA SON
HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic
BI 0,6 0,5 0,6 04 0,2 0,1 0,3 03 0,2 04 0,2 0,2
IP 0,2 0,0 0,0 03 01 0,0 0,7 0,5 0,5 04 0,2 0,2
FR 0,6 04 0,5 1,0 0,7 0,6 15 1,3 1,2 1,0 0,7 0,6
ME 03 01 0,2 0,6 0,2 0,1 14 1,2 1,0 1,0 0,6 0,5
SC 0,4 03 04 -0,5 -0,7 0,7 0,6 04 0,2 -0,5 -0,7 -0,7
AL 01 -0,2 -0,1 -0,5 -0,8 -0,9 1,1 0,9 0,8 0,7 04 04
MD -0,3 -0,5 -0,5 01 -0,1 0,2 1,0 0,6 0,7 01 -0,1 0,0
EA -0,5 -0,7 -0,4 -0,2 -0,7 -0,8 2,2 16 15 0,7 0,2 0,1
EU 0,0 -0,1 0,0 0,0 -0,3 -0,4 1,1 0,8 0,7 0,3 0,0 0,0
Absolute Bias
EU 0,9 1,0 0,9 0,6 0,6 0,7 1,4 1,1 1,1 0,7 0,6 0,6
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Fig. 39: Temperature bias for the historical simulations, HisAer (top) and HisStatic (bottom). For all seasons.

2.7.3 Precipitation
As is the case with temperature, precipitation bias pattern and magnitude is very similar,
almost identical for all historical simulations. Thus all the historical simulations present in
essence the same behavior.

In general biases are not very strong, as seen in the context of other studies over Europe
(Kotlarski et al., 2014). We can say that there is a nice agreement between the historical
simulations and E-OBS. Some large biases are present over extended areas in several cases
but nothing particularly important to indicate large errors in simulating the physical
mechanisms of precipitation. The historical simulations of this study present considerably
better bias results compared to many other WRF simulations over Europe, that are even
driven by reanalysis data (Garcia-Diez et al., 2015).

In general the historical runs are more wet than E-OBS. Precipitation is considerably
overestimated almost all over the domain in winter and spring (27% to 37% domain
averages) and less in autumn (11%). On the other hand, in summer bias does not have a
specific tendency. There is a large zone covering west, central and eastern Europe with
underestimation, moderate in relative bias (-10 to -20%) but considerable if expressed in
mm/day (-0.15 to -0.44 mm/day). Areas of southern Europe over the Mediterranean region
and the Iberian Peninsula have precipitation overestimation in summer. However the large
relative bias (+47% in MD) is inflated due to the small precipitation amount in this region
and season. For MD during summer, bias in mm/day is quite small (0.07 mm/day) but the
absolute Bias is definitely not negligible (0.28 mm/day) indicating sigh compensation for the
simple bias.

We also examine the mean absolute bias. The mean absolute bias is 0.5 to 0.6 mm/day in
winter and spring, 0.4 mm/day in autumn and 0.3 mm/day in summer. Therefore we see
that the error in precipitation does not deviate that much on a seasonal basis, as was the
case in relative bias. Moreover the mean absolute bias is very similar to all historical
simulations, regardless of aerosol implementation.
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The control simulation CON in PART1 had a similar behavior regarding the pattern and
direction of the bias. However it presented more intense biases in several areas like the
winter overestimation over EA and summer overestimation in MD and overestimation over
the Balkans. In essence the historical runs have similar pattern but more mild biases
compared to CON. We must always remember that CON extends only for 5 years on a
different time period, making comparisons difficult. We can state however that we have an
indication that the model setup in PART2 might be improving bias magnitude.

Table 17: Precipitation relative bias (%) for the historical simulations against Eobs19. For all seasons and all
subregions including the EU region. Last two rows present the bias in mm/day and the absolute bias in
mm/day for the EU region.

DJF MAM JA SON
% HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic
Bl 2 2 3 9 11 13 -5 -8 -4 -5 -4 -3
P 9 9 7 47 43 42 46 33 34 5 7 10
FR 1 0 0 22 19 22 0 -7 -9 -1 1 1
ME 15 16 15 17 17 19 -6 -14 -13 8 8 13
SC 46 48 48 42 42 46 5 0 5 19 18 18
AL 27 23 27 33 32 34 -1 -7 -10 12 9 13
MD 19 19 18 50 48 51 46 47 36 11 13 8
EA 41 38 38 37 34 37 -15 -18 -19 9 16 14
EU 27 27 27 38 35 37 6 1 2 9 11 11
mm/day
EU 0,29 0,29 0,28 0,53 0,51 0,55 -0,03 -0,12 -0,10 0,09 0,12 0,11
Absolute
Bias mm/day
EU 0,56 0,57 0,57 0,57 0,53 0,56 0,31 0,33 0,33 0,38 0,40 0,40

Pr Bias% HisNo DJF Pr Bias% HisNo MAM

Fig. 40: Precipitation relative bias for the historical simulations, HisAer (top) and HisStatic (bottom). For all
seasons.
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2.7.4 Total cloud fraction (CFRACT)
Total cloud fraction 'is evaluated against the CLARA satellite dataset for the period 1983-
2000.

Bias pattern and magnitude is again almost identical for the historical simulations for all
seasons.

Simulated total cloud fraction has good agreement with the satellite data. Bias and relative
bias domain averages are quite small. This is of course up to a point due to error
compensation between positive and negative values. However absolute bias not very big as
well. Domain averaged absolute relative bias is largest for summer, around 18%, and ranges
between 7 to 10% for the rest seasons. Absolute bias is larger for summer and winter at
0.07, and becomes 0.05 for autumn and spring.

The spatial pattern of the bias presents both areas with over and underestimation and has
some basic characteristics: 1) An overestimation of cloud fraction over Scandinavia and
northeastern Europe in winter. 2) An overestimation over the Iberian Peninsula, more
prominent in summer and autumn. 3) An underestimation of cloudiness over the
southeastern part of the domain covering parts of eastern Mediterranean, around the Black
Sea and the Balkans. This is more prominent during summer with MD and EA having
averages of -20% and the relative bias exceeding -50% over extended areas of Greece and
Turkey. The relative values are somewhat inflated due to the small cloudiness amount
present in this area during summer. However the bias (scale -1 to 1) magnitude is also large
(between -0.1 and -0.3), larger than all other areas of Europe in summer, clearly indicating a
local deficit of cloudiness amount over the examined area. Interestingly this
underestimation is not present over the Black Sea itself, but over the surrounding areas. The
historical simulations have cloud fraction amounts that do not differ much between the
Black Sea and the surrounding areas. On the other hand the CLARA dataset clearly has a
sharp contrast in cloud fraction between the Black Sea and the land areas around it, with
that over the sea having less CFRACT amount. Algorithms that produce the satellite datasets,
tend to treat points over land and over the sea differently, and this manifests in the cloud
fraction of the CLARA dataset. This situation clearly affects the bias spatial pattern over the
region keeping it quite smaller over the water area of the Black Sea.

Compared to other studies over Europe, the historical simulations have considerably smaller
biases. Several WRF hindcast simulations (Katragkou et al., 2015) presented larger and
spatially more extensive CFRACT underestimation over southern Europe in summer (e.g.
exceeding -50% over the entire south Europe) and more prominent overestimation over
north Europe in winter.

Finally the setup of the CON simulation in PART1 that used ERA-Interim boundaries
produced larger biases and tended to generally overestimate cloudiness amount. The new
model setup in the historical simulations seems to help simulate more realistic cloud fraction
values. The use of a different cloud fraction scheme (using the Xu-Randall method in
historical instead of Sundqgvist in CON) has probably a positive impact on cloud fraction
biases (see section 1.5.4).
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Table 18: Total cloud fraction (CFRACT) relative bias (%) for the historical simulations against CLARA satellite
dataset. For all seasons and all subregions including the EU region. Last three rows present the absolute
relative bias, the bias (scale -1 to 1) and the absolute bias for the EU region.

DJF MAM JA SON
% HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic
BI 1 1 1 0 0 1 0 1 2 1 1 1
P 4 5 5 12 12 11 13 15 13 16 16 17
FR 3 3 2 5 4 4 2 0 -2 9 8 8
ME 4 3 4 1 1 2 5 -1 -1 -1
SC 11 11 11 8 7 8 8 7 8 8 8 8
AL 0 0 0 1 0 1 - -6 -8 2 3 3
MD -13 -12 -13 2 -1 -2 -20 -19 -20 -8 -5 -5
EA 10 9 9 1 1 2 -24 -22 -22 0 2
EU 3 3 3 2 2 2 8 -8 8 2 2
Bias 0,03 0,03 0,02 0,01 0,02 0,02 -0,02 -0,02 -0,02 0,01 0,02 0,02
Absolute
Bias
EU 0,07 0,07 0,07 0,05 0,05 0,05 0,07 0,07 0,07 0,05 0,05 0,05
Absolute
bias %
EU 10 10 10 7 7 7 17 17 18 8 8 8
Cfract Bias % HisNo DJF Cfract Bias % HisNo MAM Cfract Bias % HisNo JJA Cfract Bias % HisNo SON
{ 7 v.‘(;: a 7 2 Zc® ':

Cfract Bias % HisAer MAM Cfract Bias % HisAer JJA Cfract Bias % HisAer SON

Fig. 41: Total cloud fraction (CFRACT) relative bias for the historical simulations, HisAer (top) and HisStatic
(bottom). For all seasons.

2.7.5 Shortwave radiation at the surface (Rsds)
Shortwave down welling radiation at the surface (Rsds) is evaluated for the period 1983-
2000 against the SARAH satellite data set.

In general agreement with the satellite data is good. However for all seasons the historical
simulations overestimate Rsds. It is characteristic that domain averaged relative bias (and
bias in W/m?) is always positive and the same is true for all the subdomain averages as well.
Thus spatially the overestimation is total. Over the entire domain only a very small number
of grid points have slightly negative biases. Therefore the introduction of aerosol-radiation
interactions, which decrease Rsds amount, lead to bias improvement compared to the
historical simulation HisNo that has no aerosol.
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In terms of relative bias this overestimation is larger in winter (29%) and in spring (18%).
Interestingly for these two seasons large biases are more pronounced over mountainous
areas like the Alps and southwest Norway. Simple bias however (expressed in W/m?) is
larger during summer and spring (around 30 W/m?) due to the larger amount of solar
radiation reaching the surface. Domain averages of bias and absolute bias are identical,
indicating the total Rsds overestimation over the domain.

The values of the relative bias can be considered quite good even when compared against
WRF hindcast simulations driven by reanalysis data. In the study of (Katragkou et al., 2015)
all the WRF simulations (period 1990-2008) had worse Rsds relative biases, especially in
winter, against the ISCCP satellite dataset.

Moreover it is impressive that the underestimation of Rsds seen in control simulation CON
of PART1 is completely reversed to total overestimation in the historical simulations. The
model setup and especially cloud scheme selection, icloud=1 (see section 1.5.4), has an
intense impact of radiation levels. The tendency and sign of the bias might differ drastically
but the absolute bias between CON and historical is quite similar and only differs
considerably in autumn with the historical simulations having the better metric (10 W/m?
instead of 17 W/m? for CON).

Finally it must be noted that the prominent biases in cloud fraction described in the previous
paragraph (e.g. underestimation in southeastern Europe during summer) do not seem to
have an impact on the Rsds biases. It is characteristic that there areas over north and
eastern Europe in winter that are considerably overestimating both cloud fraction and
shortwave radiation. Situations like this usually are attributed to the calibration of the
model, specifically of the radiation scheme and how it is adjusted to work with a given cloud
fraction amount.

Table 19: Shortwave down welling radiation at the surface (Rsds) relative bias (%) for the historical simulations
against SARAH satellite dataset. For all seasons and all subregions including the EU region. Last two rows
present the bias in W/m2 and the absolute bias in W/m2 for the EU region.

DIF MAM JA SON
% HisNo HisAeros HisStatic HisNo  HisAeros HisStatic HisNo HisAeros HisStatic HisNo  HisAeros HisStatic
BI 27 22 22 25 20 19 21 16 15 16 12 12
P 14 9 9 11 7 8 10 4 4 9 4 3
FR 21 16 16 19 15 15 19 14 14 13 8 8
ME 30 25 25 28 21 21 29 23 21 27 19 18
SC 49 44 43 28 23 22 22 19 17 24 18 17
AL 42 36 36 31 26 25 18 12 12 18 11 11
MD 25 19 20 18 12 12 11 3 3 14 6 6
EA 39 35 35 30 23 22 27 19 18 25 15 15
EU 34 29 29 24 18 18 19 13 12 18 12 11
Bias W/m?
EU 15 13 13 40 30 29 43 28 27 17 10 10
Absolute
Bias W/m’
EU 15 13 13 40 30 29 43 28 27 17 10 10
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Fig. 42: Shortwave down welling radiation at the surface (Rsds) relative bias for the historical simulations,
HisAer (top) and HisStatic (bottom). For all seasons.

2.7.6 Direct normalized irradiance (DNI)
Shortwave direct normalized irradiance at the surface (DNI) is evaluated for the period 1983-
2000 against the SARAH satellite data set.

Simulation HisNo

The no aerosol simulation HisNo has considerably larger biases than the two simulations
with aerosol-radiation interactions and presents a complete overestimation of DNI. The
domain averaged relative biases are strong and range from 30% to 54% depending on
season. Due to the total overestimation the absolute relative biases are almost identical. It is
characteristic that at grid point level the bias exceed 50% at a large part of the domain for all
seasons. However this is especially pronounced in summer over almost the entire
continental Europe.

Simulations with aerosol-radiation interactions

For HisAer and HisStatic the relative bias against SARAH satellite dataset is less than 10%
regarding domain averages for all seasons. However the small domain averages are a result
of error compensation since both strong positive and negative biases exist. The domain
averaged absolute relative bias is clearly larger, ranging from 9% in autumn up until 20% in
winter where the largest relative error is present. If the absolute bias (W/m?) is examined
summer is the season with the largest domain averaged error (32 to 36 W/m?) which is 2-3
times larger than the average bias seen for the other seasons. However the larger radiation
levels in summer definitely contribute to the enlarged absolute bias detected.

The spatial pattern of the relative bias has some prominent features. A strong negative bias
(underestimation) is seen in winter over an extended area at the northeastern part of the
domain. This underestimation exceeds 50% over extensive areas. Interestingly it is not seen
in any other season. Also in winter, a strong positive bias (overestimation) is present over
the southeastern part of the domain. For the rest seasons positive biases continue to be
present over parts of this area, mainly over land, but are much less pronounced. In summer
a large zone of positive biases covers almost the entire domain over land above 40° in

102



latitude (in essence the middle and northern part of the domain). Interestingly, this strong
positive bias is especially pronounced over the eastern-northeastern part of Europe, the
same area that has the strong negative bias in winter. Finally it is interesting to note that sea
areas have in many cases a different bias behavior than the land areas close to them. For
example the Mediterranean Sea and has negative biases in all seasons except winter,
whereas extensive land areas around the Mediterranean (southern France, Italy, Greece and
Turkey) have positive biases. This behavior is more prominent in summer.

Conclusion

Overall the DNI biases of HisNo are larger than those seen in the control simulation CON of
PART1. Moreover CON had a clear tendency for DNI underestimation whereas HisNo clearly
overestimates direct radiation. In CON the mean absolute relative bias is around 30% for all
seasons whereas for the HisNo ranges from 30 to 54%. When aerosol-radiation interactions
are enabled the mean absolute relative bias is clearly improved, ranging from 9% in autumn
to 20% in winter in HisAer and HisStatic. Therefore the inclusion of aerosol can have a
dramatic impact on the direct normalized radiation bias. Of course whether it improves or
worsen the bias always depends on model calibration and the behavior of the model
without the aerosol interactions. Finally we must also note that small differences between
the historical runs that have aerosol do exist, regarding the bias in DNI. In contrast to the
other variables examined these differences are not negligible. This is something we expected
since both theoretically and also as we demonstrated in section 1.5.3.4 of the sensitivity
study of PART1, DNI is more sensitive to aerosol load. Thus the historical simulations present
very similar bias patterns and overall behavior, however differences are seen. Small ones are
detected regarding domain averages but on local level they can be more pronounced. For
example in Middle Europe (ME) during summer HisAer has a 21% overestimation that drops
to 12% in HisStatic.

Table 20: Direct normalized irradiance at the surface (DNI) relative bias (%) for the historical simulations
against SARAH satellite dataset. For all seasons and all subregions including the EU region. Last three rows
present the absolute relative bias (%), the bias and absolute bias (in W/mz) for the EU region.

DJF MAM JA SON
% HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic HisNo  HisAeros HisStatic
BI 50 12 12 54 22 18 55 18 14 44 11 11
P 11 -12 -11 16 -10 -9 29 -8 -8 14 -14 -16
FR 29 0 1 32 5 3 46 9 6 22 -8 -10
ME 35 3 2 49 10 7 71 21 12 54 8 3
SC 16 -18 -19 43 9 6 55 21 15 44 5 2
AL 51 19 20 45 12 7 54 9 6 35 -3 -5
MD 42 11 12 35 -1 -2 39 -6 -7 34 -7 8
EA 7 -19 -20 53 7 4 82 24 19 49 -1 3
EU 30 -2 -2 43 6 4 54 10 7 39 0 2
Absolute
bias %
EU 39 20 20 43 11 9 54 18 15 39 9 9
Bias W/m’
EU 25 2 2 68 7 4 116 17 11 45 -4 -5
Absolute
bias W/m*
EU 29 13 14 68 17 15 116 36 32 45 11 11
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Fig. 43: Direct normalized irradiance at the surface (DNI) relative bias for the historical simulations, HisAer
(top) and HisStatic (bottom). For all seasons.

2.8 Trend analysis-Historical simulations
In this section we present an analysis of the trends for all the variables examined in the
evaluation (section 2.7) (Rsds, DNI, CFRACT, T, Precipitation) as well as for the time evolving
aerosol optical depth of HisAer. We put emphasis on the trend analysis of shortwave
radiation at the surface (Rsds) and temperature (T).

The linear fitting is performed with the Theil-Sen method (Theil, 1992; Sen, 1968) that is a
non parametric method with resistance to outliers. Statistical significance of the trends is
calculated with the non parametric Mann-Kendall test and is identified at the 95% level.

Analysis is performed on a yearly basis. In order to increase the robustness of the results, for
shortwave radiation and temperature we also conduct the analysis using monthly mean
values after deseasonalizing the time series. Deseasonalization of the monthly means is
performed for each month by subtracting from the monthly mean values (time steps =12 x
number of years) the mean value for the entire period of study of each respective month.
The two different ways of analysis (yearly and monthly) produce in some cases some
discrepancies in the intensity of the trends (slopes of the linear regression after being
deduced at the same time frame). However the qualitative results are essentially the same,
thus increasing the credibility of the conclusions. We primarily present the results of the
analysis conducted on a yearly basis.

All variables are analyzed for the full period 1971-2000. However since the satellite data
used to evaluate for Rsds, DNI and CFRACT cover only the 1983-2000 period, trend
comparison between the satellite data and the historical runs is also performed for the same
period regarding these variables.

In order to examine the impact of aerosol on the trends, firstly we examine the trend of the
time evolving aerosol used for the HisAer simulation. We remind that the HisStatic

104



simulation uses an AOD field with monthly variations that present no year to year variability
and thus no trend.

2.8.1 Summary

The use of realistic time evolving aerosol (with decreasing AOD over time) in a historical
simulation leads to significant positive trends in shortwave radiation at the surface (Rsds)
with direct normalized irradiance (DNI) being affected with even greater intensity. This
effect on Rsds is in accordance with observational studies over Europe. The use of a static in
time aerosol field fails to simulate the increasing shortwave radiation trend. We are
confident that the decreasing aerosol optical depth is the cause of the shortwave radiation
increasing trend and not a decrease in the cloud fraction amount over time. The positive
shortwave radiation trend seen in HisAer leads to an intensification of the positive
temperature trend in HisStatic, further enhancing the climate change signal. The use of the
SARAH and CLARA satellite data for trend analysis is problematic.

2.8.2 Aerosol optical depth
Firstly we analyze the trends of the time evolving aerosol of the HisAer simulation.

Table 21 presents the slopes of the linear regression for two periods, 1983-2000 and 1971-
2000 for all subdomains. The larger the magnitude of the slope (the absolute value) the
greater the intensity of the trend is.

Table 21: Slope of the linear regression regarding aerosol optical depth for simulation HisAer. For periods
1983-2000 (top) and 1971-2000 (bottom). For all subdomains including the EU region. Negative trends are
depicted with blue color cells while positive trends with orange color cells. Bold fonts are used to depict trends
that are statistically significant at the 95% level.

1983-2000
EU BI Ip FR ME sC AL MD EA
| Hisaer | 36 | 17 | 29 | 36 | 57 | 38 | 58 | 39 | 56 |
1971-2000
EU Bl I FR ME e AL MD EA
[ wiser | 22 | 12 | a0 | 23 | 39 | 21 | 33 | 22 | 31 |
x 10° fyear

The negative trend of AOD is clear for both periods. It is characteristic that the trends are
negative for all subdomains including the EU domain. Moreover all the trends are
statistically significant with the only exception being the Iberian Peninsula during the greater
1971-2000 period.

Overall the trend during the 1983-2000 period is more negative than the one during the
1971-2000 period. This is the case not only for the EU domain but for all the subdomains as
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well. This is to be expected since the decrease of AOD started in the mid 70s to early 80s, as
seen in Fig. 36.

The steepest decrease for both periods is seen over Middle Europe (ME) and the Alps (AL).

AOD trend EU 1971-2000 AOD trend EU 1983-2000

0.4r

0.4r
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Fig. 44: Aerosol optical depth and linear regression line using the Theil-Sen method over the EU region. For the
full period 1971-2000 (left) and period 1983-2000 (right).

2.8.3 Shortwave radiation at the surface
The overall period 1971-2000

Simulation HisStatic, with the static aerosol field, presents no specific trend in shortwave
radiation at the surface (Rsds) (Table 22). On the other hand the use of time evolving aerosol
in HisAer clearly leads to an increasing trend in Rsds. We have seen that shortwave down
welling radiation at the surface is directly impacted by aerosol-radiation interactions (section
1.5.3.2). Aerosol introduction leads to Rsds decrease due to scattering and absorption.
Smaller AOD levels mean less Rsds reduction. Thus the decreasing trend of AOD leads to an
increasing trend in Rsds levels.

It is characteristic HisAer has clear positive trends for the EU region and all subdomains, with
the trends being statistically significant for most cases (EU region and 6 out of 8
subdomains). HisStatic on the other hand does not have a single case with significant trend
and the slope magnitudes are quite smaller. Finally, there seems to be a connection
between the magnitude of the decreasing AOD trend and the magnitude of the increasing
trend in radiation. For example Middle Europe (ME) and the Alps (AL) have at the same time
the largest negative trend in AOD and the most positive trend in Rsds. The British Isles (Bl)
on the other hand have the smallest AOD negative trend and also a non significant negligible
trend in shortwave radiation.

Period 1983-2000

In general, the overall picture for the 1983-2000 period is also very similar, for both HisAer
and HisStatic. However, in HisAer the increasing trend over Europe has intensified doubling
in magnitude (2.9 W/m? per decade), whereas intensification is seen for half of the
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subregions as well. This is in accordance with the so called “brightening” effect seen over
Europe. An increasing trend in Rsds has been widely observed over Europe from the mid
1980s (Norris and Wild, 2007) and has been named the brightening. This is a main result of
this study: the use of realistic time evolving AOD in a historical simulation leads to an
increasing trend in shortwave radiation at the surface and thus to the simulation of the
brightening seen in this period by many observational studies. The use of static in time AOD
field completely fails to simulate this observed brightening effect. We are confident that the
significant increasing trend in Rsds seen in HisAer (and not in HisStatic) is not the result of a
decreasing trend in cloudiness amount. This is because both HisAer and HisStatic have a very
similar behavior regarding total cloud fraction tendency over time (section 2.8.5). Therefore
we can attribute the simulated brightening effect to the decreasing aerosol load with more
confidence. The RCM study of Nabat et al., (2014), also clearly indicated that only the use of
transient aerosol reproduced the observed brightening while a static in time AOD field failed
to do so. When using transient aerosol, this study produced an increase of 3.2 W/? per
decade over Europe for the period 1980-2009.

Observational studies

The brightening trend over Europe in our study is 2.9 W/m? per decade when transient
aerosols are used in simulation HisAer. The observational study of Wild (2009) presents a
similar decreasing trend of 3.3 W/m?’ per decade, using 133 stations over Europe for the
period 1985-2005. Previously, Norris and Wild, (2007) had found a trend of 1.4 W/m? per
decade over Europe for 1987-2002 using a smaller number of sites. Observational studies
also indicate increase in the solar radiation over most of the subregions of Europe. For
example over the lberian Peninsula and positive 4 W/m? per decade increase has been
observed for the period 1980-2000 (Sanchez-Lorenzo et al., 2007), a trend that is close to
the one (3 W/m? per decade) seen in our study HisAer. Similarly in Scandinavia a trend
around 1.6 to 2 W/m?’ per decade has been observed (Stjern et al., 2009; Wild, 2009), a value
that also HisAer matches closely. Therefore, it is clear, that the introduction of transient
aerosol in HisAer helps to simulate the brightening, and thus present a better match with
observations, especially during the period 1983-2000.

Period 1983-2000 and comparison against satellite data

The brightening effect is present in the SARAH satellite dataset. However it is less extensive
both spatially and in magnitude than the situation seen in HisAer. SARAH has positive Rsds
trends for the EU region as well as for all the subregions. The trends are statistically
significant for three subregions, lberian Peninsula (IP), Scandinavia (SC) and Mediterranean
(MD). For these three subregions the trend of HisAer is close to that of SARAH. In general,
the trend sign and magnitude of HisAer is much closer to SARAH than that of HisStatic, which
in essence presents no trend at all. This is the case for the EU domain and for 6 out of the 8
subregions.

Discussion about the SARAH satellite product

The problem is that we cannot truly rely on SARAH for trend analysis. On the one hand, it
has been estimated that SARAH presents an uncertainty of 0.1 W/m?year, that is considered
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to be quite small for a satellite dataset (Miller et al.,, 2015). On the other hand SARAH,
despite its accuracy, is a product of extensive modeling of the atmospheric processes
including many assumptions and simplifications. In order to calculate shortwave radiation at
the surface it assumes a slightly modified MACC aerosol optical depth climatology, that is
static in time, in order to calculate the aerosol direct effect. Therefore it cannot account for
the decreasing tendency of AOD observed, regarding aerosol-radiation interactions. Thus
the increasing trend in Rsds seen in SARAH is not attributed to the decreasing aerosols and
their interaction with radiation. However the decreasing AOD observed can have an impact
on cloudiness through the indirect and semi-direct aerosol effects. SARAH takes clouds into
account by using the variable of effective cloud albedo (CAL) to calculate Rsds amounts. The
larger the CAL is, the more reflective the clouds are, leading to smaller shortwave radiation
levels at the surface. Therefore it is possible that the increasing trend in Rsds seen is some
subregions in the SARAH dataset is attributed to a decrease in the effective cloud albedo
over time. We have calculated the trends of CAL for the period 1983-2000 for SARAH. The
tendency of CAL change is positive for the EU regions and most subregions, something that
could not explain the increasing Rsds tendency. However for two subregions, the Iberian
Peninsula (IP) and the Mediterranean (MD), there is a statistically significant negative CAL
trend. Moreover, these two subregions also present statistically significant Rsds increasing
trends. Therefore we have an indication that for the subregions of IP and MD the decrease
of CAL over time, possibly due to aerosol semi-direct and indirect effect, impacts Rsds levels
and tendency. It seems that these two subregions are quite sensitive to semi-direct effect
and aerosol-cloud interactions. To conclude, we content that the SARAH dataset cannot be
used with credibility as a reference dataset for trend analysis in the context of this study.
This is true not only for Rsds but for its direct normalized component (DNI) as well, as we will
see in the following paragraph. The positive trends in shortwave radiation at the surface
seen in several subregions cannot be attributed to the decreasing impact of aerosol direct
effect. However for two subregions the Rsds increasing trend could be possibly linked to the
semi-direct and indirect effects that are impacting the effective cloud albedo.

Table 22: Slope of the linear regression (W/m?year) regarding shortwave down welling radiation at the surface
for the historical simulations (both periods) and the SARAH satellite dataset (1983-2000 only). For periods
1971-2000 (top) and 1983-2000 (bottom). For all subdomains including the EU region. Negative trends are
depicted with blue color cells and positive trends with pale orange color cells. Bold fonts are used to depict
trends that are statistically significant at the 95% level.

1971-2000

EU Bl IP FR ME SC AL MD EA
HisAeros 0,14 0,06 0,12 0,13 0,29 0,12 0,22 0,16 0,13
HisStatic 0,03 -0,05 0,07 0,00 0,09 0,02 0,12 0,07 0,01
1983-2000

EU BI IP FR ME SC AL MD EA
HisAeros 0,29 0,02 0,30 0,05 0,26 0,21 0,29 0,31 0,22
HisStatic 0,05 -0,16 0,05 -0,24 -0,09 0,04 0,08 0,10 0,12
Sarah 0,15 0,03 0,31 0,05 0,17 0,18 0,04 0,33 0,04
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Table 23: Slope of the linear regression regarding effective cloud albedo (CAL) (10'3) for the SARAH satellite
dataset (1983-2000 only). For all subdomains including the EU region. Negative trends are depicted with blue
color cells and positive trends with pale pink color cells. Bold fonts are used to depict trends that are
statistically significant at the 95% level.

1983-2000
EU BI Ip FR ME sC AL MD EA
Sarah 0,7 1,1 -1,2 0,8 0,8 2,8 0,7 -1,6 1,4
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Fig. 45: Shortwave down welling radiation at the surface (Rsds) (dashed line) and linear regression line (solid
line) using the Theil-Sen method over the EU region. For the full period 1971-2000 (left) and period 1983-2000
(right). For the historical simulations and SARAH satellite dataset (1983-2000 only). Black is used for HisAer,
red for HisStatic and blue for SARAH.

2.8.4 Direct Normalized Irradiance

The impact of the time evolving aerosol used in HisAer is also evident in the direct
normalized irradiance (DNI) and is even larger than that for Rsds. In HisAer, the decreasing
AOD trend leads to a strong increasing trend in DNI. This is something we theoretically
expected. DNI is intensely increased not only because of the overall Rsds increase, but also
because the ratio of direct/diffuse radiation increases due to the decrease in aerosol optical
depth and thus aerosol direct effect. We have seen in section 1.5.3.4 of the sensitivity study
the strong impact that aerosol-radiation interactions have on DNI.

The overall period 1971-2000

There is a clear positive trend for HisAer. All the subregions including the EU region present
increasing trends in DNI. The trend is significant for the EU region and for 6 out of 8
subregions. In most cases these trends are considerably larger (2-3 times) compared to
those seen in Rsds. HisStatic on the other hand has also positive trends for most subregions
but none is statistically significant and are of much smaller magnitude than those seen in
HisAer. As was the case for Rsds, Middle Europe (ME) and the Alps (AL) have the most
positive trend in DNI since they also present the largest negative trend in AOD. To conclude,
the inclusion of time evolving aerosol in HisAer leads to a clear brightening in Rsds and an
even more intense effect in DNI.
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Period 1983-2000 and comparison against satellite data

In HisAer the trends of all subdomains become even more positive in the period 1983-2000
compared to the overall 1971-2000 period. This is in accordance with the intensification of
the AOD negative trend seen in the period 1983-2000. HisStatic again does not present a
specific trend tendency of statistical significance. Interestingly however the same is true for
the SARAH satellite data set. For SARAH none of the subregions presents a statistically
significant increasing trend in DNI whereas some even present decreasing tendencies.
SARAH seems to miss completely the expected brightening in DNI. The lack of a time
evolving decreasing AOD in the SARAH product seems to be even more problematic
regarding trend analysis of the direct normalized irradiance.

Table 24: Slope of the linear regression (W/m2 year) regarding direct normalized irradiance at the surface for
the historical simulations (both periods) and the SARAH satellite dataset (1983-2000 only). For periods 1971-
2000 (top) and 1983-2000 (bottom). For all subdomains including the EU region. Negative trends are depicted
with blue color cells and positive trends with pale pink color cells. Bold fonts are used to depict trends that are
statistically significant at the 95% level.

1971-2000
EU Bl IP FR ME SC AL MD EA
HisAeros 0,55 0,18 0,26 0,48 0,95 0,58 0,98 0,71 0,72
HisStatic 0,09 -0,08 0,10 -0,01 0,17 0,08 0,23 0,24 0,02
1983-2000
EU Bl IP FR ME SC AL MD EA
HisAeros 1,35 0,43 1,28 0,91 1,43 1,65 1,81 1,65 1,59
HisStatic 0,18 -0,12 0,14 -0,45 0,03 0,29 0,15 0,37 0,22
Sarah 0,04 0,17 0,40 -0,14 0,04 0,32 -0,61 0,29 -0,18
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Fig. 46: Direct normalized irradiance at the surface (DNI) (dashed line) and linear regression line (solid line)
using the Theil-Sen method over the EU region. For the full period 1971-2000 (left) and period 1983-2000
(right). For the historical simulations and SARAH satellite dataset (1983-2000 only). Black is used for HisAer,
red for HisStatic and blue for SARAH.
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2.8.5 Total cloud fraction
The overall period 1971-2000

Both historical simulations have a tendency of cloud fraction decrease over time for the EU
region and most of the subregions. This is more widespread in HisStatic since only one
subregion has an increasing tendency. However, for both simulations results are not
statistically significant (only in ME for HisStatic). The slopes of linear regression (tendency
magnitude) do not differ much between simulations for the subregions and are very close
for the EU region. To better understand the tendency magnitude for the EU region, we have
calculated that the decreasing linear regression leads to a -0.5% cloud fraction decrease per
decade. The study of Bartok et al. (2017) found that the regional climate EURO-CORDEX
simulations of 0.44° resolution did not have a trend in cloud fraction over Europe for the
period 1975-2005. The 0.11° simulations however did present a decreasing trend in
cloudiness, around -0.15% per decade. The global model simulations of CMIP5 presented a
slightly larger decreasing trend, around -0.32% per decade.

Period 1983-2000 and comparison against satellite data

We use the CLARA satellite dataset as a reference. This dataset has been evaluated against
observational data regarding the stability of its accuracy over time with satisfactory results
that were better than the intended requirements (Karlsson et al.,, 2013). However the
stability of the accuracy does not necessarily mean a good matchup of the cloud fraction
tendencies over time. Moreover truly homogenous observational datasets suitable for trend
analysis, regarding cloud amount, are hard to find. Therefore we use the CLARA dataset not
as a solid reference dataset for trend analysis but only in order to get a general idea of its
temporal behavior and tendencies. We want to identify whether this general behavior
matches that of the historical runs and possibly detect any large deviations that could be of
suspicious origins either in CLARA or in the historical runs.

Interestingly both historical simulations intensify their decreasing tendencies in cloud
fraction compared to the 1971-2000 period, in the EU region and most subregions. However
still the tendencies are not of statistical significance.

The CLARA dataset has a very similar behavior to the historical simulations. It is
characteristic that both historical runs and CLARA have a decreasing tendency in EU and for
the same 6 subregions whereas for the British Isles (Bl) and France (FR) a positive increasing
tendency is present. In most cases the tendency magnitude (slope of linear regression) is
quite close for all datasets. The only trend of statistical significance is seen over the Alps (AL)
in HisAer. Strong decreasing trends are seen in all datasets (historical and CLARA) in the
Mediterranean (MD) and Eastern Europe (EA) subregions.

How does cloud fraction tendency impact shortwave radiation trends?

The fact that both historical simulations present a similar behavior regarding cloud fraction
change over time is a very important result. A decreasing CFRACT tendency could potentially
affect shortwave radiation (Rsds) tendency. For example the slightly positive Rsds tendency
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seen in HisStatic could be the result of the negative cloud fraction tendency present. On the
other hand the negative Rsds tendency seen in the British Isles (BI) could be connected with
the positive tendency in CFRACT present in this subregion. However, we see that the cloud
fraction tendency does not change in a specific direction in HisAer compared to HisStatic.
Therefore we are confident that the significant increasing Rsds trends (the brightening
effect) seen in HisAer (and not in HisStatic) are not due to the change in cloud fraction but
can be attributed even more robustly to the decreasing aerosol optical depth over time.

Table 25: Slope of the linear regression (10'4 / year) regarding total cloud fraction (CFRACT) for the historical
simulations (both periods) and the CLARA satellite dataset (1983-2000 only). For periods 1971-2000 (top) and
1983-2000 (bottom). For all subdomains including the EU region. Negative trends are depicted with blue color
cells and positive trends with pale orange color cells. Bold fonts are used to depict trends that are statistically
significant at the 95% level.

Total cloud fraction

1971-2000

EU Bl IP FR ME SC AL MD EA
HisAeros -3,8 1,6 -0,7 4,0 -4,0 1,1 -6,0 -7,9 -5,3
HisStatic -3,7 2,5 -2,4 -0,7 -6,5 -1,1 -7,9 -10,0 -3,8
1983-2000

EU BI IP FR ME SC AL MD EA
HisAeros -10,4 8,3 -15,2 9,3 -11,2 -9,7 -8,4 -13,3 -15,8
HisStatic -9,7 4,7 -8,0 8,5 -12,8 -8,9 -7,8 -15,6 -15,9
Clara -8,4 0,9 -15,8 1,2 -6,0 -15,5 -17,1 -18,9 -13,1
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Fig. 47: total cloud fraction (CFRACT) (dashed line) and linear regression line (solid line) using the Theil-Sen
method over the EU region. For the full period 1971-2000 (left) and period 1983-2000 (right). For the historical
simulations and CLARA satellite dataset (1983-2000 only). Black is used for HisAer, red for HisStatic and blue
for SARAH.

2.8.6 Temperature
We conduct the analysis only for the entire 1971-2000 period, since the E-OBS dataset, used
as an observational dataset, covers this entire period completely. We also use a
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homogenized version of the E-OBSv19 dataset. Since this is a homogenized dataset, we
consider it a more robust observational dataset for trend analysis, but we also use the plain
E-OBS dataset as an additional reference.

Temperature clearly presents increasing trends for all historical simulations as well as for
the E-OBS observational dataset and its homogenized version. This is in accordance with the
expected climate change signal. It is characteristic that temperature trends are in all cases
positive, and in most cases statistically significant. The EU region has statistically significant
temperature trends in the historical runs and in both E-OBS datasets. The same is true for
most subregions (6 out of 8) in HisStatic and both E-OBS. However in HisAer the trends in all
subregions are significant. Moreover, the homogenized E-OBS dataset has slightly larger
trends in almost all subregions than the plain unhomogenized version.

It is evident that HisAer has a more intense positive temperature trend than HisStatic. In
HisAer the intensity of the trend is higher for the EU region (0,034 °C/year than 0,028
°C/year) and for 6 out of the 8 subregions. In order to better understand the magnitude of
the trend intensification we have calculated the temperature increase expected by each
linear regression after a period of 30 years for the EU region. The warming is 1.02 °C for
HisAer, 0.84 °C for HisStatic, 0.94 °C for E-OBS and 0.99 °C for the homogenized E-OBS.
Calculated trends over Europe based on the CRU dataset for the period 1977-2001 present a
similar picture, with the temperature change usually ranging between 0.75 °C and 1.5 °C
after 30 years for the biggest part of the continent (Jones and Moberg, 2003).

We have already seen that the trends in Rsds become more positive in HisAer compared to
HisStatic for the EU region and for all subregions. Therefore we have a strong indication that
the increasing and significant trend in shortwave radiation at the surface (Rsds) seen in
HisAer enhances the positive trend in temperature compared to HisStatic. Moreover it is
characteristic that the more positive the trend in Rsds becomes in HisAer compared to
HisStatic the more intensely the trend of temperature is enhanced in HisAer. Only two
subregions (IP, SC) seem not increase their positive trends in temperature despite the
intensification of the trend in shortwave radiation.

One of the major conclusions of this study is that the use of time evolving realistic aerosol in
a historical simulation enhances the increasing trend of temperature and potential climate
change signal. The intensification of temperature trend due to the use of transient aerosol
has also been shown in the study of Nabat et al. (2014) for the period 1980-2012. In that
study the simulation with transient aerosol presented a trend of 0,035 °C/year, quite close
to the one seen in HisAer of our study for the 1971-2000 period.

Finally the trend magnitude (slope of linear regression) of HisAer is closer to that of E-OBS
for the EU region and half (4) of the subregions. This does not provide a definitive
conclusion, but it gives us the indication that the use of realistic time evolving aerosol in a
historical simulation can improve trend matching with the E-OBS and especially the E-OBS
homogenized observational dataset.
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Table 26: Slope of the linear regression (10'2 °c/ year) regarding near surface temperature for the historical
simulations, the E-OBSv19 observational dataset and the E-OBSv19 (EobsHOM-bottom row) homogenized
observational dataset. For the period 1971-2000. For all subdomains including the EU region. Negative trends
are depicted with blue color cells and positive trends with pale orange color cells. Bold fonts are used to depict
trends that are statistically significant at the 95% level.

EU BI IP FR ME SC AL MD EA
HisAeros 3,4 2,6 3,2 4,9 5,0 3,5 4,4 2,7 3,9
HisStatic 2,8 2,2 3,3 3,9 3,4 3,6 3,7 2,6 2,5
Eobs 3,2 2,6 5,8 4,7 4,2 3,5 4,0 3,8 2,6
EobsHOM 3,3 2,7 6,1 5,0 4,4 3,5 4,5 3,7 2,6
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Fig. 48: Near surface temperature (T) (dashed line) and linear regression line (solid line) using the Theil-Sen
method over the EU region and the period 1971-2000. For the historical simulations and E-OBS observational
dataset. Black is used for HisAer, red for HisStatic and blue for E-OBS.
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HisStatic) regarding the trends in shortwave radiation at the surface (Rsds - x axis) and near surface
temperature (T - y axis). For the EU region and all subregions.

2.8.7 Precipitation
We conduct the analysis for the entire 1971-2000 period, since the E-OBS dataset covers this
entire period completely.

Precipitation does not present a clear trend over time in the historical runs. We can say
however that there is a tendency for precipitation reduction for both simulations. The EU
region and most of the subregions have decreasing tendencies for both HisAer and HisStatic
but only one subregion presents statistical significance in each simulation. Moreover the use
of a realistic and decreasing aerosol optical depth dataset in HisAer does not impact the
precipitation trend on a specific direction compared to HisStatic. The slopes of linear
regression are quite close for both historical runs and do not differ systematically in HisAer
compared to HisStatic.

The E-OBS observational dataset presents increasing and statistically significant trends for
the EU region and two subregions. On the other hand two subregions (ME and MD) present
significant decreasing trends of considerable intensity. In order to better grasp the
magnitude of the trend: If we follow the linear regression calculated for the EU region, it
leads to a 5% precipitation increase after a 30 year period. In comparison the historical runs
lead to a -4% decrease in precipitation.

The Alps (AL) is a subregion where the two historical runs have their most intense decreasing
trends (significant in HisAer) a situation that is not seen in the observational data that
present a negligible positive tendency in this area. Similar behavior between the historical
simulation and E-OBS is seen in the Iberian Peninsula (IP), Middle-Europe (ME) and the
Mediterranean (MD), all subregions with large negative trends. However for the
Mediterranean subregion the simulations fail to capture the considerably larger intensity of
precipitation decrease seen over time in E-OBS. Moreover the simulations do not capture at
all the very strong positive trend seen in the observations over the British Isles (Bl). In
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general no simulation has a considerably better matching with the E-OBS observational
dataset.

Table 27: Slope of the linear regression (10'3x(mm/day) / year) regarding precipitation for the historical
simulations and the E-OBS observational dataset. For the period 1971-2000. For all subdomains including the
EU region. Negative trends are depicted with blue color cells and positive trends with pale pink color cells. Bold
fonts are used to depict trends that are statistically significant at the 95% level.

1971-2000
EU BI P FR ME sC AL MD EA

HisAeros | -2,3 -3,1 -8,7 4,4 -5,6 -2,7 -12,2 -3,5 0,3
HisStatic | -2,6 -1,0 -7,8 43 -6,8 -1,9 -10,3 -4,6 0,9
Eobs 2,7 17,4 -6,6 8,0 -9,7 9,5 0,1 -12,5 0,1
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Fig. 50: Precipitation (Pr) (dashed line) and linear regression line (solid line) using the Theil-Sen method over
the EU region and the period 1971-2000. For the historical simulations and E-OBS observational dataset. Black
is used for HisAer, red for HisStatic and blue for E-OBS.

2.9 Aerosol impact- Historical
In this section we explore the aerosol-radiation interaction impact for the period 1971-2000
of the historical runs. We conduct an analysis similar to that of the sensitivity study in PART1
(section 1.5.3). Simulations HisAer (transient aerosol) and HisStatic (static in time aerosol)
are compared to HisNo that has no aerosol effects at all. The use of 30 year period provides
even more robust results compared to the sensitivity study (5 year period) and provides a
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more credible report about the aerosol-radiation interaction impact on the European
climate.

It must be reminded here, that simulations HisAer and HisStatic have the same mean aerosol
optical depth over the 30year period. Results between them differ only slightly. Thus we
only present plots for the HisAer-HisNo comparison, whereas results for the HisStatic-HisNo
comparison are included in the tables of this section.

2.9.1 Summary

Qualitatively, aerosol-radiation interactions for the historical simulations have a similar
impact to that seen in the sensitivity study of PART1. Shortwave radiation at the surface is
decreased and this leads to a surface cooling. Cloud forcing again becomes less negative and
partially constrains the radiation decrease at the surface. Changes in the general circulation
are very small however in some cases, like autumn over the Black Sea and the Balkans, they
can be persistent and have a small impact in cloudiness and precipitation. In general the
impact is quite similar to the one seen in the sensitivity study of PART1, with the change in
the cloud forcing being however slightly smaller in the historical simulations.

2.9.2 C(lear-sky shortwave radiation
Clear-sky shortwave radiation at the surface (CRsds) is reduced over the entire domain
throughout the year. The relative decrease is quite similar for all seasons with domain
averaged values between -5 to -6%. At a subdomain level the decrease is also stable and
ranges between -4 to -8%.

The direct radiative effect (DRE) of aerosol is calculated as the difference in net clear-sky
shortwave radiation at the surface (netCSw) between an aerosol simulation and the HisNo
experiment. The DRE is negative and domain averages range from -4 W/m? in winter to -17
W/m? in summer. The DRE is of statistical significance (0.05 level) almost over the entire
domain for all seasons. Spatial correlation of the DRE with the aerosol optical depth field is
negative as expected and quite high for all seasons with the correlation coefficient being -
0.74 in winter, -0.87 in spring and highest in summer, -0.95, and autumn, -0.94.

The ratio of DRE per unit of AOD (W/m?/AOD) is very similar to the one seen it the sensitivity
simulations of PART1 that used the second aerosol-radiation option (aer_opt=2) and the
“rural” aerosol type to parameterize single scattering albedo (Table 7). Thus, the decrease of
clear-sky radiation per unit of AOD is -32W/m?” in winter, -60W/m? in spring, -65W/m?” in
summer and -50W/m? on an annual basis.

2.9.3 All sky shortwave radiation
Shortwave radiation at the surface is also reduced almost over the entire domain. The
relative decrease ranges between -4 to -6% regarding domain averages, slightly smaller than
the one seen in clear-sky radiation. At subdomain level the relative decrease has a very
similar range. The largest decrease in radiation is seen over Eastern Europe (EA) in autumn,
and reaches -8%.
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The radiative effect of aerosol (RE, difference in netRsds) is clearly negative and domain
averages range between -4 W/m?” in winter to -14 4 W/m?’ during summer. At subdomain
level the 'largest RE is seen over the Mediterranean (MD) in summer, where large AOD
values and large radiation amounts coexist. Statistical significance is present all over the
domain in summer and most part of the domain for the rest seasons. Spatial correlation of
the radiative effect with AOD is high but slightly smaller than that of the direct radiative
effect. Correlation coefficient is lower in winter (-0.65), stronger in spring (-0.83) and
summer (-0.86) and highest in autumn (-0.92).

2.9.4 Overall radiation budget

The overall radiation budget at the surface (net shortwave + net longwave) also decreases
extensively over the domain and for all seasons (Table 29), after aerosol-radiation
interactions are introduced in the historical simulations. Decrease ranges from 2W/m? in
winter to -12W/m? in summer. However, the relative decrease is largest in winter (-30%) due
to the small radiation amounts present in this season. For the rest seasons, a decrease
around -7% is seen in spring and summer and around -15% in autumn. The largest decrease
of the radiation budget (-19W/m?) is seen in the Mediterranean (MD) during summer, where
also the largest shortwave radiative effect (RE) is seen. However, the relative decrease is
only around -9%, very similar to that of all other subregions during summer and spring.

Interestingly, the overall radiation budget decrease is slightly smaller that the decrease in
net shortwave radiation at the surface (RE), as was the case in the sensitivity study of PART1.
Therefore, the negative change in the net shortwave radiation is slightly constrained by a
small increase (0.1 to 2 W/m?) in the net longwave radiation at the surface.

2.9.5 Direct and diffuse radiation
Direct normalized irradiance decreases over the entire domain for all seasons with the
decrease being of statistical significance. Domain averaged relative decrease is similar for all
seasons, around -26 to 30% whereas comparable decrease (-20 to -35%) is seen for the
different subdomains.

On the other hand diffuse radiation is increased extensively over the entire domain
throughout the year. Differences are of statistical significance all over the domain whereas
the domain averaged relative increase is smallest in winter (9%), increases in spring and
autumn (22 to 25%) and becomes largest in summer (55%). The large discrepancies between
seasons are connected to the fact that cloudiness amount, which affects diffuse radiation, is
also quite different. Total cloud fraction is larger in winter (0.78) and lowest in summer
(0.51). Thus in winter the extensive cloudiness increases diffuse radiation considerably by
itself and the addition of aerosols does not have a dramatic impact. In summer on the other
hand the smaller cloud fraction amount leaves a large part of the direct radiation to reach
the surface and the addition of aerosol can heavily impact it and lead to a larger relative
increase in diffuse radiation.
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Table 28: Radiative effect (RE), direct radiative effect (DRE) and change in cloud forcing (ASCRE) (W/mz)
calculated as the difference from simulation HisNo. First two rows: Domain averaged differences for
simulations HisAer and HisStatic. Bottom rows: Subdomain averaged differences for HisAer.

RE DRE ASCRE
EU domain  DIJF MAM JA SON DJF MAM JIA SON DJF MAM JIA SON
HisAeros  -2,2 -8,7 -13,4 -5,7 -3,9 -12,0 -16,8 -7,5 1,7 33 34 1,8
HisStatic  -2,1 -8,8 -13,8 -5,9 -3,8 -12,0  -16,8 -7,9 1,7 3,2 3,0 2,0
HisAeros
Subdomain
Bl -1 -6 -11 -3 -3 -9 -14 -5 2 3 3 2
P -4 -9 -15 -7 -5 -12 -17 -9 2 3 2 2
FR -2 -7 -13 -6 -5 -11 -16 -8 3 4 4 2
ME -2 -9 -15 -6 -4 -11 -20 -8 2 3 6 2
SC -1 -7 -9 -2 -2 -9 -14 -5 1 3 5 2
AL -3 -8 -14 -7 -4 -12 -20 -9 2 5 6 2
MD -5 -12 -20 -10 -6 -15 -21 -11 2 3 1 1
EA -2 -10 -16 -7 -4 -13 -21 -9 2 3 4 1

Table 29: Change (W/mz) and relative change (%) from simulation HisNo of the overall radiation budget at the
surface (net shortwave + net longwave). First two rows: Domain averaged differences for simulations HisAer
and HisStatic. Bottom rows: Subdomain averaged differences for HisAer.

Overall radiation budget

difference (W/mz) relative difference (%)

EU domain DJF MAM JIA SON DJF MAM JIA SON
HisAeros -2,1 -7,8 -11,8 -4,4 -34 -8 -7 -14
HisStatic -2,0 -7,9 -12,1 -4,6 -32 -8 -7 -15
HisAeros

Subdomain

BI -2 -6 -9 -3 -8 -6 -6 -21
IP -3 -8 -14 -6 -13 -6 -7 -9
FR -2 -7 -11 -5 -100 -6 -6 -12
ME -2 -8 -13 -4 -18 -7 -8 -17
SC -1 -6 -8 -2 -2 -8 -6 -1900
AL -3 -7 -13 -6 -63 -7 -8 -13
MD -4 -12 -19 -9 -25 -8 -9 -13
EA -2 -8 -13 -4 -55 -8 -9 -14
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Table 30: Relative difference (%) from simulation HisNo for shortwave radiation at the surface (Rsds), direct
normalized irradiance (DNI) and diffuse radiation (DIF). First two rows: Domain averaged differences for
simulations HisAer and HisStatic. Bottom rows: Subdomain averaged differences for HisAer.

Rsds DNI DIF
EU domain  DJF MAM JA SON DJF MAM JA SON DJF MAM JJA SON
HisAeros  -4,0 -4,8 -5,5 -5,8 -26,1  -26,1 -29,1 -28,8 9,1 21,8 55,7 25,1
HisStatic -4,1 -4,9 -5,7 -5,9 -26,7 -26,6 -29,6 -29,1 9,2 22,2 56,3 25,4
HisAeros
Subdomain
BI -4 -4 -5 -4 -24 -21 -26 -23 7 12 16 12
IP -4 -4 -6 -5 -19 -22 -29 -25 17 26 67 29
FR -4 -4 -5 -6 -22 -23 -28 -27 10 19 35 21
ME -5 -5 -6 -7 -25 -28 -34 -32 7 21 38 21
SC -4 -5 -4 -5 -31 -25 -25 -27 3 12 19 10
AL -3 -4 -6 -6 -19 -24 -31 -30 12 22 54 30
MD -4 -5 -7 -7 -21 -27 -33 -31 21 38 119 51
EA -3 -6 -7 -8 -24 -30 -35 -35 6 24 65 29

2.9.6 Cloud fraction

Cloud fraction is not strongly changed by the implementation of aerosol-radiation
interactions. Domain averaged differences are small and less than 0.007 (scale 0 to 1). These
small number are not due to compensation between positive and negative differences seen
over the domain since the mean absolute difference is also quite small and ranges between
0.04 and 0.09. The largest absolute differences are seen in summer (0.08) and autumn
(0.09). The relative difference is also small and is largest in autumn at around 1%. At
subdomain level differences rarely exceed 1%. Some exceptions are the mountainous region
of the Alps in summer (-2.5%) and autumn (+2%) and the Mediterranean subregion (MD) in
autumn (+3%). In general no specific direction of cloud fraction change is observed except
for autumn where a cloudiness amount increase is seen (domain average 0.07 and 1%) for
almost all subdomains. Significant changes are spatially very limited. The only case of
extensive statistically significant changes at the 0.05 level is seen also in autumn over part of
the Balkans and the Mediterranean subregion and also north of the Black Sea. Other studies
over Europe have shown cloud fraction reduction (Nabat et al., 2015a).
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Table 31: Total cloud fraction (CFRACT) difference (left columns), absolute difference (middle columns) and
relative difference (%) (right columns) from simulation HisNo. First two rows: Domain averaged differences for
simulations HisAer and HisStatic. Bottom rows: Subdomain averaged differences for HisAer.

CFRACT difference (mm/day) CFRACT absolute difference (mm/day) CFRACT relative difference (%)

EU domain DJF MAM JA SON DJF MAM JA SON DJF MAM JA SON

HisAeros 0,0 0 0,001 0,007 0,004 0,005 0,008 0,009 0,1 0,0 0,3 1,3

HisStatic 0,0 0,002 0,001 0,005 0,003 0,006 0,008 0,007 0,0 0,2 -0,2 0,9

HisAeros

Subdomain

Bl -0,002 0 0,009 0,002 0,004 0,004 0,009 0,004 -0,3 -0,1 1,2 0,2

P 0,003 0,003 0,003 0,002 0,005 0,004 0,006 0,006 0,6 0,4 1,0 0,4

FR -0,006 -0,002 -0,006 0,004 0,006 0,005 0,008 0,007 -0,7 -0,3 -1,2 0,6

ME -0,002 0 -0,008 0 0,003 0,006 0,011 0,005 -0,3 0,0 -1,3 0,0

SC -0,001 -0,001 0 0,001 0,002 0,005 0,007 0,004 -0,1 -0,2 0,0 0,2

AL -0,004 -0,005 -0,013 0,013 0,005 0,006 0,013 0,014 -0,5 -0,7 -2,4 2,1

MD 0,004 0,001 0,001 0,017 0,006 0,005 0,006 0,017 0,7 0,2 0,7 3,7

EA -0,004 -0,002 -0,004 0,008 0,005 0,005 0,008 0,009 -0,5 -0,3 -1,1 14

2.9.7 C(Cloud forcing
Interestingly the cloud forcing becomes less negative (positive ASCRE) thus clouds allow
more shortwave radiation to reach the surface. This was also the case in the sensitivity study
of PART1. In the historical simulations the positive increase in the cloud forcing is slightly
smaller than the one seen in the sensitivity study. Domain averaged values range between
1.7 (winter) and 3 W/m? (summer and spring) whereas the positive increase in the cloud
forcing is so extensive that is seen all over the domain and for all seasons.

The positive change in the cloud forcing helps to constrain the reduction of shortwave
radiation at the surface due to the direct aerosol effect and therefore decreases the
magnitude of the overall radiative effect (RE) of aerosols. The fact that cloudiness seems to
act in a way that reduces the direct aerosol effect is a major conclusion of this study. The
fact that it is encountered in all sensitivity simulations having only aerosol-radiation
interactions (ARl group) and, as seen here, also in the longer (30 year) historical simulations
increases confidence on this result.

The positive change in cloud forcing (ASCRE) is considerable and can substantially counter
the direct aerosol effect (DRE). The ASCRE is especially important in winter where it amounts
for 44% of the DRE value. For the rest seasons it has still substantial impact being up to 27%
of DRE in spring, 20% in summer and 24% in autumn.

The change in the cloud forcing seems to have a very weak negative spatial correlation with
the AOD field for spring (-0.12), summer (-0.25) and autumn (-0.3). For winter however a
positive and a slightly stronger correlation is seen (0.40) indicating a weak tendency of
positive cloud forcing forming over areas with large AOD values.
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Fig. 51: Domain averaged radiative effect (RE), direct radiative effect (DRE) and difference in cloud forcing
(ASCRE) for simulation HisAer, calculated against simulation HisNo. The percentages in black fonts indicate the
% ratio of ASCRE/DRE.

2.9.8 Temperature

Temperature is decreased due to the overall decrease in shortwave radiation at the surface
(Rsds). This cooling is seen for all seasons and over most part of the domain. Domain
averaged decrease is 0.1°C in winter and between 0.2 and 0.25°C for the rest seasons. If only
points over land are considered the cooling is slightly larger, 0.14°C for winter and between
0.32 and 0.38°C for the rest seasons. This is to be expected since sea surface temperature is
prescribed in the simulations. At subdomain level the largest cooling is seen in Eastern
Europe having an average of -0.6 °C for all seasons except winter. Indeed the strongest
cooling is seen over the Balkans, Eastern Europe and north of the Black Sea throughout the
year except winter, with a decrease of up to 1°C seen at grid point level. For the above areas
and seasons the cooling also presents statistical significance.

If both land and sea points are considered, spatial correlation of temperature change with
the radiative effect is positive as expected but poor, with coefficients ranging between 0.15
to 0.30 depending on season. However if only land points are taken into account the spatial
correlation is considerably higher and correlation coefficient is 0.71 to 0.73 for all seasons
except autumn where it becomes 0.52.

For spring and autumn the maximum of cooling is spatially very close to the radiative effect
maximum which in turn is collocated with the AOD maximum over continental Europe that
lies over the Balkans, Black Sea and Eastern Europe for both seasons. In summer however
the maximum of temperature decrease is also over the Balkans and north of the Black Sea
despite the fact that the AOD maximum is moved to the west towards central Europe. This
happens because the radiative effect remains largest over the Balkans, Eastern Europe and
the Black Sea. Over central Europe a considerable positive change in the cloud forcing
(+6W/m” for Middle Europe domain, ME) constrains the overall shortwave radiation
decrease and consequently the induced cooling.
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Table 32: Temperature difference (°C) from HisNo over both sea and land points (left side) and over only land
points (right side). First two rows: Domain averaged changes for simulations HisAer and HisStatic. Bottom
rows: Subdomain averaged differences for HisAer.

di T land only
EU domain DJF MAM JA SON DJF MAM JA SON
HisAeros -0,1 -0,2 -0,3 -0,2 -0,1 -0,3 -0,4 -0,3
HisStatic 0,0 -0,3 -0,3 -0,2 -0,1 -0,4 -0,5 -0,4
HisAeros
Subdomain
BI -0,1 -0,1 0,0 -0,1 -0,1 -0,2 -0,1 -0,2
IP -0,1 -0,1 -0,2 -0,2 -0,2 -0,2 -0,2 -0,3
FR -0,1 -0,2 -0,1 -0,2 -0,2 -0,3 -0,2 -0,3
ME -0,2 -0,3 -0,2 -0,4 -0,2 -0,4 -0,3 -0,4
SC 0,0 -0,1 -0,2 -0,2 -0,1 -0,2 -0,2 -0,2
AL -0,2 -0,3 -0,2 -0,3 -0,2 -0,3 -0,2 -0,3
MD -0,1 -0,1 -0,2 -0,1 -0,2 -0,3 -0,5 -0,2
EA -0,2 -0,5 -0,6 -0,5 -0,2 -0,6 -0,6 -0,6

2.9.9 Precipitation

Precipitation is not considerably affected by the introduction of aerosol-radiation
interactions. In winter and spring domain averaged relative change is very small, less than
1% and no specific direction of precipitation change is detected. A larger impact is seen in
summer where both HisAer and HisStatic present a domain averaged decrease (-3.5% and -
2.7% respectively) that is also present in almost all subdomains. The decrease is mild but is
of statistical significance over a large area covering central Europe and parts of North
Eastern Europe and the Balkans. On the other hand, in autumn both historical simulations
present a general increase in precipitation (2.4% and 1.5%) that can also be seen in most
subdomain averages. The largest increase is seen over the subdomain of Eastern Europe (EA)
(6.5% in HisAer). This is part of the wider area including the Balkans and a region over the
Black Sea that exhibit a mild precipitation increase that is of statistical significance over
several grip points. In all cases however, statistically significant cases cover only a fraction of
the overall domain. The sensitivity simulations of PART1 present a similar general behavior
with a decrease in summer and an increase during autumn.

Interestingly if we consider the absolute difference from HisNo in mm/day we see that the
domain averaged change in precipitation is not very dissimilar for the different seasons. It is
0.06 mm/day in winter, 0.08 in spring and 0.09 in summer and autumn. Other studies over
Europe have shown a However only in summer (decrease) and (autumn) the change
presents a more clear direction with precipitation reduction. In contrast, the RCM study of
Schultze and Rockel (2018) that covered 60 years over Europe presented precipitation
reduction throughout the year. In general the spatial field of precipitation changes is
somewhat patchy, with small blocks of similar magnitude changes scattered over the
domain. However it is considerably less patchy than the field of precipitation changes seen
in the sensitivity study of PART1. Those simulations covered a much smaller period of 5
years. Thus it seems that the patchy differences seen in the sensitivities where indeed

123



mainly due to internal model variability. This internal variability when averaged for
considerably larger periods of time, as is the case with the historical simulations, is
considerably smoothened.

Table 33: Precipitation difference (mm/day) (left columns), absolute difference (mm/day) (middle columns)
and relative difference (%) (right columns) from simulation HisNo. First two rows: Domain averaged
differences for simulations HisAer and HisStatic. Bottom rows: Subdomain averaged differences for HisAer.

Pr difference (mm/day) Pr absolute difference (mm/day) Pr relative difference (%)

EU domain DJF MAM JA SON DJF MAM JIA SON DJF MAM JA SON
HisAeros 0,02 -0,01 -0,06 0,04 0,06 0,08 0,09 0,09 0,6 -0,7 -3,6 2,4
HisStatic 0,01 0,01 -0,04 0,02 0,06 0,08 0,09 0,1 0,0 0,6 -2,7 1,5
HisAeros

Subdomain

BI 0 0,03 -0,04 0,03 0,05 0,05 0,06 0,06 -0,1 1,7 -1,7 1,3
P 0 -0,05 -0,06 0,03 0,05 0,09 0,06 0,08 0,6 -2,3 -8,3 1,9
FR -0,01 -0,05 -0,11 0,06 0,05 0,06 0,12 0,09 -0,8 -1,9 -5,7 2,7
ME 0,01 0 -0,15 0,02 0,03 0,05 0,17 0,06 0,7 0,3 -7,3 0,6
SC 0,05 0,02 -0,09 -0,02 0,06 0,07 0,12 0,08 1,6 0,2 -4,0 -0,2
AL -0,07 -0,04 -0,16 -0,06 0,12 0,09 0,18 0,2 -3,0 -1,3 -5,4 -1,8
MD 0,02 0 -0,01 0,05 0,08 0,08 0,04 0,13 1,2 0,9 1,6 2,0
EA -0,03 -0,05 -0,08 0,1 0,05 0,1 0,14 0,11 -2,1 -2,0 -3,7 6,5
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Fig. 52: Top row: Mean seasonal aerosol optical depth at 550nm of the historical period (the same for HisAer
and HisStatic). From second row and on: Difference between simulations HisAer and HisNo regarding net
CRsds at the surface (DRE, direct radiative effect), net Rsds at the surface (RE, radiative effect), cloud forcing at
the surface (SCRE), total cloud fraction (CFRACT), temperature (T) and precipitation (Pr). Stippling indicates the
areas where the differences are NOT significant at the 0.05 level with the Mann-Whitney test.
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2.9.10 Wind field
The general circulation on a seasonal basis is almost identical for all historical simulations,
either .with aerosol-radiation interactions (HisAer, HisStatic) or without any aerosol
treatment (HisNo). This is the case for both wind direction and wind speed and also for all
the pressure levels examined at 850hPa, 700hPa, 500hPa and 300hPa. Thus the introduction
of aerosol does not change the general behavior of the circulation.

However if we compare the aerosol including simulations against HisNo some distinct wind
anomalies created after the introduction of aerosol-radiation interactions can be identified.
Fig. 54 depicts the wind direction and speed change with arrows and the meridional (v)
wind component speed change with colors. In autumn and in simulation HisAer, a cyclonic
wind anomaly covers most part of Europe with its center over Eastern Europe and seen at
the 850hPa. It becomes more clearly formed and the v-wind speed change stronger as we
move towards the upper levels, and is present at the 300hPa level. The center of the
anomaly is very close to the maximum cooling seen at the near surface temperature.
Moreover a small but statistically significant cloud fraction and precipitation increase is seen
over the Balkans and north of the Black Sea indicating a possible connection to the
circulation change. A very similar cyclonic anomaly in autumn was also encountered in the
same region in the sensitivity simulations of PARTL. Interestingly in HisStatic, this anomaly
also exists, but it is weaker and its center shifted towards western Europe and thus not
collocated with the maximum of cooling. The cyclonic anomalies during autumn in both
HisAer and HisStatic are collocated with a decrease in geopotential height at all pressure
levels examined, indicating a clear tendency to circulation change.

Another cyclonic anomaly is seen in HisStatic during spring, at that too is stronger and more
well formed at the upper pressure levels. However this is almost nonexistent in simulation
HisAer. On the other hand an anticyclonic anomaly over south Scandinavia in HisAer (mainly
at the upper levels) during summer is not present in HisStatic. Despite the two simulations
having the same mean aerosol optical depth we see that anomalies in the wind circulation
from HisNo can have differences. This indicates a considerable sensitivity of the changes in
the wind field. It must be reminded again however that the mean seasonal circulation
pattern is almost identical in the historical simulations. Therefore the circulation anomalies
fail to considerable impact the circulation pattern. Finally the only anomaly that can be
connected to some impact of cloudiness and precipitation is the cyclonic one seen in
autumn.
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Fig. 53: Wind field (arrows) and wind speed (colors) for simulations HisNo and HisAer. For the 850hPa pressure
level (first two rows) and the 500hPa pressure level (bottom two rows). For all seasons.
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Fig. 54: Difference from HisNo regarding the wind field (arrows) and the magnitude of the meridional (v) wind
component (colors) for simulations HisAer and HisStatic. For the 850hPa pressure level (first two rows) and the
500hPa pressure level (bottom two rows). For all seasons.

2.10 Rcp8.5 Future scenarios

In this section we present an analysis of the simulations RcpAer and RcpStatic for the future
period 2021-2050. Aim is to detect the changes compared to the historical period and also
detect the differences between the future simulations since they implement different
aerosol datasets. First we present a comparison against the simulated historical period,
1971-2000, regarding the mean values of the period and the distribution of the mean daily
values. We use simulation HisAer as a reference for the historical period because it is the
most physically consistent simulation since it implements realistic aerosol optical depth that
decreases with time. Then we present the trends detected in the future projections and
again present comparison against those seen in HisAer.

2.10.1 Aerosol Optical Depth
We have already seen (Table 15) that simulation RcpStatic uses the same mean AOD with
the historical simulation HisAer. On the other hand RcpAer uses a time evolving aerosol field
that has smaller AOD than the historical period and consequently is smaller than RcpStatic
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for the entire future period. This AOD decrease in RcpAer is large and extends over the
entire European continent (Fig. 55). Compared to HisAer the maximum of AOD decrease is
seen over central and eastern Europe and is largest in summer where it can even exceed 0.3.
Besides the smaller AOD, the aerosols of RcpAer have a decreasing tendency over time that
is of statistical significance. On a seasonal basis the AOD decrease is larger in autumn and
summer and smaller in winter (Table 34). However the overall decrease of AOD over time in
RcpAer is considerably weaker than that seen in HisAer (-0.7x10/year compared to 2.2 x10
*/year) during the historical period.

AOD Rcp8.5-Historical YEAR

AOD chB.S—l—!istorical DJF

oD

-035 -0.28 -0.21 -0.14 -0.07 0.00 007 0.14 021 028 0.35

Fig. 55: Aerosol optical depth difference between simulation RcpAer of the future period 2021-2050 and
simulation HisAer of the historical period 1971-2000. For the entire year (top) and the various seasons
(bottom).

Table 34: Slope of the linear regression (10-3 /year) regarding aerosol optical depth for simulation RcpAer over
the EU region. For period 2021-2050. Negative trends are depicted with blue color cells and positive trends
with pale pink color cells. Bold fonts are used to depict trends that are statistically significant at the 95% level.

AOD
RcpAer Year Winter Spring Summer  Autumn
2021-2050| -0,73 -0,3 -0,76 -0,87 -0,95

2.10.2 Shortwave radiation at the surface
Simulation RcpAer clearly presents larger shortwave radiation amounts at the surface
compared to the historical period (HisAer). The lower aerosol optical depth used in RcpAer
leads to an Rsds increase around 4W/m” (3%) on average over the EU region (Table 35)
while this decrease is of statistical significance over the biggest part of the domain (Fig. 56).
On a seasonal basis the Rsds change in winter is negligible whereas the largest relative
increase is seen in summer (3.5%) and autumn (3%). Only for summer however the Rsds
change is statistically significant over an extended area. Moreover the maximum of Rsds
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increase in summer and autumn lies over central Europe and the Balkans and spatially is
quite close to the AOD maximum something that is not the case for spring.

On the other hand, simulation RcpStatic does not have any meaningful differences from the
historical period. A very small decrease (-0.6%) is detected on average. The aerosol of
RcpStatic have the same mean AOD with the aerosol used in HisAer, thus Rsds levels are not
impacted. This is further proof that the lower AOD in RcpAer is the reason for the detected
radiation decrease.

We have also calculated the effect of clouds in radiation (SCRE) and how much it differs in
the future compared to the historical period (Fig. 57). Since clouds reduce radiation at the
surface their effect is negative. Thus a negative difference between the future and the
historical period means an increase in the effect of clouds that in turn could lead to a
decrease in radiation at the surface and vice versa. We see that SCRE changes are not usually
significant. There are however several interesting cases. In spring the large increase in
shortwave radiation over south Europe, the Mediterranean sea and North Africa is partially
attributed to the significant decrease in the radiative effect of clouds that works along with
the decrease in aerosol optical depth. Oppositely an increase in the effect of clouds over
central Europe leads to the overall decrease of shortwave radiation overpowering the
decrease of aerosol. Finally in summer a small significant increase in the cloud effect is seen
over central Europe. Its effect however is totally negated by the large decrease in AOD seen
in this season and area that leads to the intense radiation increase at the surface. This
further highlights the impact of AOD decrease during summer.

Table 35: Shortwave radiation at the surface (Rsds) mean difference (W/mz) between simulations for the
future period 2021-2050 (RcpAer, RcpStatic) and simulation HisAer for the historical 1971-2000 period. Mean
annual differences (first column) and seasonal differences for all subregions including the EU region. Last row
presents the relative difference (%) for the EU region.

Year DJF MAM JA SON
RcpAer RcpStatic RcpAer RcpStatic RcpAer RcpStatic RcpAer RcpStatic RcpAer RcpStatic
BI 2,0 -1,9 0,5 0,5 0,1 -4,2 5,7 -3,3 1,5 -0,6
P 4,8 1,2 0,4 -1,1 10,2 6,4 8,3 1,5 0,4 -2,1
FR 53 -0,2 0,1 -1,2 4,7 -0,8 10,6 -0,5 5,6 1,6
ME 5,0 -2,4 0,6 -0,1 -0,2 -6,7 12,7 -4,3 7,0 1,7
SC 2,8 -1,1 0,0 -0,2 0,5 -3,8 8,7 -0,8 1,9 0,4
AL 4,6 -1,4 -1,0 -2,2 1,6 -3,5 12,3 0,5 5,5 -0,2
MD 6,6 0,6 0,5 -1,4 9,4 3,7 11,1 -0,1 5,6 0,4
EA 5,4 -1,6 0,4 -0,6 1,3 -4,3 13,3 -2,0 6,9 0,7
EU 4,2 -0,7 0,3 -0,6 3,8 -1,1 9,1 -1,3 3,5 0,0
EU % 2,6 -0,6 0,5 -0,8 1,8 -0,7 3,5 -0,6 3,0 -0,3
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Fig. 56: Shortwave radiation at the surface (Rsds) difference (W/mz) of the Rcp simulations from the historical
simulation HisAer. Large plots at the top: For the entire year. RcpAer at the left and RcpStatic to the right.
Smaller plots at the bottom rows: On a seasonal basis. For RcpAer (first row) and RcpStatic (second row).
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Fig. 57: Cloud radiative effect (SCRE) difference (W/m?) of the Rep simulations (2021-2050) from the historical
simulation HisAer (1971-2000). Simulation RcpAer at the top row and RcpStatic at the bottom. Negative
difference means that the cloud effect on radiation becomes even more negative reducing further shortwave
radiation at the surface. Positive difference means that the cloud effect becomes less negative thus tending to
increase radiation at the surface.
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So far we have seen that the decrease in aerosol optical depth compared to the historical
period clearly impacts radiation at the surface for the future period. Yet simulation RcpAer
also presents a decreasing trend in aerosol optical depth in the future period 2021-2050.
This could potentially lead to an increasing tendency of Rsds over time during the future
period. On the other hand we would not expect a similar behavior for RcpStatic since it uses
a static in time aerosol field. Interestingly however, results indicate that both Rcp
simulations present an increasing trend in shortwave radiation at the surface that is
significant on a yearly basis. RcpAer indeed has a slightly more positive trend for the year
and all seasons except spring indicating that the decreasing trend in AOD does have some
effect. This is more evident if we look at the Clear-sky shortwave radiation at the surface
(CRsds). CRsds is not affected by cloudiness change and thus is more directly impacted by
changes in the aerosol load. RcpAer does have a small increasing trend on a year to year
basis and for all seasons however it is considerably lower than the positive trend seen in
Rsds and thus does not explain it fully. RcpStatic on the other hand has a small decreasing
tendency, completely in contrast to the positive trend seen in Rsds. To investigate further
we also calculated the trends in the cloud radiative effect (SCRE). The trend in SCRE is
positive and of statistical significance on a yearly basis for both Rcp simulations.
Furthermore the trend magnitude is considerably larger than the one seen in CRsds and is
very close to the trend magnitude seen in the overall Rsds. Therefore the increasing trend in
shortwave radiation seen in both Rcp simulations during the future period is mainly
attributed to cloudiness letting more radiation to reach the surface over time (positive SCRE
trend). Finally the decreasing aerosol trend in RcpAer does have some impact and further
enhances the positive Rsds trend. However it is definitely not the main cause. This is
especially true in RcpAer during summer where the large positive trend in radiation is
attributed almost entirely to the change of cloud radiative effect and marginally to the
decreasing AOD over time. It might seem peculiar that in the historical period we observed a
much more intense impact on Rsds trend by the decreasing AOD trend of HisAer. It must be
noted though that the negative AOD trend in the historical period was considerably
stronger, about three times larger (-0.7x10°/year compared to 2.2 x10°/year) thus leading
to a more pronounced effect.
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Fig. 58: Shortwave radiation at the surface (Rsds - top), Clear-sky shortwave radiation at the surface (CRsds —
bottom left) and Cloud radiative effect (SCRE — bottom right) over the EU region and the period 2021-2050.
Variable values are depicted with dashed line whereas the linear regression line using the Theil-Sen method is
depicted with solid line. Red is used for RcpAer and orange for RcpStatic.

Table 36: Slope of the linear regression (W/mz /decade) regarding shortwave radiation at the surface (Rsds —
top), cloud effect on radiation at the surface (SCRE — middle) and Clear-sky shortwave radiation at the surface
(CRsds — bottom). For the period 2021-2050 and the EU region. Negative trends are depicted with blue color
cells and positive trends with pale pink color cells. Bold fonts are used to depict trends that are statistically
significant at the 95% level.

RSDS
2021-2050  Year Winter Spring Summer  Autumn
RcpAer 1,0 0,3 1,1 1,1 0,9
RcpStatic 0,7 0,2 1,3 0,1 0,7
SCRE
2021-2050  Year Winter Spring Summer  Autumn
RcpAer 0,8 0,2 0,8 1,0 0,5
RcpStatic 0,9 0,4 1,3 0,5 1,0
CRSDS
2021-2050  Year Winter Spring Summer  Autumn
RcpAer 0,2 0,1 0,3 0,1 0,4
RcpStatic -0,3 -0,1 -0,2 -0,1 -0,2
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2.10.3 Temperature

Mean annual temperature is clearly increased in the future period 2021-2050 compared to
the historical period 1971-2000 (Fig. 59). It is characteristic that both future projections
present an increase of mean annual temperature that is statistically significant all over the
domain. The detected warming usually ranges between 1-2°C and is more intense over the
eastern part of the domain. For the EU region averaged warming is 1.5 °C for RcpAer and 1.3
°C for RcpStatic (Table 37). For the rest subregions largest warming is seen for Eastern
Europe (EA) (1.9 °C - 1.6 °C), while smallest warming is seen for the British Isles (0.9-0.8 °C).
This more intense warming over the eastern part of Europe has also been detected in other
EURO-CORDEX simulations for the period 2071-2100 and both Rcp4.5 and Rcp8.5 scenarios
(Jacob et al., 2014). The warming of the future climate in Europe is also clearly described by
CMIP5 global climate models (McSweeney et al., 2015). In general RcpAer presents a more
intense warming than RcpStatic. The smaller aerosol optical depth in RcpAer seems to have
a clear impact on future warming through the decrease of shortwave radiation at the
surface. An extra increase of temperature due to the reduction of aerosol load in the future
is also presented in the GCM study of Xu et al., (2018).

On a seasonal basis a widespread warming is also detected, however differences between
seasons do exist. Winter is the season with the less intense warming, around 1°C for both
future projections regarding EU region averages, whereas the largest increase is seen in
summer and autumn (1.7-1.5 °C) (Table 37). Temperature increase is again slightly larger in
RcpAer compared to RcpStatic for all seasons except spring. Moreover the warming is
statistically significant for RcpAer over the entire domain for all seasons, except some small
areas in northern France and Britain in spring. On the other hand, RcpStatic does have an
extended area of non significant warming over the eastern part of the domain in autumn
and two zones of non significant warming over central and eastern Europe in winter and
spring. Thus the use of realistic aerosol (lower AOD in RcpAer compared to RcpStatic) clearly
leads to a more intense warming and also increases the significance of temperature change
on a seasonal basis.
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Fig. 59: Mean annual temperature difference between simulations for the future period 2021-2050 (RcpAer-
left, RcpStatic-right) and simulation HisAer for the historical 1971-2000 period. Stippling indicates areas that
are not of statistical significance at the 95% level according to the Mann-Whitney non parametric test.
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Fig. 60: : Mean seasonal temperature difference between simulations for the future period 2021-2050
(RcpAer-left, RcpStatic-right) and simulation HisAer for the historical 1971-2000 period. Stippling indicates
areas that are not of statistical significance at the 95% level according to the Mann-Whitney non parametric
test.

Table 37: Mean temperature difference between simulations for the future period 2021-2050 (RcpAer,
RcpStatic) and simulation HisAer for the historical 1971-2000 period. Mean annual differences (first column)
and seasonal differences for all subregions including the EU domain.

Year DJF MAM JA SON
RcpAer  RcpStatic RcpAer RcpStatic RcpAer RcpStatic RcpAer RcpStatic RcpAer RcpStatic
BI 0,9 0,8 0,6 0,5 0,8 0,7 1,1 1,0 1,2 1,2
P 1,3 1,3 0,8 0,8 1,5 1,4 1,5 1,4 1,5 1,4
FR 1,2 1,0 0,6 0,4 1,0 0,9 1,5 1,2 1,6 1,5
ME 1,4 1,1 0,8 0,6 1,3 1,1 1,6 1,1 1,8 1,7
SC 1,6 1,5 1,2 1,0 1,4 1,3 2,1 1,8 1,9 1,8
AL 1,6 1,5 1,2 1,0 1,7 1,6 1,8 1,5 1,9 1,7
MD 1,5 1,4 1,2 1,1 15 1,5 1,7 1,5 1,7 1,6
EA 1,9 1,6 1,1 0,9 2,2 2,0 2,1 1,6 2,0 1,7
EU 1,5 1,3 1,0 0,9 1,4 1,4 1,7 1,5 1,7 1,6

Difference between RcpAer and RcpStatic

Now we examine in more detail the differences in temperature between the two Rcp
simulations. As said before, the aerosol dataset implemented has a clear impact on
temperature since RcpAer is in general warmer than RcpStatic. The smaller AOD of RcpAer
leads to less shortwave radiation at the surface thus impacting temperature and further
enhancing the warming of the future period. RcpAer presents increased temperature for the
largest part of the domain and for all seasons (Fig. 61). Usually for most seasons the
temperature difference ranges around 0.1 to 0.2 °C with the averages for the subregions and
the EU region having similar values. Interestingly, considerably larger positive differences are
seen in summer when warming in RcpAer is usually above 0.3 °C and in extended areas of
central and eastern Europe it even exceeds 0.5 °C. Moreover the temperature increase is
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statistically significant over the biggest part of continental Europe, the only season to
present such a behavior.

We have also calculated the ratio of temperature difference between the Rcp simulations
(RcpAer-RcpStatic) to the overall warming seen in RcpAer compared to the historical period
(RcpAer-HisAer). This expresses the relative importance of the warming due to the
introduction of realistic aerosol compared to the overall future warming seen in RcpAer. The
aerosol impact is considerable since the use of realistic aerosol can explain on average 9% of
the overall warming in the EU region. For winter and summer this percentage is even
greater, around 14%. A large impact is also seen on several subregions. The most prominent
example is central Europe (ME and FR subregions) in winter and summer with the time
evolving aerosol being responsible for 30% of the overall warming of RcpAer.

=

.50
040

T RepAer-RepStatic DUF - T RepAer-RepStatic MAM T RcpAer-RepStatic JJA- T RepAer-RepStatic SON

030
020
0.10
000 8
0.10
020

030

-040
050

Fig. 61: Temperature difference between RcpAer and RcpStatic for all seasons. For the period 2021-2050.
Stippling indicates areas that are not of statistical significance at the 95% level according to the Mann-Whitney
non parametric test.
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Fig. 62: Mean percentage of the overall warming (blue+red) seen in the future period 2021-2050 in RcpAer
that is explained by the introduction of realistic time evolving aerosol (blue). For the EU region. In essence the
blue values are the metric: (RcpAer-RepStatic)/(RcpAer-HisAer)*100.
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Changes in the distribution

Interestingly, when we examine the probability density function plots of mean daily
temperature (Fig. 63-top two rows) we see that the shape of the distribution is almost
identical between the Rcp simulations and the historical HisAer for all seasons. The warming
of the future period is evident since the Rcp simulations are shifted towards larger
temperatures. However all the features of the distributions (width, number of peaks etc.)
remain essentially the same. A similar picture is seen in the box plots (Fig. 63-bottom two
rows). The main width of the distribution, given by the interquantile range, remains
unchanged. The quantiles though are shifted towards larger values. Regarding the outliers,
the Rcp simulations also present a shift towards larger values. This shift is especially
pronounced in Spring and mainly in Winter regarding the outlier values at low temperatures.
It is characteristic that HisAer presents temperatures that reach down to -45 °C in Winter
whereas both Rep simulations do not exceed values of -35°C.

In order to better study the behavior of the different parts of the temperature distribution
we have constructed the daily mean g-q plots for the Rcp simulations using HisAer as a
reference (Fig. 64-top). We have calculated twenty percentile classes (0-5, 5-10...,95-100)
and depict the mean value of each percentile class. It is characteristic that the mean value
for each percentile class is larger in the Rcp simulations compared to HisAer for all seasons.
This clearly confirms that the warming affects the entire distribution of temperature. In
general, the warming compared to the historical period does not seem to deviate
substantially for the different percentile classes. In order to capture this more clearly we
have plotted the differences in mean daily temperature between the Rcp simulations and
the historical HisAer for each percentile class (Fig. 64-bottom). Indeed for most percentile
classes the shift towards larger temperatures is quite similar usually not deviating more than
half a degree. For the majority of classes it ranges between 1 to 1.5 °C in winter, 1.5 to 2°Cin
autumn and summer and between 1.2 to 2 °C in spring. On the other hand a more intense
warming is encountered in the first couple percentiles in spring and autumn that can exceed
2.5 °C, corresponding to the shift of the outlier values seen in the box plots for these two
seasons at low temperatures. In winter however, the first percentile class has a moderate
warming, not much larger than the rest classes, that does not explain the large shift in
outlier values towards larger temperatures seen in the box plot. It must be reminded here
that for each class a mean value is calculated. If the number of outliers with a large shift is
small then this information is probably lost in the averaging. The largest shift is seen in very
low values around -30 °C. Indeed the number of these values is very small compared to
overall number of daily values in the first percentile (0-5%), being only 0.18% of the first
percentile class in HisAer, 0.04% in RcpAer and 0.06% in RcpStatic. Therefore the averaging
of the first class cannot be substantially affected by the large shift seen in these very few
cases.
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Fig. 63: Probability density functions (top two rows) and box plots (bottom two rows) regarding daily mean
temperature for historical simulation HisAer (1971-2000) and future simulations RcpAer and RcpStatic (2021-
2050). For all seasons.

138



EU MAM EU JJA EU SON
73 % 30
// 1 3 . '
|4 . .| 20F 3 X E *
g ' g " g% g "
] L 18 10F i@ " 2 10F 3 Bl
a Repher 1 9 Repher 1 9 15t o Repher 1 8§ . Repher
Q i ia ia a o
; £ HisAer 3 é HisAer 1 E .+ HisAer E Y HisAer
I ] TS . ] .
3 100 i . o
; ] | s :
| A R VT IR 1| A T T T E | T T VU S T “foee
=20 -10 0 10 20 -10 0 10 20 30 0 5 10 15 20 25 30 35 -10 0 10 20 30
Historical Historical Historical Historical
Winter EU Spring EU Summer EU Autumn EU
K B X 0 X
25f 1 25 1 est 250
g 20¢ 13 20F 18 2'0; _______ 138 E'Of
) 18 o [ L] b T
T1sf 1T 1) AT 1) 1% 15} :
g . 1 g I T Erarra 1 g [ g [
« i c, ! c, [
10 o st 10 1k 10¢ + 10¢
Repher cpher ] r Repher r RepAer
0.5- 1oo0st 1 o0sf 05"
00 . ‘ . 00 ‘ 0ot ‘ 00t .
0 20 40 b 80 100 0 2 40 B 80 100 0 20 40 6 80 100 0 20 40 6 0 100
percentile percentile percentile percentile

Fig. 64: Top row: Q-Q plots for daily mean temperature (°C) for RcpAer (red), RepStatic (orange) and HisAer
(blue). For all seasons. Bottom row: The temperature difference of each Rcp simulation from the historical
simulation HisAer for each percentile class. Red for RcpAer-HisAer and orange for RcpStatic-HisAer.

Trends

The temperature tendency in the future period is clearly positive. Analysis of mean yearly
values reveals increasing and statistically significant trends for both Rcp simulations in the
EU region and all the subregions (Table 38). The most intense trend is seen in Eastern
Europe (EA) whereas the weakest trend is seen in the British Isles (Bl). The trend magnitude
in the EU region is 3,4x10” °C/year for both Rcp simulations and is exactly the same with
trend detected in HisAer for the historical period 1971-2000. Compared to the historical
period (HisAer) the future period presents in general less intense trends over central Europe
(ME, FR, AL) whereas a stronger trend is seen in Eastern Europe (EA).

Differences in trend intensity do exist between the Rcp simulations. However a substantial
impact of the aerosol dataset cannot be identified. The future simulations have the same
trend magnitude for the EU region, whereas RcpAer has larger trends only in half of the
subregions. We expected the decreasing aerosol in RcpAer to lead to more positive trends in
temperature compared to RcpStatic. However if we analyze the trend behavior on a
seasonal basis a clear difference is seen on the summer temperature (Table 38, Fig. 65). The
seasonal trends have been estimated by using the mean value of each season for each year.
Interestingly, compared to RcpStatic simulation RcpAer presents slightly less intense trends
for the EU region in winter and spring and a clearly less positive trend in autumn. However in
summer, the trend magnitude in RcpAer is clearly larger (4,1 to 3,1 x 107 °C/year). The same
can be said for the majority of the subregions. However we have seen that the shortwave
radiation trend in summer is mainly affected by the trend in cloud radiative effect. Thus we
can conclude that the larger Rsds trend in RcpAer clearly impacts summer temperature
trend intensifying the temperature increase during the future period. However this cannot
be attributed to the aerosol decrease. Finally, we must not be confused by the fact that
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RcpAer is clearly warmer than RcpStatic for the future period but at the same time it does

not present larger increasing trends in temperature. RcpAer is warmer because it uses

considerably smaller AOD for the entire future period that leads to less shortwave radiation

at the surface. The temperature trend on the other hand is controlled by the Rsds trend

which in turn is impacted by the AOD tendency in time but mainly as we saw in the previous
section by the tendency of cloud radiative effect.
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Table 38: Slope of the linear regression (10-2 °C /year) regarding yearly mean temperature (top three rows) and
seasonal mean temperature for the Rcp simulations. For the period 2021-2050 and for all subdomains
including the EU region. For the yearly mean temperature data for the historical simulation HisAer (period
1971-2000) are also presented to facilitate comparison between the two periods. Negative trends are depicted
with blue color cells and positive trends with pale pink color cells. Bold fonts are used to depict trends that are
statistically significant at the 95% level.

Year

EU BI IP FR ME SC AL MD EA
RcpAer 3,4 2,5 3,4 2,6 3,0 3,7 2,8 2,8 51
RcpStatic 3,4 2,3 3,5 3,2 3,0 3,9 3,4 2,7 4,7
HisAer 3,4 2,6 3,2 4,9 5,0 3,5 4,4 2,7 3,9

Winter

EU BI IP FR ME SC AL MD EA
RcpAer 3,4 2,8 2,0 0,8 2,7 8,6 0,6 1,8 4,9
RcpStatic 3,5 2,3 2,0 0,3 2,6 9,2 1,5 0,8 3,8

Spring

EU BI IP FR ME SC AL MD EA
RcpAer 3,4 2,3 2,2 1,6 2,4 1,6 3,3 4,5 4,9
RcpStatic 3,6 2,5 3,9 4,0 3,0 1,7 5,5 4,6 52

Summer

EU Bl IP FR ME SC AL MD EA
RcpAer 4,1 2,3 5,0 5,5 4,3 5,4 4,7 3,2 6,0
RcpStatic 3,1 2,2 5,5 6,2 2,7 2,7 3,1 2,9 4,4

Autumn

EU BI IP FR ME SC AL MD EA
RcpAer 4,1 2,3 4,8 4,1 51 4,4 4,7 2,9 7,4
RcpStatic 4,9 2,3 4,7 3,8 4,6 4,6 4,5 2,8 8,9

2.10.4 Precipitation

Precipitation on an annual basis does not present clear and significant changes in the 2021-
2050 period compared to the historical simulation HisAer (1971-2000). The pattern of
annual differences is very similar for both Rcp8.5 simulations with statistically significant
changes seen in limited cases (Fig. 66): a statistically significant increase is seen over the
Alps (+7%, +0.19 mm/day for RcpAer), over eastern-northeaster Europe (+9%, +0.15
mm/day for RcpAer) and over extended parts of Scandinavia (+4%, 0.07 mm/day for
RcpAer). In general both Rcp simulations present a slight domain averaged increase
compared to HisAer that is slightly larger in RcpAer. Moreover, an increase is seen mainly
over the central and northern-northeastern part of Europe, whereas the southern part
presents spots of precipitation reduction. This spatial pattern of precipitation change is
qualitatively quite similar to some recent high resolution (12km) EURO-CORDEX simulations
for the period 2071-2100 and both Rcp4.5 and Rcp8.5 scenarios (Jacob et al., 2014).
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On a seasonal basis an increase is seen in winter and a decrease in autumn. However the
most spatially extensive statistically significant changes are seen in spring, with an increase
over Eastern Europe and parts of Scandinavia (+0.3mm/day,+16% for RcpAer) whereas a
precipitation decrease is seen over the entire lberian Peninsula (-4.6 mm/day, -24%).
Moreover the mountainous part of the Alps presents a significant increase for all seasons
except summer.
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Fig. 66: Mean annual precipitation difference between simulations for the future period 2021-2050 (RcpAer-
left, RcpStatic-right) and simulation HisAer for the historical 1971-2000 period. Stippling indicates areas that
are not of statistical significance at the 95% level according to the Mann-Whitney non parametric test.

[mm/day]

Fig. 67: Mean seasonal precipitation difference (mm/day) between simulations for the future period 2021-
2050 (RcpAer-left, RcpStatic-right) and simulation HisAer for the historical 1971-2000 period. Stippling
indicates areas that are not of statistical significance at the 95% level according to the Mann-Whitney non
parametric test.
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Table 39: Mean precipitation difference (mm/day) (top rows) and relative difference (%) (bottom rows)
between simulations for the future period 2021-2050 (RcpAer, RcpStatic) and simulation HisAer for the
historical 1971-2000 period. Mean annual differences (first column) and seasonal differences for all subregions
including the EU domain.

Year DJF MAM JA SON
mm/day  RcpAeros RcpStatic RcpAeros RcpStatic RcpAeros RcpStatic RcpAeros RcpStatic RcpAeros RcpStatic
BI -0,07 -0,06 0,04 0,03 0,01 0,07 -0,19 -0,19 -0,17 -0,15
IP -0,05 -0,08 0,04 0,05 -0,46 -0,47 0,01 -0,03 0,2 0,14
FR -0,02 -0,02 0,08 0,09 -0,07 -0,07 -0,08 -0,09 0 -0,03
ME 0,07 0,08 0,07 0,07 0,26 0,26 0,13 0,14 -0,18 -0,16
sC 0,07 0,07 -0,03 -0,01 0,25 0,24 0,07 0,11 -0,01 -0,05
AL 0,19 0,12 0,35 0,37 0,06 -0,02 0,03 -0,09 0,33 0,23
MD -0,01 -0,04 0,2 0,22 -0,26 -0,32 0 -0,03 0,03 -0,02
EA 0,15 0,08 0,21 0,19 0,3 0,18 0,25 0,13 -0,14 -0,17
EU 0,02 0,01 0,08 0,09 0,01 -0,01 0,03 0,01 -0,04 -0,07
relative %

BI -2 -2 3 2 0 3 -10 -10 -5 -4
IP -4 -5 1 2 -24 -25 9 7 12 9
FR -1 -1 4 4 -3 -3 -6 -6 0 -2
ME 4 4 4 3 13 13 7 7 -8 -7
sC 4 4 2 3 16 16 3 6 -1 -2
AL 7 5 16 17 0 -2 1 -4 11 9
MD -1 -3 11 12 -17 -21 5 -1 2 -1
EA 9 5 15 14 16 10 14 7 -8 -10
EU 1 0 6 6 1 -1 3 1 -1 -3

Difference between RcpAer and RcpStatic

Both Rcp simulations have a very similar behavior regarding precipitation. The spatial
pattern of precipitation differences (RcpAer-RcpStatic) presents no points with statistical
significance if calculated from monthly mean values. If we use daily values, small areas with
significant changes are seen only in spring and summer (Fig. 68). In spring an increase over
the Balkans and north of the Black Sea is seen. In summer there is a spatially more extensive
area with significant increase over eastern Europe whereas a significant decrease over parts
of Scandinavia is present. Interestingly the domain averaged precipitation is larger (1.5 to
2%) in RcpAer compared to RcpStatic in all seasons except winter (Table 40). The same is
also true for most subregions. We have seen from the sensitivity study of PART 1 (section
1.5.3.8) that the inclusion of aerosol-radiation interactions leads to a small precipitation
reduction in summer and spring. Therefore the larger AOD of RcpStatic is possibly affecting

precipitation amount leading to small reductions.
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Fig. 68: Precipitation difference (mm/day) between RcpAer and RcpStatic for all seasons. For the period 2021-
2050. Stippling indicates areas that are not of statistical significance at the 95% level according to the Mann-
Whitney non parametric test using daily values.
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Table 40: Domain averaged precipitation differences (mm/day) and relative difference (%) between RcpAer
and RcpStatic (RcpAer-RepStatic) for all seasons. For the period 2021-2050.

mm/day DJF MAM JA SON
EU -0.01 0.02 0.02 0.03
relative %
EU -0.51 1.56 2.27 1.44

Changes in the distribution

The changes in the probability density function plots of mean monthly and mean daily values
are small regarding the entire domain. They can be more pronounced at a subdomain level,
especially for Eastern Europe (EA) and the Iberian Peninsula (IP) in spring (Fig. 69) where the
statistically significant changes are seen. It is visible that there is a systematic shift towards
larger precipitation values in Eastern Europe during spring for the two Rcp simulations. On
the contrary there is a clear shift towards smaller precipitation amounts in the lberian
Peninsula, especially concerning low precipitation values below 1 mm/day that present a
considerable increase in frequency.
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Fig. 69: Probability density functions (top two rows) and box plots (bottom two rows) regarding monthly mean
precipitation (mm/day) for historical simulation HisAer (1971-2000) and future simulations RcpAer and
RcpStatic (2021-2050). For the subdomains of Eastern Europe (EA) (left) and the Iberian Peninsula (IP) (right) in
spring.
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Now we consider the Rcp simulations differences from HisAer for twenty percentile classes
(0-5, 5-10...,95-100) of precipitation monthly values. We see that over the domain the
decrease in autumn is happening in almost all percentiles whereas in winter an increase is
seen in almost all percentiles. Interestingly in all seasons an increase is seen in the last
percentile class (95-100 indicating a strengthening of the largest precipitation amounts on a
monthly level (Fig. 70). The same behavior is seen if daily values are considered. For the two
areas of particular interest in spring: The increase in Eastern Europe is happening in all
percentiles and is also more pronounced in the last percentile class. Finally, in the Iberian
Peninsula the observed decrease is present in all percentiles.
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Fig. 70: The precipitation difference (mm/day) of each Rcp simulation from the historical simulation HisAer for
each percentile class, regarding monthly values. All grid points of the EU domain are considered. Red for
RcpAer-HisAer and orange for RcpStatic-HisAer.

Trends

In the future period 2021-2050, domain (EU) averaged precipitation presents a decreasing
tendency for all seasons as well as on a yearly basis (Fig. 71, Table 41). This decreasing trend
is also seen for most subregions both on a yearly and a seasonal basis.

However the trends are almost always not significant at the 95% level. Yet at the 90% level
some statistically significant trends exist. On a yearly basis significant trends are seen in the
Iberian Peninsula (IP) and France (FR) for RcpAer and for the EU domain and France (FR) for
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RcpStatic. On a seasonal basis only RcpAer shows a significant reduction over the British Isles
(Bl) in spring and summer and over the lberian Peninsula (IP) in autumn. The latter has the
strongest trend (-22.7x10%(mm/day)/year ) detected, including all subregions and seasons.

The future trends for the Rcp simulations do not differ much from the trends seen on a
yearly basis for the historical HisAer simulation (1971-2000). HisAer also presents a
decreasing trend for the domain and most subregions. However a considerable difference is
seen for the France (FR) subregion, since HisAer has a small increasing trend whereas both
Rcp simulations have considerably stronger decreasing trends that are statistically
significant.

Finally, between the Rcp simulations themselves there are not systematic differences in
trend intensity and sign. The larger AOD of RcpStatic does not seem to considerably impact
the trend behavior.

Pr trend EU DJF

Pr trend EU MAM

4 T ] [ T P
[ RcpAer ] [ RcpAer ]
3k = F E
" -

g FEo 0 < 3 2 Y A ] g Fa E
S v = ¥ + it S LA \ ]
€ [ % A a0 AN ] E F ¢ & ke
E " ¥ N vl E [ . . . =
E I 3 \J E =R S D ¥ LA o e

S 2F v e S eF NN S :
8 F ] g F T Y IRV et 3
a r ] a ¢ ]
St ] o F ]
o r 1 o q
[ ] a L ]
1F | = |
L y= -0.0011613377 x+ 4.9441062 NoSG ] L y= -0.0046801493 x+ 11.574725 NoSG ]
0 t I | 1 1 L E E I L L 1 L E

2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year
4r T T T T | C T T T T ]
F RcpAer ] F RcpAer ]
3F = F 3
> ] > ]
v r | 2 r *o ]
g ] € 4, s fan, S Lams smat v 1
£ I ] E PNy 7 = — r
c F ] c _F AN - h) Pl
8 2 , - S 2 hd A9
s 0 . E s f E
S R s L TN ] 2 ]
T i i WP TP N e f N sl FE ]
g El'r ~ » .t SR - : g E E
1E = = |
L y= -0.0051877885 x+ 12.020942 NoSG ] L y= -0.00091645663 x+ 4.1626223 NoSG ]
£ 1 1 1 1 L a £ I 1 1 L 1 E
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year Year

Fig. 71: Seasonal mean precipitation (dashed line) and linear regression line (solid line) using the Theil-Sen
method over the EU region and the period 2021-2050. For the Rcp simulations RcpAer (red) and RcpStatic
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Table 41: Slope of the linear regression (10'3x(mm/day)/year) regarding yearly mean precipitation (top three
rows) and seasonal mean precipitation for the Rcp simulations. For the period 2021-2050 and for all
subdomains including the EU region. For the yearly mean precipitation data for the historical simulation HisAer
(period 1971-2000) are also presented to facilitate comparison between the two periods. Negative trends are
depicted with blue color cells and positive trends with pale pink color cells. Bold fonts are used to depict
trends that are statistically significant at the 90% level.

RepAer
RcpStatic

HisAer

RcpAer
RcpStatic

RcpAer
RcpStatic

RcpAer
RcpStatic

RcpAer
RcpStatic

Year

EU BI IP FR ME SC AL MD EA
-3,1 -3,8 -10,9 -13,4 -4,8 3,6 -10,5 -9,1 -0,7
-4,2 -7,7 -9,9 -12,5 -3,6 4,0 -9,6 -9,4 -6,1
-2,3 -3,1 -8,7 4,4 -5,6 -2,7 -12,2 -3,5 0,3

Winter

EU BI IP FR ME SC AL MD EA
-1,2 -1,3 -12,9 -12,0 -1,8 7,4 -5,5 -0,9 1,4
-2,2 -3,5 -12,6 -16,5 -0,3 12,8 -7,3 -6,1 -1,1

Spring

EU BI IP FR ME SC AL MD EA
-4,7 -12,1 -9,5 -12,3 -0,4 10,6 2,2 -12,2 2,7
-6,0 -6,0 -13,3 -8,9 1,6 6,2 -0,8 -21,5 -4,6

Summer

EU Bl IP FR ME SC AL MD EA
-5,2 -12,6 -2,6 -9,2 -4,5 -6,7 -22,4 -3,4 0,4
-2,8 9,1 -2,0 -4,2 -12,1 -4,0 0,1 -3,0 1,6

Autumn

EU Bl IP FR ME SC AL MD EA
-0,9 1,8 -22,7 -14,0 -9,4 4,4 -18,0 -3,2 -5,1
-1,8 -4,8 -7,4 -12,7 -17,6 4,0 -21,0 -4,8 -8,1
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3. Summary and discussion

The purpose of this study is to assess the impact of aerosol on regional climate simulations
over the European domain. We use different aerosol datasets and different modeling
options to enable aerosol-radiation and aerosol-cloud interactions in the simulations. We
assess mainly the impact of aerosol-radiation interactions (direct and semi-direct effects)
and also describe how aerosol-radiation interactions perform when aerosol-cloud
interactions are also present.

Aerosol impact

We have seen both from the sensitivity study (2004-2008 period) and the historical
simulations (1971-2000) that the impact of aerosol-radiation interactions is considerable on
many aspects of the climate. As expected, radiation is more prominently impacted. Clear-sky
radiation is significantly reduced all over the domain and the same is true for shortwave
radiation. Moreover, the net shortwave radiation at the surface (radiative effect RE) as well
as the overall radiation budget at the surface (net shortwave and longwave) are also
negative. Spatial correlation between the AOD field and the radiative effect is high (0.6 to
0.9).

The Impact on the direct and diffuse components of shortwave radiation (Rsds) is
considerably stronger than that for Rsds. Direct (and direct normalized, DNI) radiation is
strongly reduced while diffuse is greatly increased. Therefore, because of the opposite
impact on its components, the overall impact on Rsds is constrained. With the introduction
of aerosol-radiation interactions the distribution of direct/diffuse ratio changes greatly in
favor of the diffuse component and diffuse becomes usually larger than direct radiation.
Unfortunately most modeling studies usually explore only the overall shortwave radiation
(Rsds) and rarely the direct and diffuse components. This is despite the fact that the direct
component is a far more important factor in solar applications than Rsds.

Temperature is another variable that is considerably affected by aerosol-radiation
interactions. A cooling is seen over the domain due to the reduction in radiation. This
cooling is more intense over land, partly because of the lower thermal capacity of land
compared to sea and partly because our simulations lack an ocean model component and
rely on prescribed seas surface temperature. Domain averaged cooling can reach -0.5°C
depending on season, however on grid point level the temperature reduction can be
considerably stronger and reach -1.5 °C near the maxima of shortwave radiation decrease.
The temperature reduction at the surface is moderately spatially correlated with the AOD
field as well as with the spatial pattern of radiative effect (RE). The maxima of cooling usually
are collocated or close to the maxima of RE. This was not the case in two RegCM studies
over Europe (Zanis, 2009; Zanis et al., 2012). Emphasis is given to the fact that temperature
is also affected higher in the atmosphere. Cooling is easily seen at the 800hPa level over
spots of strong surface cooling. However considerable cooling can be detected also in the
middle to upper troposphere, in cases reaching the 400hPa level. This type of cooling is
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probably related to the semi-direct aerosol effect and changes in cloudiness. It is interesting
that the modeling study of (Schultze and Rockel, 2018) presented a shallow cooling near the
surface and heating at the higher levels, something that resulted in the overall stabilization
of the atmosphere which in turn led to the decrease of cloud fraction and precipitation.
There are instances of such a behavior in our study when aerosol-radiation interactions are
enabled, over specific places and seasons (e.g. in summer) however this is not an overall
behavior. An exception is the simulation with ultra absorbing aerosol, ARI_Mvlurban, which
presents a very intense warming of the middle troposphere accompanied by a strong and
shallow surface cooling.

Precipitation is not clearly affected throughout the year in a systematic way by enabling
aerosol-radiation interactions. However, most of the ARI group of simulations present small
domain averaged precipitation decrease (-2 to -5%) in spring and summer. The lack of an
ocean model in our simulations is probably a limitation to study impact on precipitation to
its full extent. Since the sea surface temperature cannot change due to the reduction of
radiation, evaporation and thus atmospheric humidity may not be reduced to a degree that
could cause precipitation reduction. A modeling study that used a coupled atmospheric-
ocean model found reduced precipitation and cloud fraction because of the reduced
atmospheric humidity (Nabat et al., 2015a). Another modeling study over Europe (Schultze
and Rockel, 2018) that covered a long 60 year period, also found precipitation reduction that
was attributed to the stabilization of the atmosphere. In our study, the spatial pattern of
precipitation change with aerosol introduction is quite patchy in the sensitivity simulations,
with small spots of precipitation increase and decrease scattered over the domain. This
indicates that internal model variability plays a strong role in the precipitation results.
Interestingly, the spatial pattern of precipitation changes is much smoother is the historical
simulations, that spanned for a much longer time period (30 years). Probably averaging over
a larger period of time has smoothing results for the internal model variability. Moreover,
since the historical simulations have some changes in the model parameterizations used
(e.g. convection scheme, cloud fraction option etc.) and this could also be partially
responsible for the smoother spatial variability of precipitation change.

One major conclusion of this study is that the introduction of aerosol-radiation interactions
clearly leads to increased cloud forcing at the surface. This means that cloudiness reacts in a
way that lets more radiation to reach the surface due to the semi-direct aerosol effect. This
happens due to change in cloud fraction amount and/or due to change in cloud properties.
However, since changes in the cloud fraction are constrained, the positive change in cloud
forcing (ASCRE) must be mainly attributed to a change in the cloud properties and
particularly to the decreased reflectivity of clouds. It is impressive that the change in cloud
forcing is positive for all ARI simulations, for all seasons and almost over the entire domain.
The positive ASCRE counteracts up to a degree the direct aerosol effect, constraining the
reduction of shortwave radiation at the surface. The role of the semi-direct effect is very
important since it take values that range between 20% to 45% (historical) (20-60% in the
sensitivities) of the direct aerosol effect, thus being a considerable part of the overall
radiative effect at the surface (17-40%). A positive semi-direct shortwave forcing over
Europe is also seen in the study of Nabat et al. (2015) that was attributed to the decrease of
cloud fraction amount.
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A quite interesting result is that in some cases distinct changes have been observed in the
general circulation patterns. These changes are definitely not strong. The wind pattern on a
seasonal basis is almost identical before and after the introduction of aerosol-radiation
interactions. However in some cases, clear anomalies in the wind patterns are seen in both
the lower and upper troposphere. The most prominent example is the area in the Balkans
and north of the Black Sea in autumn, where a cyclonic anomaly forms close to the area of
intense surface cooling. This anomaly is also accompanied by an increase in vertical velocity,
cloud fraction, liquid water path and precipitation, indicating that it has an impact on local
climate. In general there is a tendency of cyclonic anomalies to form close to areas of strong
cooling at the surface.

Implementation of aerosol-radiation interactions in an environment where aerosol-cloud
interactions are also present, behaves qualitatively in a similar way to the implementation of
only aerosol-radiation interactions. Shortwave radiation is reduced at the surface which
leads to an overall cooling. However with both aerosol-radiation and aerosol-cloud
interactions enabled, the reduction of shortwave radiation at the surface (and of its direct
and diffuse components) is smaller. This is because the change in the cloud forcing (ASCRE)
is slightly more positive for all seasons and constrains to a larger degree the shortwave
radiation decrease. The ASCRE now ranges between 25% and 80% of the direct aerosol
effect (DRE). Therefore, we have a strong indication that the indirect aerosol effect is further
enhancing in our simulations the semi-direct aerosol effect, leading to stronger positive
cloud forcing.

Aerosol introduction does not necessarily leads to the improvement of bias. The main biases
in most variables examined in both the sensitivity studies and the historical simulations do
not drastically change with aerosol introduction, indicating that aerosol representation is not
the main cause of bias. Direct normalized irradiance (DNI) is however an exception, since it is
highly impacted by aerosol and enabling aerosol-radiation interactions can strongly alter the
bias. However the bias in a certain variable, even in DNI, seems to be mainly regulated by
the overall characteristics of the simulations, including the initial and boundary conditions
and of course the selection of physics parameterization and their tuning and overall model
calibration. Therefore whether bias is improved or not with aerosol introduction depends on
the state of the bias when aerosol are not present in the simulation. A prime example is
seen in the sensitivity simulations for shortwave radiation at the surface (and in DNI) where
the bias negative in the control simulation without aerosol and it worsens when introducing
aerosol-radiation interactions since they tend to decrease shortwave radiation at the
surface.

The role of single scattering albedo (SSA) that defines aerosol absorptivity is very important.
First of all, the simulation with ultra absorbing aerosol, ARI_Mv1lurban, has the strongest
impact among all other sensitivity simulations with aerosol-radiation interaction for all
variables examined. It must be noted however that the SSA values of this simulation are
unrealistically absorbing (Rodriguez et al., 2013; Tombette et al., 2008; Witte et al., 2011) so
ARI_Mvlurban is treated as an idealized experiment that showcases the effects of extremely
absorbing aerosols. Interestingly however, the role of SSA is evident in the other simulations
featuring more realistic absorption. We have seen that two sensitivity simulations (ARI_Mv1
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and ARI_Mv1full) featuring the exact same AOD (MAC-v1) but different SSA fields presented
in some cases considerable differences between them (for example temperature in spring
and direct radiative effect in summer). It is characteristic that in some of these cases the
above simulations had a more similar aerosol impact with simulations that had a different
AOD field but very similar SSA values, rather than with the partner simulation with the same
AOD but with differentiated aerosol absorptivity. Moreover, we have seen that the first
aerosol-radiation interaction option (aer_opt=1) which uses the Tegen climatology produces
similar shortwave radiation reduction with the simulations that use the MAC-v1l and MACC

I”

aerosol datasets and use the “rural” aerosol type to parameterize the rest aerosol
properties, despite the Tegen climatology having lower AOD values. This is because the
aerosol of Tegen are more absorbing, leading to a larger radiation reduction per unit of AOD

(W/m?/A0D).

Finally, we have seen that the use of different aerosol datasets (Tegen, MAC-v1, MACC and
the CESM1 aerosol) did not lead to dramatic changes on domain averaged values regarding
all the variables examined. After all, all the aerosol datasets have a similar spatial pattern of
and seasonal behavior again regarding domain averages. However, at a subregional level
and even more at a grid point level, there can be large spatial and seasonal differences
between the aerosol datasets. This leads to strong differences over these smaller spatial
scales. Thus, selection of a proper dataset is important and can have a strong difference.
Therefore users are advised to use the newest and most up-to-date aerosol datasets
available, as has been recommended by other studies as well (Schultze and Rockel, 2018;
Zubler et al., 2011a).

Aerosol options in WRF model

All the aerosol-radiation interaction options tested in the Weather Research and
Forecasting Model produce physically consistent results. As expected, shortwave radiation
at the surface and its direct component are reduced while diffuse radiation increases. The
first aerosol option (aer_opt=1) is a ready-to-use option that can enable aerosol-radiation
interactions based on the climatology of Tegen. The Tegen dataset is 3-D meaning that it has
values also in the upper troposphere levels, thus there is no need for the parameterization
of the vertical aerosol profile. Moreover, Tegen has lower AOD compared to the newer
products tested (MAC-v1, MACC). However, the smaller SSA values (more absorbing aerosol)
the first aerosol option produces, lead to a similar reduction of shortwave radiation at the
surface with the simulations that use larger AOD but have less absorbing aerosol. The
second aerosol option (aer_opt=2) uses an external aerosol field provided by the user.
Implementation of this option is relatively easy, with the only technical problem being the
preparation of the intended aerosol field in a file with a specific WRF-compatible format.
The parameterization of single scattering albedo (SSA), asymmetry factor (ASY) and

|II

Angstrom exponent based on the “rural” aerosol type provides realistic more realistic results
over the European domain. On the other hand, the “urban” aerosol type is extremely
absorbing and over Europe it can be useful only in idealized experiments with unrealistically

strong aerosol absorptivity. The use of a prescribed vertical profile of AOD in the second
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aerosol option seems adequate to simulate the shortwave radiation reduction at the
surface. However, in order to fully assess the semi-direct aerosol effect, a prescribed vertical
profile could be problematic. The vertical profiles of the first and second aerosol options, as
well as the profile produced by the Thompson aerosol-aware scheme, do of course have
some similar basic characteristics but also present differences, such as the number of AOD
maxima and the height that these are observed. However the impact seen at the
troposphere, for variables such cloud fraction and temperature, presents very similar
characteristics in both aerosol-radiation interaction options (aer_opt=1 and 2). In essence,
what seems to be more impactful to changes higher in the troposphere is the aerosol
absorptivity and not the vertical AOD profile.

The Thompson aerosol aware microphysics scheme offers an easy and computationally low
cost way to implement interactive aerosol in the WRF model. Moreover, aerosol interaction
with radiation can also be enabled, thus including the full spectrum of aerosol effects
(aerosol-radiation-cloud interactions). Implementation of this scheme is straightforward,
with only some steps required at the preprocessing stage (WPS) of WRF realization in order
to prepare aerosol initial and boundary conditions. Even though it explicitly predicts aerosol
number concentrations, the aerosol aware scheme is not a fully detailed prognostic aerosol
scheme. It relies on some major simplifications such as the categorization of aerosol into
only two broad types (water friendly and ice friendly) and the use of an artificial emission
flux (based on initial AOD and a mean wind speed value) only for the water-friendly type. In
essence, it does not try to forecast the aerosol field in the most precise way, but its purpose
is to generate an aerosol field that on the long term approximates the GOCART climatology
while on the short term is free to change according to the atmospheric conditions. However,
the AOD field generated by the scheme in the sensitivity study during the 2004-2008 period
has an abnormal AOD maximum over Eastern Europe consistently seen throughout the year
and overall large AOD domain averaged values. This AOD maximum is not seen in any other
aerosol dataset used including the two satellite datasets examined. The vertical AOD profile
generated by the scheme presents the expected basic characteristics such as an AOD
maximum at the lower troposphere and an exponential decrease at higher altitudes.
However it produces an AOD maximum that is closer to the surface compared to the profiles
of the second (aer_opt=2) and especially the first (aer_opt=1) aerosol options. The stability
of the aerosol concentrations over the long term seems adequate. Over the 5 year period
covered by the simulations with the aerosol-aware scheme a very small negative trend was
detected for the water-friendly aerosol concentrations and a slightly larger negative trend
for the ice-friendly aerosol, probably attributed to the lack of an emission field for the ice-
friendly aerosol type. Overall, AOD produced a slight decreasing trend that leads to a -1.5%
AOD reduction after a 5 year period (plus 1 year spin up time). This is definitely adequate for
the simulation of such a time span of several years. However, for much longer simulations
(e.g. spanning decades) a decreasing AOD trend of the magnitude observed in our
simulations could be problematic since it could lead to considerable AOD reduction during
the simulation. Finally, the use of the aerosol-aware scheme required a very small
computational cost increase, with time for realization increasing only by ~10%, compared to
the Thompson 2008 (Thompson et al., 2008) microphysics scheme. This is a huge advantage
compared to systems that describe aerosols with more complexity such as the Weather
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Research and Forecasting Model with Chemistry (WRF-Chem) which requires massively
larger computational cost.

Cloud cover scheme

Our study highlights the importance of the cloud cover scheme. This scheme is responsible
for the production of cloud fraction amount at each grid point. Cloud fraction is not just a
diagnostic variable but can be actively used by the radiation scheme and thus has the ability
to severely impact radiation amounts. In our study we used two cloud cover schemes, one
based on Sundqvist et al. (1989) (icloud=3 option) and the other based on Xu and Randall
(1996) (icloud=1 option). Both schemes presented overestimation of cloud fraction for all
seasons, while for summer an underestimation over southern Europe was seen. The icloudl
scheme consistently produced smaller cloud fraction amounts, something that improved the
overestimation throughout the vyear, but also led to an increase of cloudiness
underestimation in summer over southern Europe. The differences in the produced cloud
fraction between the two schemes had a large impact on shortwave radiation at the surface
(Rsds). It is characteristic that it exceeded the impact of aerosol-radiation interaction
implementation in the model. The difference in domain averaged Rsds was around 16% to
18% for all seasons, much larger (2 to 4 times) than the impact of aerosol-radiation
interactions (around 4% to 8%). The differences in shortwave radiation also considerably
impacted near surface temperature with domain averaged changes between 0.4 and 0.8°C,
also larger than the impact seen by aerosol-radiation interactions. It is important to note
however, that the impact of the cloud cover scheme also depends on the radiation scheme
used. In our study we used the RRTMG radiation scheme, which makes use of the cloud
fraction amount, among other variables such as liquid water path, to estimate radiation
amounts. A different radiation scheme could have a different approach for the use of the
cloud fraction amount. For example, the Dudhia (1989) radiation scheme assumes only cloud
fraction that is either 0 or 1 (cloud-free or overcast sky), thus the impact of a more advanced
cloud fraction option could be minimal. Moreover, the impact of the cloud cover scheme
might heavily depend on the simulation spatial resolution, since higher resolution could
reduce the uncertainty of sub-grid scale cloudiness. Furthermore, the choice of the cumulus
(convection) scheme and the boundary layer scheme might also interfere with the cloud
cover scheme impact, since some of these schemes can produce their own sub-grid scale
cloudiness and modify the final cloud fraction (only in the case of icloud=1). To conclude,
despite their potential impacts, the cloud cover schemes are not given any attention in
several model evaluation studies (Garcia-Diez et al., 2015; Katragkou et al., 2015; Kotlarski et
al., 2014). This study recommends that the cloud cover scheme must be treated as one of
the major physics parameterizations of the WRF model.
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Historical simulations and Rcp8.5 future simulations

The coupling between WRF and CESM1 was quite successful. Implementation was
straightforward since the bias corrected CESM1 data used are offered by NCAR in an easy to
use format and cover all the variables needed to drive WRF. The historical simulations have
very good evaluation results in the context of other GCM evaluation studies (Cattiaux et al.,
2013; McSweeney et al., 2015) as well as compared to RCM modeling studies over Europe
(Garcia-Diez et al., 2015; Katragkou et al., 2015; Kotlarski et al., 2014). It is characteristic that
bias is improved in most variables compared to the sensitivity simulations driven by
reanalysis data. The use of a different model set up in the historical simulations has probably
helped in the right direction. For example the use of a different option to parameterize cloud
fraction (icloud=1) seems to have reduced the cloudiness overestimation.

We used in both the historical (1971-2000) and Rcp8.5 (2021-2050) simulations the aerosol
optical depth (AOD) field that CESM1 used for the respective periods. This aerosol field is the
product of chemistry-climate model simulations using an inventory of known and projected
emissions (Lamarque et al., 2011, 2010). It is characteristic that both for the historical (after
the early 1980s) and the future period the aerosol optical depth presents a decreasing trend
over Europe, indicating the decrease of aerosol concentrations, possibly due to the stricter
regulations regarding emissions and air quality. It must be noted however, that the
decreasing AOD trend in the historical period is considerably stronger than the one seen in
the Rcp8.5 future scenario.

A major finding of this study is that transient aerosols do have a considerable impact on
trends in shortwave radiation at the surface during the historical period. This is more
pronounced after the 1980 when the aerosol optical depth starts decreasing. The use of a
realistic aerosol field that has a decreasing trend over time clearly leads to an increasing
trend in shortwave radiation (brightening). Moreover a much stronger brightening is seen
for the simulated direct normalized irradiance. The brightening of solar radiation over
Europe is an observational fact (Wild, 2009) and only the use of time decreasing aerosol
enables to simulate it while the use of a static in time aerosol field fails to reproduce it. This
has been also the result of the RCM study of Nabat et al. (2014) over Europe and the
Mediterranean. Moreover, the study of Bartdk et al. (2017) found that EURO-CORDEX
regional climate model simulations could not reproduce the brightening of solar radiation
over Europe. It is impressive that their ensemble mean trend in radiation was decreasing
instead of increasing. This was attributed to the use of static in time aerosol information. On
the other hand, global climate models of CMIP5 managed to reproduce the brightening, due
to their use of interactive and time varying aerosol. Therefore, aerosol evolution in time can
definitely impact the temporal evolution of shortwave radiation at the surface.

The historical simulations clearly present increasing trends for temperature, consistent with
the expected climate change warming due to increased greenhouse gases emissions (IPCC
AR5). Temperature is also impacted by the increasing trend in shortwave radiation at the
surface that takes place to the decreasing aerosol trend. An important finding of this study is
that the use of transient, decreasing in time, aerosol leads to a slight but clear enhancement
of the already increasing trend in temperature, further intensifying the warming due to the
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increased greenhouse gases emissions. Moreover, the use of realistic time evolving aerosol
optical depth leads to a small improvement in temperature trend simulation indicating that
transient aerosol help to better simulate temperature trends over Europe, a result seen in
other studies as well (Van Oldenborgh et al., 2009).

For the main Rcp8.5 simulation of the future climate we used the CESM1 Rcp8.5 aerosol that
present considerably smaller AOD values than the ones seen in the historical period. The use
of a lower AOD in the future period clearly led to a significant increase in shortwave
radiation at the surface (Rsds) compared to the historical period. This increase in Rsds is
spatially extensive and is more prominent during summer.

Both Rcp8.5 simulations present an increase of the mean temperature compared to the
historical period (1971-2000). Simulation of the future climate (2021-2050) presents a clear
warming that ranges between 1°C and 1.7°C regarding domain averages. This warming is
stronger during summer and autumn and over Eastern Europe. This strong increase over the
eastern part of Europe has also been detected in other simulations over Europe (Jacob et al.,
2014).

We have stated, that the use in the future period of a weaker AOD field, clearly lead to an
increase of shortwave radiation at the surface. This increase in Rsds also impacts
temperature leading to further warming. Therefore another major finding of this study is
that expected decrease of AOD in the future over Europe, leads to an intensification of the
overall warming of this regions. This extra warming due to the lower future AOD can be
considerable, and amounts between 5% (in autumn) and 14% (winter and summer) of the
overall detected warming of the future period compared to the historical one.

The Rcp8.5 aerosols of CESM1 also present a decreasing AOD trend during the future period.
This decreasing trend does impact the trend in shortwave radiation, slightly intensifying the
already positive Rsds trend seen when a static aerosol field is used, however the impact is
not as strong as the one seen in the historical period. This is because the decreasing AOD
trend in the future period is considerably weaker.

As said above, both Rcp8.5 simulations, either using the time decreasing aerosol or a static
in time aerosol field present increasing trends in shortwave radiation for the future period.
Interestingly, this positive trend in shortwave radiation is mainly attributed to a positive
trend in cloud forcing. Therefore, in both Rcp8.5 simulations, clouds tend to let more
radiation to reach the surface over time and this leads to an increasing trend in shortwave
radiation. The use of decreasing aerosol over time only helps to slightly intensify this trend.

Finally, regarding future precipitation, there is no clear behavior of change throughout the
year, compared to the historical period for the entire domain. However an increase is seen
for the central and north-northeast part of Europe, whereas southern Europe presents a
tendency to reduce precipitation amount. Similar results are also seen in other simulations
over Europe (Jacob et al., 2014). On a seasonal basis, significant changes are seen mainly in
spring, where again an increase of future precipitation over Eastern Europe is seen and a
decrease over the Iberian Peninsula and parts of the Mediterranean.
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4. Conclusions

o All the aerosol-radiation interaction options of the WRF model used in this study
presented physically consistent results.

e The Thompson aerosol-aware microphysics scheme is a valuable tool that can
implement interactive aerosol and thus aerosol-cloud interactions in the model with
negligible computational cost. Its use on prolonged climate simulations however must
be examined with caution.

e The cloud cover scheme can have a very strong impact on many climatic variables. It
must be treated as one of the major physics parameterizations in the WRF model.

e Introduction of aerosol-radiation interactions leads to:

o Considerable decrease of shortwave radiation at the surface, a much stronger
decrease in direct radiation and a strong increase in diffuse radiation.

o A cooling over the domain is seen that can be strong over areas of intense radiation
reduction. Temperature changes are not only constrained at the surface but are also
seen higher in the troposphere.

o Changes in the general circulation pattern are constrained, however in specific areas
and seasons specific circulation anomalies are present and tend to impact the
regional climate.

o Clouds tend to let more radiation to reach the surface due to a decrease in their
reflectivity.

e  Bias is not necessarily improved with the introduction of aerosol-radiation interactions
since it depends on overall model performance and calibration.

e  The use of up-to-date and improved aerosol optical depth datasets is recommended. It
might not have a large impact on domain averaged values, however at a regional level
impact can be considerably larger.

e The coupling of WRF with the global model CESM1 has been quite successful and
produced nice evaluation results for the historical simulations.

e Only the use of realistic transient aerosol that decrease over time can produce the
radiation increase (brightening) seen over Europe during the historical period.

e  The simulations of both the historical (1971-2000) and the future period (2021-2050)
present increasing trends in temperature. This is indicative of the warming of the
climate.

e The decrease of the aerosol optical depth in the future period leads to an increase in
the shortwave radiation at the surface. This impacts temperature further enhancing the
warming of the future climate.

To conclude this study, we content that aerosols are an important part of the climate.
Aerosol inclusion in a regional climate model is important and deserves our attention since it
can strongly impact many aspects of the climatic system and therefore affect the simulated

historical, present as well as future climate.
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Extented Abstract

The subject of the thesis is to study the effects of atmospheric aerosols on regional
climate simulations over Europe with the WRF climate model. We mainly study the
interactions of aerosols with radiation (direct and semi-direct effect) while the interactions
of aerosols with clouds are also simulated.

The dissertation is divided into two main parts. In the first part, 5-year sensitivity
simulations (2004-2008) were performed using different aerosol configurations in the model
as well as different datasets of aerosol optical properties. The results showed that the
introduction of the aerosol-radiation interaction significantly reduced the shortwave
radiation at the surface (-3 to -8%), leading to a decrease in temperature which may well
exceed 1 ° C at the regional level. The effect on the direct and diffuse component of the
solar radiation is much stronger with a sharp decrease in the direct and a sharp increase in
the diffuse component. Minor changes in precipitation and cloud cover were observed and
in certain cases parameterization and the communication of radiation and microphysics
parameterizations with respect to the radius of cloud particles. Both experiments showed a
strong effect on the solar radiation reaching the ground.

In the second part of the thesis, 30 years long simulations were performed with the
WRF regional model driven by the global model CESM1, for the historical (1971-2000) and
future climate (2021-2050) based on the Rcp8.5 emission scenario. A static in time aerosol
field as well as a decreasing in time aerosol field were used. The effect of the aerosol-
radiation interactions was similar to that observed in the sensitivity simulations, leading to a
decrease in radiation and surface temperature. The use of a realistic aerosol field with a
decreasing trend over the historical period has led to an increasing trend of solar radiation at
the surface (brightening) which is consistent with observational data. All simulations of the
future climate show an increase in temperature over Europe in relation to the historical
period. Also, the reduction of the optical depth of the aerosols in the future compared to the
historical period leads to increased ground radiation and an intensification of the overall
warming.
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EAAHNIKH NIEPIAHWYH
Tithog SwatpBng: Ektipnon odaApdatwv kat afeBatdtnrog arlnAemidpacewv vepwv-
OlEPOAUHATWV-OKTLVOPBOALOG OE KALUATIKEC TTPOCOUOLWOELG TIEPLOXLIKAC KALLOKAG.

Zuyypadéag: Baoidelog NauAidng, Duoikog, MSc: Metewpoloyia-KAlpatoloyla

NepiAnyn:

To avtikeipevo peAétng TG Sotpprc eival ol emSpACE TWV ATHOODALPKWV
olwpoUpevwyv cwpattdiwv (aepolo)) oe MEPLOXIKEG KALUATIKEG TIPOCOUOLWOELG TTAVW Ao
v Eupwnn pe to KALHATIKO TeEPLOoXIKO poviého WRF. MeAstwvtal katd KUpLo Adyo ot
oANAeTdpAocel Twv aePOlOA He TNV aktvoPBolia (direct kat semi-direct effect) evw
T(POCOLOLWVOVTAL Kal oL OAANAETULEpAOELG TWV aePOlOA e Ta VEDN.

H Satppn xwpiletal o SUo KUpLA PEPN. 2TO TIPWTO UEPOC TIpAyHATOMOLONnKav
TIPOOOMOLWOELG evaloBnolag OSlapkelag 5 etwv (mepiodog 2004-2008) otlg omoleg
xpnotpomnotntnkav S1adopeTIKEG TOPAUETPOTOLNOELS TwV aePOlON oTo PoVTEAO KaBwe Kal
Sladopetikd Sedopéva Twv OMTIKWV Toug LSlotNTwy. Ta amoteAéopata £6elav OTL n
gloaywyn g aAAnAemidpaocng aepolOA-akTivoBoAlag HEWWVEL GNUOVTIKA TNV UIKpoU
MAKOUG KUMatog aktwofolia otnv emipavela (-3 pe -8%) obnywviag os pelwaon NG
Beppokpaciog n onola oe TeEPLOXIKO eminedo pmopet va Eemepdoet kat tov 1°C. H eniSpaon
OoTNV AUECH Kal TNV SLAXUTN CUVIOTWOA TNG NALOKNAG aKTIVOPBOALOG Elval OPKETA TILO LOYXUPN
pe évtovn pelwon TG dApeong Kal £viovn auvuénon tng SLAXUTNG OUVIOTWOOC.
MNapatnpnOnkav HWKpEG oAAayéC otnv PBpoxomtwon kot thv vedokahun evw ot
OUYKEKPLUEVEC TIEPUTTWOELG TTAPATNPRONKAV KUKAWVIKEG OVWHOALEG oTo medio Tou avéuou
MAvw amo to onueia évtovng Yuéng. Ito MPWTO MEPOG £yvav E€mMiong TEPAUATA
gualobnoiag mou adopolv TNV €mAoyn NG mapapeTponoinong tng vedokahuPng kabwg
KOLL TNV ETILKOWWVIN TWV TTOPAUETPOTOLCEWY TNG akTvoBoAiag Kot TNG UKpodUOLKNC OGOV
oadopd TV aktiva twv vedootayovwy. Kat ta Svo melpdpora avtda €£dsifav £viovn
enidpaon otnv nAtakr aktwvoBolia mou ¢ptdavel oto €dagdog.

1o 6eUlTepo MEPOC TNG SLaTpLBAg Tpaypatonotionkayv HeyaAutepnG SLAPKELOG
Mpocopolwosl 30 €TWV UE TO TEPLOXLKO HoVTEAO WRF odnyoluevo amd to TayKOOULO
povtého CESM1, yia to totoptko (1971-2000) aAAd Kat yia To peAAoVTIKO KAlpa (2021-2050)
pe Bdaon to oevaplo ekmopnwyv Rep8.5. Eyve xprion otatikol oto xpovo nediou agpoloA 6co
kot mediov oepolON pe pewwtikl taon. H enibpoaon twv oAAnAsmudpdocewv oepolOA-
OKTWOBOAlOG NTav TopoOpOld HE QUTIAV TIOU TAPATNPEAONKE OTI( TPOCOUOLWOELG
gualodnoiag odnywvrag oe pelwon TNG aktvoBoliag Kat Tng Bepuokpaciag otnv emipavela.
H xprion peaAlotikou mediou aepolON e LELWTLKI TACN KATA TNV LOTOPLKN Tiepiodo obnynos
o€ UloL auéntiki taon tng aktwoPoliag (brightening) n omola eival oe cupmtwon e Ta
napatnpnolakd dedopéva. ‘OAeG OL MPOCOUOLWOELG TOU PLEAAOVTLIKOU KAlpaTog deixvouy pia
aUénon tng Bepuokpaciog mavw amnd tnv Eupwrn os oxéon Ue TNV LoTopLkA Tiepiodo. Emiong
n Melwon tou omtikoU Paboug Twv aegpolOA otnv UEAAOVTIK) O€ OXEON ME TNV LOTOPLKNA
niepiodo obnyel oe avénon tng oktwoBoAiag oto £€8adog Kol O evtaTikomoinon tTng
oUVOALKAC Béppavong.
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