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1. Introduction 
 
The International Co-operative Programme on Effects on Materials, including Historic and Cultural 
Monuments (ICP Materials) was launched in 1985 within the scope and the activities of the Convention 
on Long-range Transboundary Air Pollution. The aim of the Programme is to fill some of the major 
gaps in scientific knowledge in the area of materials corrosion influenced by atmospheric pollutants by 
performing a quantitative evaluation of multi-pollutant effects on atmospheric corrosion on both 
technically important materials and materials used in historic and cultural monuments. 
 
Many of the materials used in the construction of historic and cultural monuments are very sensitive to 
air pollution, resulting in corrosion and soiling of the materials which were used to create the artefacts. 
The Programme, through the Sub-Centre for stock of materials at risk and cultural heritage, agreed to 
launch a Call for Data on “Inventory and condition of stock of materials at UNESCO world cultural 
heritage sites”. UNESCO sites are considered of outstanding universal value and are therefore ideal for 
illustration and dissemination of effects of air pollution on materials. The Call was approved at the 1st 
joint session of the Steering Body to the EMEP and the Working Group on Effects (Geneva, 14-18th  
September 2015) and then launched in October 2015. 
 
Six Parties to the Convention, Croatia, Germany, Italy, Norway, Sweden and Switzerland, provided 
qualitative and quantitative data on both historic/cultural monuments and on concentrations of main 
air pollutants and meteo-climatic parameters measured at monitoring stations close to the selected 
UNESCO world cultural heritage sites. Taken together, the twenty-one cultural heritage objects 
included in the call have a total external surface area of about 430,000 m2 and cover a wide range of 
materials (natural stone, artificial stone, copper, bronze, glass and others) as well as a wide range of 
environmental conditions. Detailed information on monuments/sites and their selection can be found 
in the ICP Materials Report No 80: Call for Data “Inventory and condition of stock of materials at 
UNESCO World Cultural Heritage sites”, 2015-2017. Status Report” released in September 2017 (ICP 
Materials, 2017). 
 
In the report ICP Materials Report No 83: “Call for Data-Inventory and condition of stock of materials 
at UNESCO World Cultural Heritage sites, Part II – Risk assessment” released in September 2018 (ICP 
Materials, 2018), the damage due to air pollution on the materials of these twenty-one cultural objects 
was assessed by using dose-response functions established by ICP Materials. In the subsequent report 
ICP Materials Report No 86: “Call for Data-Inventory and condition of stock of materials at UNESCO 
World Cultural Heritage sites, Part III – Economic evaluation” (ICP Materials, 2019) an assessment of 
the cost of damage due to corrosion and soiling from air pollution for the twenty-one unique 
monuments was reported on the basis of a well-recognized methodology for cost assessment developed 
in the EU REACH Project. The last report ICP Materials Report No 89 presented the assessment of the 
relative importance of individual pollutants and the effect of their reduction on the cost of pollution to 
some materials constituting the selected twenty-one objects of cultural heritage and a case study on the 
impact on the cost of damage on the Italian sites included in this study by using the forecasts of the 
national model MINNI (4x4km) on atmospheric concentrations of pollutants in 2030 following the 
measures that will be taken in Italy in response to the requests of the National Emission Ceilings 
Directive (EC, 2016) for reducing emissions. 
 
The purpose of the present report is the application of air quality models with increased resolution at 
selected UNESCO sites to assess the damage on materials due to air pollution. EMEP MSC-W Model 
and AMS-MINNI Italian national model were considered each with different spatial resolution: 
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previous EMEP50 with resolution of 50x50Km, and actual EMEP01 with resolution 01°x01°; AMS-
MINNI with resolution of 4x4km and with resolution of 1x1Km. An increasing resolution of models 
permits to have more information to assess the damage at heritage monuments due to pollutants in 
greater detail. These models were applied to UNESCO sites in Campania region (Italy), particularly: 
18th-Century Royal Palace at Caserta with the Park, the Aqueduct of Vanvitelli, and the San Leucio 
Complex; Archaeological Areas of Pompei, Herculaneum and Torre Annunziata;  Historic Centre of 
Naples; Costiera Amalfitana; Cilento and Vallo di Diano National Park.  
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2. UNESCO sites 
 
The UNESCO sites selected for this study are all located in the southern region of Italy, Campania 
(Fig.1) and summarized in Table 1. 
 

 
Figure 1. Position of Campania region on Italy map and UNESCO sites 
 

Name of the UNESCO World Cultural Heritage Site Date of 
inscription 

Latitude Longitude 

18th Century Royal Palace at Caserta with the Park, the 
Aqueduct of Vanvitelli, and the San Leucio Complex 1997 N 41 4 23.988 E14 19 35.004 

Historic Centre of Naples  1995 N40  51 5 E14 15 46 
Archaeological Areas of Pompei, Herculaneum and 
Torre Annunziata 1997 N40 45 0 E14 28 60 

Costiera Amalfitana 1997 N40 38 00 E14 36 10 
Cilento and Vallo di Diano National Park with the 
Archeological Sites of Paestum and Velia, and the 
Certosa di Padula 

1998 N40 16 60 E15 16 0 

Table 1. The UNESCO Sites selected 
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Figure 2. The main façade of the Royal Palace of Caserta1 
 
 

                         
Figure 3. Hisoric Centre of Naples2, Marechiaro3, Santa Maria della Consolazione4 
 
 

              
Figure 4. Pompeii5, Hercolaneum6, Torre Annunziata7 
 
 

                            
Figure 5. Costiera Amalfitana8           Figure 6. San Lorenzo di Padula9 
                                                
1 Photo by Antonio Gentile http://www.reggiadicaserta.beniculturali.it/wp/ 
2 Copyright: © Giancarlo Ferulano; Permanent URL: whc.unesco.org/en/documents/139216 
3 www.facebook.com/marziabertelliph 
4 https://commons.wikimedia.org/wiki/User:Pinotto992 
5 photo by Falco https://pixabay.com/it/photos/pompei-italia-napoli-antichit%C3%A0-2580680/ 
6 Lucamato, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons 
7 https://commons.wikimedia.org/wiki/User:AlMare 
8 Luca Aless - Opera propria, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=27405323 
9 Velvet - Commons, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=41934305 
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2.1 Royal Palace, Caserta 
The monumental complex at Caserta, located about 20 miles north of Naples, was designed in the 
second half of the 18th century by the architect Luigi Vanvitelli according to the wishes of the Bourbon 
king Charles III, as soon as he became king of Naples, to rival Versailles and the Royal Palace in 
Madrid and to display the power and grandeur of the new kingdom, no longer a part of the Spanish 
reign. It includes the Royal Palace (Reggia in Italian) with a park, gardens and wooded area, as well as 
the Aqueduct Carolino and the industrial complex of San Leucio, built for the production of silk. The 
complex is considered the last major architectural work in the Italian Baroque style and is the largest 
royal residence in the world. The complex was listed as a UNESCO World Heritage Site in 1997 (18th-
Century Royal Palace at Caserta with the Park, the Aqueduct of Vanvitelli, and the San Leucio 
Complex). The property extends for 87.37 ha and its buffer zone is 110.76 ha. The number of visitors 
to Caserta's attractions is around 0.7 million a year. 
The Royal Palace is located on a central axis which connects and unifies the entire complex. Along the 
central axis, wide lawns, flowerbeds, ponds and fountains, decorated with large sculptural groups and 
other architectural elements, are present. Just behind the Reggia itself lies a landscaped park, a typical 
example of an Italian garden. This perspective terminates in the scenic backdrop of the Great Waterfall 
(Grande Cascata), where water cascades down from a height of 150 m into an ornate basin that depicts 
the Roman goddess Diana bathing while observed by Actaeon. Water needed to keep the water games, 
the Royal Palace, the silk factory and surrounding communities was brought from spring over a 
distance of 38 km through the new built structure called the Acquedotto Carolino. 
The Royal Palace is the primary feature of the UNESCO site. The palace has a rectangular plan, 
measuring 247 x 190 m, and a surface of approximately 47,000 m2. It is 38 metres high and has five 
floors in addition to the underground level housing the kitchens, cellars and workshops. Of all the royal 
palaces in the world, Caserta is by far the largest in terms of volume, with more than 2 million m³. The 
four sides are connected by two buildings intersecting at right angles, forming four inner court yards 
which are also rectangular (each of 3,800 m2). The structural units, intersected at right angles to one 
another, have their apexes extended a little beyond the perimeter line, giving rise to articulations 
accentuated by the pilasters of these elongated apexes. In front of the main façade is the elliptical parade 
ground. An imposing portico constitutes the ideal connection with the park and the waterfall, 
scenographically placed at the peak of the vanishing point thus created. 
The immense residence contains 1200 rooms including 24 state apartments, a monumental white 
marble staircase (18.50 meters wide, 14.50 meters high and 117 steps) giving access to the royal 
apartments, 34 staircases, 1742 windows (245 windows on the main façade and the same on the back), 
a magnificent library, a chapel (the Palatine Chapel, inspired by a chapel of the same name at 
Versailles) and the Royal Theatre, a smaller version of the Teatro San Carlo opera house in Naples. 
The interior of the palace is decorated with frescoes, stuccoes, sculptures, bas-reliefs and inlaid floors. 
The masonry of the building is in squared blocks of yellow tufa stone placed in place with mortar, with 
a thickness of 3.50 m on the ground floor. On the outside, the first two floors are covered with travertine 
slabs (Pietra di Bellona) while the upper floors are faced with clay bricks. Some parts of the external 
surface is coated with plaster (based on lime and pozzolana with a stucco finish based on lime and 
stone or marble powder) coloured or painted to simulate a fake brick curtain. The exterior of the palace 
is adorned with half columns, fluted pilasters, embossed architectural elements (cornices, window 
frames, capitals, sculptural friezes) in Pietra di Bellona or white Carrara marble and with architectural 
elements, subordinate to the main elements, in painted plaster. The main façade has three vaulted 
entrances and 2 doorways. The façade giving onto the park is similar, but even more ornate, with fluted 
pilaster framed windows. The whole structure is crowned by a penthouse punctuated by small windows 
and shaded by a frame surmounted by a balustrade in white Carrara marble and Pietra di Bellona. The 
roof is formed with large tiles and channels, as well as the bricks for the floors. 
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The materials needed in the construction of the work were drawn largely from existing quarries in the 
area or in the territories of the kingdom: San Nicola la Strada (tufa), Bellona (travertine), Mondragone 
(gray marble), San Leucio (lime), Bacoli (pozzolan), Gaeta (arena), Capua (bricks and 
the like), Sicily, Calabria and Puglia for different marbles. For the statues and some mouldings, the 
white Carrara marble was used. 
 
UNESCO criteria: 
“Criterion (i): The 18th century estate of Caserta is a unique creation of the spirit of the Enlightenment 
which was able to build buildings of great architectural value, well set in a natural landscape, according 
to a broad scale development plan. 
Criterion (ii): The 18th century Royal Palace of Caserta with the park, the Aqueduct Carolino, and the 
complex of San Leucio are all important evidence of the interchange of human values, thanks to the 
broad scale of its original project for an ambitious new town, consisting of imposing buildings, gardens, 
streets and surrounding natural landscape according to an innovative concept of planning. This new 
configuration of the landscape has been realized through engineering works of exceptional historical 
interest, like the Aqueduct Carolino, which was created to connect and unify the entire complex. 
Criterion (iii): The monumental complex of Caserta is an outstanding example of urban planning 
implemented by the Bourbon dynasty, according to Vitruvian principles of solidity, functionality and 
beauty in line with the neoclassical culture in vogue at the time. 
Criterion (iv): The outstanding value of the industrial complex of Belvedere, planned to produce silk, 
derives from the idealistic principles underlying its original conception and management.” 
(https://whc.unesco.org/en/list/549)  

 
 
 

2.2 Historic Centre of Naples  
 
Naples is situated in southern Italy and is one of the most ancient cities in Europe. At the same place 
in the 9th century B.C. a village Parthenope o Palaepolis existed. The name of Neapolis (that means 
“new city) was given by Greeks in 470 B.C. Neapolis was a very important city of Magna Grecia and 
contributed to be a link between Greek and Roman culture. During the Angevin dynasty (1265-1442) 
Naples became a large city having included suburbs and neighbouring villages and it is possible to 
recognize influences of French Gothic architecture. The two centuries after Naples was dominated by 
the Aragonese, that edified the ancient walls that enclose the historical centre of Naples, magnificent 
buildings (e.g Royal Palace) and rationalized the street pattern. Under the Bourbons dynasty, Naples 
was a capital of independent reign, becoming a very important city in Europe. It was theatre of a large 
development in cultural field especially art and architecture, scientific and technological innovation. 
The UNESCO World Cultural Heritage Site includes the Historical Centre of Naples, Distrct of Villa 
Manzo and Santa Maria della Consolazione,  Marechiaro, District of Casale and Santo Strato. 
Property consists of 1,021 ha. 
  

ID Name of the component part Latitude Longitude 
726-001 Historical Centre of Naples N40 50 55.64     E14 14 48.48 
726-002 District of Villa Manzo, Santa 

Maria della Consolazione 
N40 49 4.86       E14 12 20.07 

726-003 Marechiaro N40 47 44.50     E14 11 31.39 
726-004 District of Casale and Santo Strato N40 48 13.74     E14 11 31.47 

 
Santa Maria della Consolazione was founded in XVI century and altred by Arcangelo Guglielmelli in 
baroque style. Very interesting the external portal made of piperno (magmatic rock). 
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Marechiaro is in the beautiful Posillipo district. Here it is possible to see the Roman Palazzo degli 
Spiriti, built in the 1st centuty B.C. by a freedman, Publio Vedio Pollione (https://napolipiu.com) 
The Santo Strato church was built in 1266 and is dedicated to a Greek saint. It was rebuilt by Lionardo 
Basso in 1572. It is an evidence of medieval age in Naples. 
 
UNESCO Criteria: 
“Criterion (ii): The city’s setting on the Bay of Naples gives it an Outstanding Universal Value which 
has had a profound influence in many parts of Europe and beyond. Naples has exerted great influence 
on the rest of Europe ever since the antiquity, as a major centre in Magna Graecia and of the Roman 
Republic. Its role as one of the most influential cultural centres in the Mediterranean region was 
reconfirmed in the Middle Ages and again from the 16th to 18th centuries, being one of the major 
European capitals, and exerting important influences in many cultural fields, especially related to art 
and architecture. 
Criterion (iv): Naples is one of the most ancient cities in Europe, whose contemporary urban fabric 
preserves the elements of its long and eventful history. The rectangular grid layout of the ancient Greek 
foundation of Neapolis is still discernible and has indeed continued to provide the basic form for the 
present-day urban fabric of the Historic Centre of Naples, one of the foremost Mediterranean port 
cities. From the Middle Ages to the 18th century, Naples was a focal point in terms of art and 
architecture, expressed in its ancient forts, the royal ensembles such as the Royal Palace of 1600, and 
the palaces and churches sponsored by the noble families.” (https://whc.unesco.org/en/list/726/) 
 
 
 
 
2.3 Archaeological Areas of Pompei, Herculaneum and Torre Annunziata 
 
This UNESCO site is composed by three different archeological areas: Pompeii, Herculaneum and 
Torre Annunziata and it is very famous all the world.  
 

ID Name of the component part Latitude Longitude 
829-001 Pompeii N40 45 4.00  E14 29 10.00 
829-002 Pompeii-Villa of Mysteries N40 45 14.50   E14 28 40.70 
829-003 Haerculaneum N40 48 20.00  20 52.00 E14 
829-004 Haerculaneum- Villa of Papiri N40 48 32.00   E14 20 37.00 
829-005 Haerculaneum- Theatre N40 48 30.00   E14 20 51.40 
829-006 Torre Annunziata_Villa A N40 45 25.40   E14 27 9.20 
829-007 Torre Annunziata_Villa B N40 45 22.60   E14 27 22.60 

 
In 79 A.D. these cities were buried by volcanic ash, lapilli and pyroclastic flows due to Vesuvius 
eruption so to let the preservation of buildings and the human and animal cast bodies and to transmit 
us a lot of witnesses of Roman way of life. 
Pompeii is the only archeological site in the world that gives an exhaustive aspect of ancient Roman 
city. A lot of public buildings such as Capitolium, the Basilica are close to the main Forum. Pompeii 
presents a lot of the public baths too.  A huge construction Villa of the Mysteries contains stunning 
paintings in the triclinium room. Pompeii is a witness of the Roman society:  on walls it is possible to 
admire even political slogan about forthcoming election at the eruption time.  
UNESCO Haerculaneum area remains inside 1 km2; a large part of the ancient city is still buried under 
the modern city. Several public buildings are well preserved as a palestra, two public baths and the 
theatre. Villa of the Papyri, just outside the city walls, is an affluent construction designed with a lot of 
cuniculuses (tunnels) accessible only for a little part. Well preserved are shops and their typical 
equipment and vessel to preserve products as the wine jars. 
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In Torre Annunziata Villa A (Villa of Poppea) is an enormous villa of the 1st century B.C. where are 
preserved beautiful wall-paintings. It is an example of opulent way of life of rich Roman people. While 
Villa B (Villa of Lucius Crassius Tertius) is a rural villa that presents room for storing equipment for 
market activities. 
 
UNESCO criteria. 
“Criterion (iii): Pompeii and Herculaneum are the only Roman cities ruins preserved in such an 
exceptional way and have no parallels in integrity and extent in the world. The villas in Torre 
Annunziata have the best preserved wall paintings of the Roman period. 
Criterion (iv): The sites of Pompeii, Herculaneum and Torre Annunziata provide a full picture of 
Roman life from the 1st century BC to the 1st century AD through the urban, architectural, decorative 
and daily life aspects that have been preserved. The villa A in Torre Annunziata is the most significant 
example of suburban villa of the Roman period. 
Criterion (v): The sites of Pompeii, Herculaneum and Torre Annunziata are outstanding examples of 
urban and suburban Roman settlements. They also provide a vivid and comprehensive picture of 
Roman life at one precise moment: the eruption of Vesuvius in 79 AD.” 
((https://whc.unesco.org/en/list/829) 
 
 
2.4 Costiera Amalfitana 
 
Costiera Amalfitana is along the Tyrrenian coast, south of Naples (N40 38 00 E14 36 10; Ref. 830). 
Twelve cities are part of this very beautiful natural area. Very important for their architectonic and 
artistic value are Amalfi and Ravello. Minori and Positano present Roman villas of the 1st century A.D. 
and medieval buildings. Very famous is the ceramic artisanship and the yellow-green lemon plants. 
 
UNESCO criteria 
“The Committee decided to inscribe this site on the basis of criteria (ii), (iv) and (v), considering that 
the Costiera Amalfitana is an outstanding example of a Mediterranean landscape, with exceptional 
cultural and natural scenic values resulting from its dramatic topography and historical evolution.” 
(https://whc.unesco.org/en/list/830) 
 
 
2.5 Cilento and Vallo di Diano 
 
The UNESCO area of Cilento, that is south of Costiera Amalfitana, is very large and goes from 
Tyrrenian coast to the inner until the Lucanian border: property is about 159,109 ha. 
 

ID Name of the component part Latitude Longitude 
842-001 Paestum, Velia, la Certosa di Padula, il Monte 

Cervati e il Vallo di Diano 
N40 16 60.00     E15 28 60.00 

842-002 Punta Licosa e la regione del Monte Stella N40 14 53.00     E14 55 39.00 
842-003 Capo Palinuro, Punta degli Infreschi e la regione 

del Monte Bulgheria 
N40 4 0.00         E15 25 60.00 

 
The first settlement dates from 250,000 years ago. A lot of people inhabited this place: Neolithic and 
Bronze and Iron Age farmers, Etruscans, Greeks, Lucanians, Romans. After the Roman Empire decline 
during the Middle Age a new development arrived. The national Park with the mountains and valleys, 
with rivers going down to the Tyrrenian Sea was declared UNESCO Biosphere Reserve in 1997 and 
inscribed as UNESCO Geopark in 2010. Paestum is an ancient Greek city founded in 7th century B.C. 
and devoted to Poseidon, sea god,  where there are still some extraordinary doric temples. On the coast 
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there is Velia another archeological city  founded by Turkish exiles where ruins of Ionic temple, a 
theater of the 3rd century B.C. and thermal bath of Adriano  of the 2nd century A.D. are visible. In this 
city the Eleatic school of philosophy was created by Parmenide, and then developted by Zenone. The 
Certosa di san Lorenzo at Padula in the Vallo di Diano is the largest monastic building in the Southern 
Italy, a one of the most interesting in the world. It was built from 1306, but underwent a lot of 
transformation until the 19th century. 
 
UNESCO criteria 
Criterion (iii): During the prehistoric period, and again in the Middle Ages, the Cilento region served 
as a key route for cultural, political, and commercial communications in an exceptional manner, 
utilizing the crests of the mountain chains running east-west and thereby creating a cultural landscape 
of outstanding significance and quality. 
Criterion (iv): In two key episodes in the development of human societies in the Mediterranean region, 
the Cilento area provided the only viable means of communication between the Adriatic and the 
Tyrrhenian seas in the central Mediterranean region, and this is vividly illustrated by the cultural 
landscape of today.”  (https://whc.unesco.org/en/list/842) 
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3. Air pollution models  
The outputs of two different air quality models to assess the pollutant concentration in atmosphere at 
different resolution were used, EMEP MSC-W  Model and Italian national model AMS-MINNI, to 
create maps of recession rates for limestone, limestone soiling and glass soiling. The area considered 
is the region of Campania, Italy. The reference year for pollutant concentrations and meteorological 
parameters is 2015, except for EMEP50 whose last reference year is 2014.  
 

3.1 EMEP Models 
The EMEP models date their beginning at the end of 1970’s under CLRTAP and in the 1990’s became 
the reference tools for atmospheric dispersion calculations as input to the Integrated Assessment 
Modelling, which supports the development of air quality polices in the European Union. 
The EMEP MSC-W model (https://www.emep.int/mscw/mscw_moddata.html) is a chemical transport 
model developed at the Meteorological Synthesizing Centre - West (MSC-W) at the Norwegian 
Meteorological Institute (met.no).  
The EMEP model is a limited-area, terrain following hybrid coordinate model designed to calculate air 
concentration and deposition fields for acidifying and S and N compounds, ground level ozone (O3), 
particulate matter (PM2.5, PM10). (https://github.com/metno/emep-ctm). 
To analyze the effect of increasing spatial resolution the outputs of EMEP01 (domain with a horizontal 
resolution of 0.1x0.1 degrees, and 34 vertical levels) a comparison with the outputs of previous 
EMEP50 (horizontal resolution of 50x50 km2 (at 60°N), on polar stereographic projection, and 20 
vertical levels) was carried out. (https://www.ceip.at/the-emep-grid) 
 
 
 

 
f 
Figure 7. EMEP01 domain (https://www.ceip.at/the-emep-grid) 

 

3.2 AMS-MINNI Model 
AMS-MINNI is the Italian Integrated Assessment Modelling System for supporting the International 
Negotiation Process on Air Pollution and assessing Air Quality Policies at national/local level 
sponsored by the Italian Ministry of the Environment. (Zanini et al.), recognized to be used at national 
level (Legislative Decree 155/2010 implementing the European Union Air Quality Directive, 
2008/50/EC) for air quality regulation and intervention to respond to the needs of the Air Quality 
Directive 2008/50/EC (EC, 2008). 
AMS-MINNI calculates concentrations by means of a Chemical Transport Model implementing an 
integrated and multi-pollutant approach. In Figure 9 the main components of AMS-MINNI are 
presented. The core of the modelling system is the three-dimensional Eulerian model FARM (Flexible 
Air Quality Regional Model; Gariazzo et al., 2007; Silibello et al., 2008; Kukkonen et al., 2012) that 
includes transport, turbulent dispersion and multiphase chemistry of pollutants in the atmosphere. 
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Meteorological fields are produced by mean of the three-dimensional non-hydrostatic meteorological 
model RAMS (Regional Atmospheric Modelling System; Cotton et al., 2003). The hourly gridded 
emissions used by FARM are prepared by the emission processor Emission Manager (Arianet, 2014) 
that breaks down annual data from emission inventories by applying daily, weekly and seasonal activity 
profiles, gridded spatial proxies and activity-related chemical speciation profiles. The modelling 
system is completed by the diagnostic module SURFPRO (SURFace-atmosphere interface PROcessor; 
Arianet, 2011), providing both meteorological and emission variables: from meteorological fields and 
from orographic and land use data, SURFPRO computes Planetary Boundary Layer (PBL) scale 
parameters, horizontal and vertical diffusivity coefficients, deposition velocities for different chemical 
compounds and natural emissions. 
The domain of the model MINNI is national, Italy as reported in figure 10. Actually two spatial 
resolution are used: 4x4 km and 1x1km. 
 

     
Figure 9. AMS-MINNI modelling system                         Figure 10. AMS-MINNI simulation domain 
 
 
. 
 
  



 

 15

 

4. Assessment of air pollution risks to materials 
 
In a previous reports of this series (ICP Materials, 2018)  risk assessment was performed by applying 
the dose-response functions developed by ICP Materials to the specific environment (meteoclimatic 
parameters and pollution levels) surrounding cultural objects. The analysis was carried out using the 
data provided by the participants in the Call for Data and obtained from meteorological stations and 
monitoring stations for assessing air quality closest to the cultural object under study. In the same report 
a comparison was made between the degradation rates predicted on the basis of the data collected 
during the Call and those calculated on the basis of the EMEP/MSC-W model for the year 2015 
calculated at the new higher resolution of 0.1º x 0.1º longitude-latitude. Overall, a fairly good 
agreement was observed between the two sets of data for the predicted recession rates of stone materials 
and for the corrosion rates of metallic materials. The differences were generally within the uncertainties 
associated with the use of dose-response functions, suggesting that the EMEP model data at that 
resolution level could reasonably be used in future for similar risk assessments. In the present report, 
the risk to materials from air pollution was assessed using two different models, each at two different 
resolutions. 
 

4.1. Surface recession_ Limestone  
 
The methodology used to calculate surface recession of limestone due to attack of atmospheric 
pollutants at selected cultural objects is based on the use of dose-response function, first year of 
exposure, from ICP Materials (CLRTAP, 2014) 
The recession rate for limestone for the cultural objects was estimated according to the time-dependent 
dose-response function for Portland limestone in the multi-pollutant situation: 
 

R = 3.1 + {0.85 + 0.0059[SO2]Rh60 + 0.054Rain[H+] + 0.078[HNO3]Rh60 + 0.0258PM10} t 
 
where  
 
R  = surface recession, µm 
Rh60  = Rh – 60 when Rh > 60, 0 otherwise (Rh = relative humidity, % annual average) 
Rain  = amount of precipitation (mm year-1) 
[SO2]  = annual average concentration, g m-3 
[H+]  = annual average concentration in rain, mg l-1 
[HNO3] = annual average concentration, g m-3  
PM10  = annual average concentration, g m-3 
t  = time, years 
 
For the first year of exposure (t = 1) the equation becomes: 
 

R = 4.0 + 0.0059[SO2]Rh60 + 0.054Rain[H+] + 0.078[HNO3]Rh60 + 0.0258PM10 
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4.1.1 EMEP 
 
Recession rates (µm) for limestone first year of exposure were calculated with the EMEP50 model (last 
reference year 2014) and the EMEP01 model (reference year 2015).  
 
 

 
 
Figure 11. EMEP50_Estimated recession rates (µm) for limestone, first year exposure, in the current 
scenario (2014) _Campania (Italy). 
 

 
 
Figure 12. EMEP01_Estimated recession rates (µm) for limestone, first year exposure, in the current 
scenario (2015) _Campania (Italy) 
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4.1.2 MINNI 
 
Recession rates (µm) for limestone first year of exposure were calculated with the AMS-MINNI Model 
with spatial resolution of 4x4km and 1x1km (reference year 2015).  
 
 

 
 
Figure 13.  MINNI4x4km_Estimated recession rates (µm) for limestone, first year exposure, in the 
current scenario (2015) _Campania (Italy). 
 

 
 
Figure 14.  MINNI1x1km_Estimated recession rates (µm) for limestone, first year exposure, in the 
current scenario (2015) _Campania (Italy). 
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4.2. Soiling- Limestone  
The soiling of limestone was estimated according to the time-dependent dose-response function for 
limestone, expressed in terms of loss of reflectance: 

R/Ro = 1 – exp(-PM10 . t . 6.5 .10-6) 
where  
 
R/Ro  = relative loss of reflectance  
PM10   = average annual concentration of PM10, g m-3 
t  = time, days 
6.5 .10-6  = soiling constant for limestone. 
 
This dose-response function for soiling was developed within the MULTI-ASSESS project (MULTI-
ASSESS, 2005) but was not presented in a subsequent paper (Watt et al., 2008) because the high 
variability of the soiling constant for limestone. However, considering that for the other materials for 
which a dose-response function was considered valid (painted steel, white plastic and polycarbonate 
membrane) the structure of the function is identical except for the value of the constant (3.96 x 10-6, 
4.43x 10-6 and 3.47 x 10-6, respectively), this function has been applied in this context while keeping 
its limitations in mind. These are the uncertainty of the soiling constant for limestone, the complex 
nature of particulate matter and its deposition, the expected site-specific variability, and the 
extrapolation beyond the time frame during which the experimental data were collected to derive the 
dose-response function. Therefore the results obtained must be considered only relative and indicative 
of the possible degradation due to atmospheric pollution and not sufficiently robust for a decision 
making process. 
 
The “tolerable soiling before action” represents the threshold when significant adverse public reaction 
of what constitutes tolerable soiling is triggered. This is generally set at 35% loss in reflectance. The 
suggested targets for soiling have been set in a loss in reflectance less than 35 per cent compared to 
unsoiled surface after 10 years (target for the year 2020) and less than 35 per cent after 20 years for 
2050 (WGE, 2009). The maps report the years assessed to reach 35% loss in reflectance.  
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4.2.1 EMEP 

The estimated years necessary to reach 35% loss in reflectance were calculated by EMEP model 
50x50km (last reference year 2014) and 0.1°x0.1° (reference year 2015). 

 
Figure 15. EMEP 50x50 km_Estimated years to reach 35% loss in reflectance in the current scenario 
(2014) _Campania (Italy). 
 

 
 
Figure 16. EMEP 01°x01°_ Estimated years to reach 35% loss in reflectance in the current scenario 
(2015) _Campania (Italy). 
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4.2.2 MINNI 

The estimated years necessary to reach 35% loss in reflectance were calculated by AMS-MINNI  
Model with spatial resolution of 4x4km and 1x1km (reference year 2015). 

 
Figure 17. MINNI 4x4 km_ Estimated years to reach 35% loss in reflectance in the current scenario 
(2015) _Campania (Italy). 

 

 
Figure 18. MINNI 1x1 km Estimated years to reach 35% loss in reflectance in the current scenario 
(2015) _Campania (Italy). 
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4.3 Soiling-Glass 
 
The methodology used for the prediction of the soiling of glass at the selected UNESCO cultural 
world heritage sites is based on the use of the dose-response function for the soiling of silica–soda–
lime glass (Lombardo et al., 2010), using haze as a response to a range of air pollutants: 
 

Haze = (0.2529⋅[SO2] + 0.1080⋅[NO2] + 0.1473⋅ [PM10]) ⋅1/(1 + (382/t)1.86 
where  
 
Haze  = haze10, % 
[SO2]  = annual average concentration, g m-3  
[NO2]  = annual average concentration, g m-3  
[PM10]  = annual average concentration, g m-3 
t  = time, days 
 
The estimated cleaning interval for glass, i.e. the time, is expressed in days necessary for the haze to 
reach a value of 1% and trigger a cleaning intervention. Haze above 1% causes a visual discomfort and 
aesthetical impairment perceived by human eyes leading to the feeling of a "dirty" glass plate.  
 
  

                                                
10 Defined as the ratio between the diffuse transmitted light (Td) and the direct transmitted light (TL). 
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4.3.1 EMEP 

The estimated days to reach Haze 1% for glass were calculated  with the EMEP50 model (last 
reference year 2014) and the EMEP01 model (reference year 2015). 

 
 
Figure 19. EMEP50_ Estimated days to reach 1% of Haze in the current scenario (2014) _Campania 
(Italy). 
 

 

 
Figure 20. EMEP01_Estimated days to reach 1% of Haze in the current scenario (2015) _Campania 
(Italy).   
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4.3.2 MINNI 

The estimated days to reach Haze 1% for glass were calculated by AMS-MINNI Model with spatial 
resolution of 4x4km and 1x1km (reference year 2015). 
 

 
 
Figure 21. MINNI 4x4 km_ Estimated days to reach 1% of Haze in the current scenario (2015) 
_Campania (Italy). 
 

 
 
Figure 22. MINNI 1x1 km_ Estimated days to reach 1% of Haze in the current scenario (2015) 
_Campania (Italy). 
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5. Effect of the increasing resolution. 
 
The values of recession rates for Limestone (µm), the years to reach 35% loss in reflectance for 
Limestone and the days to reach 1% of Haze for Glass concerning all UNESCO sites are reported in 
Table 2 for the EMEP models at the two different resolution and in Table 3 for the AMS-MINNI model 
at the two different resolutions. 
 
 
Table 2. EMEP model-Increasing spatial resolution comparison for selected components of the 
UNESCO sites  
 
 Recession rate 

 
(µm) 

Soiling (35% loss in 
reflectance) 

(years) 

Haze (1%) 
 

(days) 
 EMEP50  EMEP01 EMEP50 EMEP01 EMEP50 EMEP01 
18th-Century Royal palace of 
Caserta 

6.7 7.8 11.9 9.0 186 138 

Hystoric Centre of Naples       
Area of world heritage site 7.9 8.2 10.2 6.0 185 96 
Area of district Villa Manzo-
Santa Maria della Consolazione 

7.9 8.2 10.2 6.0 185 96 

Area di marechiaro 7.6 8.4 11.7 10.7 258 166 
Area of district of Casale-Santo 
Strato 

7.5 8.0 11.7 7.8 258 114 

Area archeologica di Pompei, Ercolano e 
Torre Annunziata  

          

Pompei -Villa of Mysteries 7.9 8.6 10.2 9.0 185 144 
Herculaneum 7.9 8.0 10.2 6.2 185 105 
Torre Annunziata  villa A  7.9 8.6 10.2 9.0 185 144 
Torre Annunziata  villa B 7.9 8.6 10.2 9.0 185 144 
Costiera Amalfitana             
Vietri 7.3 7.4 12.4 11.2 269 203 
Amalfi 7.3 7.0 12.4 11.1 269 187 
Cilento e Vallo di Diano             
Paestum, Velia, the Certosa di 
Padula, Mount Cervati and the 
Vallo di Diano 

5.9 5.5 13.4 15.2 374 321 

Punta Licosa and the Mount 
Stella region 

6.7 7.2 13.8 14.1 293 298 

Capo Palinuro, Punta d. 
Infreschi and the Mount 
Bulgheria region 

5.7 5.7 13.4 15.7 291 320 
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Table 3. MINNI Model_Increasing spatial resolution comparison for selected components of the UNESCO sites 
 
 Recession rate 

 
(µm) 

Soiling (35% loss in 
reflectance) 

(years) 

Haze (1%) 
 

(days) 
 MINNI4x

4 
MINNI1x
1 

MINNI4x
4 

MINNI1x1 MINNI4x
4 

MINNI1x
1 

18th-Century Royal 
palace of Caserta 

6.0 6.2 8.3 12.7 162 201 

Hystoric Centre of 
Naples 

      

Area of world heritage 
site 

7.0 7.7 9.1 10.3 138 134 

Area of district Villa 
Manzo-Santa Maria della 
Consolazione 

7.4 7.9 10.4 12.3 155 160 

Area di marechiaro 8.6 9.1 11.3 12.5 169 170 
Area of district of Casale-
Santo Strato 

7.4 8.5 11.7 12.7 155 166 

Area archeologica di Pompei, 
Ercolano e Torre Annunziata  

          

Pompei -Villa of 
Mysteries 

7.6 7.2 9.1 11.4 166 198 

Herculaneum 7.8 8.6 9.9 12.5 150 154 
Torre Annunziata  villa A  7.0 7.7 10.7 10.1 161 170 
Torre Annunziata  villa B 7.0 7.5 10.7 9.9 161 165 
Costiera Amalfitana             
Vietri 6.8 7.6 12.2 13.2 178 180 
Amalfi 7.7 7.1 11.8 17.4 214 251 
Cilento e Vallo di Diano             
Paestum, Velia, the 
Certosa di Padula, Mount 
Cervati and the Vallo di 
Diano 

5.6 5.6 20.1 28.2 372 694 

Punta Licosa and the 
Mount Stella region 

7.6 7.6 14.7 17.7 306 375 

Capo Palinuro, Punta d. 
Infreschi and the Mount 
Bulgheria region 

6.0 5.9 16.4 26.5 333 618 

 



 

 26

An example of magnified portion of limestone recession maps obtained for the two models at the two 
different resolutions are reported below. 
 
 
 
 
 
 

  
Figure 23 a: EMEP50_R_Limestone zoom  Figure 23 b: EMEP01_R_limestone_zoom 
 
 
 
 
 
 
 

  
Figure 23 c: AMS-MINNI_R_Limestone_zoom  Figure 23 d: AMS-MINNI_R_Limestone zoom 
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6. Discussion 
 
 
Pollutants weight and play a different role in each of the three dose-response functions taken in exam 
in this study. 
 
The kind of site (urban, rural or close to a coast) has a big influence on the concentration and the nature 
of pollutants. 
 
It is evident looking at all the maps: the strong colour red highlights the places with high population 
density, with developed industry and also with naval harbour. On contrary the UNESCO Biosphere 
Reserve of Cilento is characterized by light colours in all maps. 
 
The concentration of a pollutant calculated in a cell of a grid represents the mean value of the 
concentration of that pollutant in the whole area of that cell. 
The reducing of the area of the cell improves the estimation of the concentration value of a pollutant 
in the zone of interest. 
 
The values of the indicators to assess air pollution risks to materials obtained by EMEP models  are 
the same for sites close to each other. The higher spatial resolution of AMS-MINNI model can highlight 
the difference even in the same site as happens in Torre Annunziata for Villa A and Villa B. 
 
An analysis of the results obtained in the present report lets to define a general trend concerning the 
reduction scaling for both models. 
 
Concerning the cultural object of this study for both models generally the assessment of the material 
damage increases with the increasing of spatial resolution for the urban sites, while for rural sites any 
difference is observed. To assess the effect of air pollutants on specific cultural object it would be 
necessary an improved resolution at urban scale, e.g 0.1km, for having more precise estimation. 
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7. Conclusions 
 
This report presents a study to evaluate the effect of the application of air quality models with increased 
resolution at selected UNESCO sites to assess the damage on materials due to air pollution.  
 
Two models were considered and each compared at two different spatial resolution: 

 EMEP MSC-W: previous EMEP50 with resolution of 50x50km, and EMEP01 with resolution 
01°x01°; 

 Italian national AMS-MINNI models with resolution of 4x4km and with resolution of 1x1km  
 
The study were carried out to UNESCO sites in a Southern Italian region, Campania: 18th-Century 
Royal Palace at Caserta with the Park, the Aqueduct of Vanvitelli, and the San Leucio Complex; 
Archaeological Areas of Pompei, Herculaneum and Torre Annunziata; Historic Centre of Naples; 
Costiera Amalfitana; Cilento and Vallo di Diano National Park. 
 
By applying the dose-response functions developed by ICP Materials maps of Campania region were 
produced representing estimated recession rates for limestone, estimated number of years necessary to 
reach 35% loss in reflectance for limestone and estimated number of days necessary to reach 1% Haze 
for glass. 
The strong color red highlights the urban sites with high population density, with developed industry 
and also with naval ports. On contrary the UNESCO Biosphere Reserve of Cilento is characterized by 
light colors in all maps. 
 
Because of the concentration of a pollutant calculated in a cell of a grid represents the mean value of 
the concentration of that pollutant in the whole area of that cell, reducing the area of the cell the 
estimation of the concentration value of a pollutant in the zone of interest is improved. 
 
An increasing resolution of models permits to have more information to assess the damage at heritage 
monuments due to atmospheric pollutants in greater detail. 
The major evidence of this study is that to assess the effect of air pollutants on cultural objects with 
better details it would be necessary an improved resolution at urban scale for having more realistic 
estimation. 
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