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Abstract 

Outdoor Cultural Heritage (CH) suffers severe damage due to the interaction among 

physical and chemical atmospheric factors. To study the mechanisms of degradation and to 

test the effectiveness of experimental protective treatments, accelerated ageing tests and 

artificial rains are widely used. In a scenario where climate and tropospheric composition 

are changing, the compositional variation of atmospheric deposition might strongly 

contribute to a gap between the results obtained in laboratory and real-world outdoor 

exposure. To reduce this gap, updated synthetic solutions, representative of changed 

deposition, seem necessary for material testing so to set up better conservative strategies.  
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This study provides new formulations of ageing solutions representative of changed 

deposition in southern Europe, obtained through the analysis of trends and sources of ions 

in atmospheric bulk depositions (1997-2019 period) collected in a highly polluted area (Po 

Valley, Italy). 

1. Introduction 

Outdoor Cultural Heritage (CH) materials are prone to degradation processes due to direct 

exposure and interaction with physical, chemical, and biological factors, especially in 

polluted environments.  

As a rule, atmospheric pollutants represent fundamental factors in CH conservation, owing 

to their role in accelerating and intensifying the natural weathering of outdoor materials [1–

4]. Currently, climate change is seen as a new threat to CH, in addition to the previous ones; 

indeed, this makes the troposphere not only warmer but simultaneously more reactive also 

toward CH outdoor materials [5,6]. 

Atmospheric composition change is tightly connected with climate change [1,5,7,8], since 

pollutants and greenhouse gases are typically co-emitted and synergistically produced (see 

secondary aerosol and ozone both contributing to air quality and climate issues) in complex 

and reactive mixtures by a wide range of pollution sources. In addition, past and current 

technological developments together with the efforts spent on climate mitigation contribute 

in turn to modifications in atmospheric energy exchange mechanisms as well as chemical 

properties. In fact, these changes have an overall influence on acidity, oxidation capacity 

and reaction kinetics of the troposphere [5,8].  

Specifically, climate change is affecting the mechanisms of decay altering temperature, 

precipitation patterns, wind circulation and atmospheric moisture [9]. 

Currently, climate change effects on CH involve hardly predictable hazards, owing to a tight 

association with latitude and locally highly variable environmental conditions [4]. According 
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to [4,6] climate change can have both direct and indirect effects. As direct effects of the 

temperature increase, thermoclastism risk is expected to increase in the Mediterranean 

region, as well as the freeze-thaw/frost damage in northern Europe. 

The increase in atmospheric moisture together with precipitation pattern change is directly 

responsible for the dissolution and recrystallization of salts because of wetting and drying 

cycles, as well as for changes in corrosion rate. Moreover, the increase in both atmospheric 

moisture and precipitation promotes microbial proliferation and the kinetics of chemical and 

biochemical reactions resulting in an indirect influence on degradation mechanisms [6,10]. 

However, the impact of climate change is not always detrimental. Examples of beneficial 

effects of climate change on the increase in material stability include for instance the 

decrease in frost-related damage foreseen for most of Europe and the decrease in corrosion 

caused by the increase in the pH value of atmospheric depositions [4], while unpredictability 

might affect the degradation of organic materials [4,10]. An extensive overview of the effects 

of climate change on CH has been recently published including an extremely detailed and 

up-to-date classification of a wide range of cases/types of deterioration in this highly 

diversified field of CH materials [6]. 

These current alterations are especially important for airborne particulate matter and ozone 

[5] deemed as the most critical pollutants owing to their negative connections with health, 

environment and climate and whose complex tropospheric reactivity triggers degradation 

and corrosion of outdoor CH materials, including weathering for stones, corrosion for metals, 

leaching of the constituting K and Ca for medieval glass, while soiling appears on all types 

of cultural heritage materials [11,12]. From climate change simulations for the period April 

to September from 2000-2009 to 2040-2049 under the SRES A1B scenario (very rapid 

economic growth, low population growth and rapid introduction of new and more efficient 

technology), tropospheric ozone (both a powerful oxidant and a greenhouse gas) is 

expected to decrease over northern Europe, but to increase mostly in southern Europe 
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(latitude south of 50 °) [13]. As reported in [14], the PM10 concentration in the 2050s is 

expected to strongly decrease in the European area (-12%), while reduced changes are 

projected for the Mediterranean area (-1%). These changes result not only from the 

decreases in traffic and industrial emissions owing to technological improvement in the 

typical emission sources such as vehicular traffic and industries but also from mineral dust 

outbursts and wildfires which are expected to increase, so altering aerosol and precipitation 

composition and the mechanisms of ozone formation itself [14–17].  

Besides, tropospheric warming is expected to increase ammonia emissions [18,19]. 

However, owing to the synergism among the chemically reactive species in the troposphere 

and to their overall non-linearity, the local effects are highly unpredictable, requiring steady 

monitoring and updates [5,20]. 

Concerning outdoor CH conservation, there is a wide agreement on the most important 

atmospheric pollutants affecting their decay: sulfur dioxide (SO2), nitrogen oxides (NOx), 

ozone (O3), ammonia (NH3) and airborne particulate (PM) [12,21]. All these pollutants, tightly 

connected to one another, mainly interact with CH materials via wet or dry depositions.  

SO2 is one of the most aggressive atmospheric pollutants because of its acidifying 

properties, especially for stone and metals [22]. For instance, it is responsible for: (i) stone 

decay via gypsum [10,21] and black crust formation with PM incorporation [23–25]; (ii) metal 

corrosion, usually enhanced by the presence of other pollutants [26,27]; (iii) glass decay 

[28,29]. A synergistic effect in the presence of ozone and NO2 is reported [21], contributing 

to further hygroscopicity, acidification and oxidation processes. 

NOx gets importance in CH degradation via its acidifying and oxidizing effects [30,31] being 

a precursor of nitric and nitrous acids, PM and ozone.  

The damaging effects of acidifying pollutants as well as PM are enhanced by the oxidation 

capacities of the atmosphere, which is largely due to ozone, H2O2, OH and NO3 radicals. 

These compounds, also in synergy with other pollutants [21,30,31], may directly damage 
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organic materials such as pigments, textiles, surface coating, plastic, and natural rubber 

[32]. 

PM impact on materials depends mainly on its acidity, hygroscopicity, amount of carbon 

content and in general on its highly complex chemical composition [2].  

Ammonia is the main alkaline substance in the troposphere reacting with sulfuric and nitric 

acids, thus resulting in their neutralization through the formation of hygroscopic salts, such 

as (NH4)2SO4, NH4HSO4 and NH4NO3 as a function of their respective amounts [33–35]. 

The interaction between ammonia and CH materials shows indirect and direct effects 

[36,37]. Moreover, NH3 plays a relevant role in stone deterioration/conservation through 

ammonia-oxidizing microorganisms [38]. 

During the last decades, in Europe, efficient environmental policies (“Air Quality Framework 

Directive 96/62/EC”, “Ambient Air Quality Directive 2008/50/EC” and the “Ambient Air 

Quality Directive & daughter Directive 2004/107/EC” [39]) have been adopted to reduce 

atmospheric emissions. From 1990 to 2019, SOx and NOx emissions show the most 

sensitive reductions across the EU (92 % and 59 %, respectively), while NH3 emissions 

decreased by 28%, followed by a relatively stable trend [40]. 

These reductions resulted in declining concentrations of some of the main atmospheric 

pollutants at the European level [40].  

These changes in atmospheric composition are producing a shift in deposition composition 

and intensity [41–43]. Several studies reported an increase in atmospheric deposition pH 

[44–49] especially in the south of Europe, resulting from the significant decrease in the 

precursor of acidifying compounds (sulfuric and nitric acids), and from climate change 

effects, as well as the concurrent increase of NH3 emission processes [18,19,50,51] and 

increasing frequency of alkaline events such as CaCO3 rich Saharan dust outburst across 

southern Europe, together with changes in the circulation pattern over the Mediterranean 

area [49]. This suggests that major acids and alkalis in the troposphere are reaching 
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equivalence, with a pH dominated by CO2/H2CO3 carbonate beyond the equilibrium level 

characterized by a rain pH of 5.6 for an unpolluted troposphere [44,52]. The increase in 

rainwater pH value over 5.6 units leads to the introduction of the term alkaline rainwater [18]. 

According to model simulations, non-sea salt sulphates are expected to decrease, while 

oxidized and reduced nitrogen deposition remain comparatively high, as discussed in [53].  

These changes in deposition composition combined with climate change, also lead to an 

increase in extreme events in some parts of the world, affecting the whole range of CH 

materials exposed to outdoor conditions [54]. Specifically, precipitation is projected to 

increase in northern Europe, leading to a dilution of the rainwater ions, and to decrease in 

southern Europe, leading to a higher concentration of rainwater ions [55,56]. In the rainiest 

areas, this causes an increase in stone recession on marble and limestone [4], via the Karst 

effect [57], despite the decrease in the atmospheric acidifying compounds. Regarding the 

metals, it is expected higher and lowers atmospheric corrosion in inland Northern and 

Southern Europe, respectively. Moreover, in coastal areas corrosion is projected to increase 

because of stable chloride depositions and higher temperatures [30]. Historic stained glass 

will experience a minor decrease in corrosion over Europe with the most critical areas where 

higher temperatures and humidity occur [4].  

The understanding of CH material decay, nowadays, is performed utilizing models [4] and, 

especially, through accelerated ageing tests which simulate ambient conditions, in order to 

develop degradation patterns comparable to the real environment [30,58–66]. Accelerated 

ageing tests are also used to evaluate the effectiveness of the protective treatments to be 

applied on outdoor CH. Among the most common ageing tests, those including continuous 

or alternate immersion, spray, or runoff conditions, frequently employ ageing solutions 

simulating acid rains. Indeed, most of them considered, as a reference, pH and compositions 

typical of acid rains at the end of the 20th /beginning of the 21st century [49,50,67]. In 

particular, the used solutions had simple (e.g., diluted H2SO4, HNO3 or acetic acid) or 
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relatively complex (e.g., a mix of acids and salts) compositions, with a pH value varying from 

3 to 4.5 [60–62,64,68,69]. In some cases, solutions at pH 5 were considered [60,70]. These 

artificial solutions [71] demonstrated to be effective ageing media to reproduce and to 

understand the past, but decreasingly so for the present decay pattern mechanisms, since 

progressively their composition risks to be less representative of future atmospheric 

deposition.  

Based on the current changes in atmospheric composition and climate conditions previously 

described, the ageing tests need to be tailored and updated formulations of atmospheric 

deposition reflecting the current scenario, especially at the southern European level. These 

new formulations are expected to reduce gaps between degradation patterns obtained in 

the laboratory and those occurring in future real scenarios, so allowing the setting up of the 

most suitable conservation strategies, for any CH materials exposed to outdoor conditions.  

2. Research aim 

The present study aims to provide a suitable range of ion concentrations to formulate 

representative solutions of the current atmospheric depositions especially for southern 

Europe, to be used in CH testing material. This is carried out by analyzing the trend and 

sources of ions in atmospheric bulk depositions collected in “Boschi di Carrega”, a typical 

southern European location in a highly polluted area, Po Valley, Italy. 

The choice of the sampling location allows the application of our results to a wide variety of 

locations across Europe, especially in Southern Europe-Mediterranean, recognized as one 

of the most important global air pollution crossroads [72].  

Indeed, the Po Valley represents one of the most environmentally and climatically vulnerable 

regions in Europe [72,73], characterized by both high air pollution levels and an increasingly 

significant marine aerosol input. Importantly, the Po Valley is also home to a great number 

of CH artefacts which are also UNESCO cultural sites [12]. As such, the updated ageing 
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solution will find connection and application to the current degradation and safeguarding of 

a wide variety of CH materials. 

Finally, the results obtained from this trend analysis applied to the “Boschi di Carrega” site 

have been supported by data reported in other southern European sites. The studies we 

selected to support our findings are composed of other long-term data series collected in 

the Southern Europe-Mediterranean region, specifically in: Lake Maggiore, Italy [45], 

Granada, Spain [44], and various French sites [48]. Moreover, further confirmations on the 

currently increasing pH value come from [74]. 

The output of this study is updated formulations of synthetic ageing solution for CH material 

testing, representative of the changed current tropospheric composition caused by climate 

change and emission reductions obtained from trend analysis of rainwater composition from 

a robust and long-term time series of rainwater from 1997 to 2019. 

3. Material and methods 

The data used for the present analysis were obtained from the 

talian Conecofor/EMEP network operation (http://www.enveurope.eu/partners/conecofor) 

based on bulk depositions in different forest ecosystems, from May 1997 to December 2019, 

with a gap in 2017 and 2018 years.   

The data chosen for the present work derive from samplings carried out by bulk precipitation 

collector in open field conditions, to minimize the influence of throughfall and stemflow 

deposition by tree canopy [51,75], and include pH, EC, alkalinity, and ions concentration, all 

determined according to the Conecofor protocols [75]. The ion speciation dataset (in mg/L) 

covers Na+, NH4
+, K+, Mg2+, Ca2+, Cl-, NO3

-, SO4
2- and PO4

3-. To analyse the temporal trend, 

monthly volume-weighted average alkalinity and ion concentrations were calculated from 

weekly data. Weekly pH data were converted into monthly data after conversion 

http://www.enveurope.eu/partners/conecofor
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into hydrogen ion molar concentration to prevent biases from the use of the logarithmic 

notation for pH.   

Correlation and scatter plot analysis were performed to detect ion sources. 

This has been performed in the “R” statistical environment [76], using the Ggally and ggplot2 

packages [77].  

The use of this dataset may show some limitations due to the type of sampler used because 

it samples both wet and dry deposition together with no possibility to distinguish between 

them. In addition, the bulk precipitation collector might also capture occult precipitation, i.e., 

fog, which besides being frequent in the cold season in this region, might represent an 

important degradation factor since it is generally more concentrated and with a lower pH 

than the common rainwater [78]. These aspects must be considered in the formulation 

process of synthetic atmospheric depositions. However, the advantages of choosing this 

site are linked to the length of the sampling period (20 years) and is representative of a 

background site in the Po Valley, one of the highest polluted areas of Europe and recognized 

as a hotspot of climate change [79].  
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3.1. Sampling site  

Data elaborated in this work refers to the Conecofor sampling site (Fig. 1) located at 

Boschi di Carrega Regional Park (Cittadella - Sala Baganza, PR, Italy) at 200m a.s.l. in a 

typical oak forest (Quercus petraea) in the Po Valley. The climate in this area is 

characterized by bi-polar behaviour in precipitation patterns typical of the Mediterranean 

climate [47]. Indeed, maximum precipitation occurs in November (Autumn) and April 

(Spring) because of the strong influence of Genoa cyclogenesis, while minimum occurs 

during Winter and Summer [80]. At this location, the average annual rainfall is about 843 

mm, while the average annual temperature is around 12.6 °C. Analyses of annual mean 

precipitation data in the region highlighted an overall decrease in rainfall (about 10-20% in 

1961-2008) together with an increase in heavy precipitation events [81].  

 

3.2. Trend analysis  

Trend analysis on ions and on the NH4
+/NO3

- and NH4
+/SO4

2- ratios was carried out by 

means of two different non-parametric techniques, i.e., the Mann-Kendall (M-K) tau Test 

(MKT) and the Seasonal Mann Kendall Test; the magnitude of the trends was estimated 

by Theil-Sen (T-S) slope [82,83]. MKT is a test for monotonic trends [84]. The Seasonal 

Mann-Kendall Test instead applies the M-K trend test separately for each month and then 

combines the results [82,83,85]. Both tests are among the most widely used in the 

climatological analysis of precipitation, as documented by [86–90]. 

All trend analyses were performed in the “R” statistical environment using the “open air”, 

“trend”, “kendall”, “Ggally”, “ggplot2” and “zoo” packages [77]. The missing data in the 2017-

2018 period have been replaced in the calculation. Specifically, missing values are replaced 

by linear interpolation via the “approx.” R function available through the” zoo” package. 
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4. Results and Discussion 

Figure 2 shows the correlation between the sum of cations and anions to document the 

quality control of the data. A good correlation between anions and cations can be observed 

(R2 = 0.72), together with a deficit in anion contribution. This discrepancy can be attributed 

to the absence, in the balance, of carbonates/bicarbonates anions (unavailable in the ion 

chromatography dataset). They represent the typical counterions of Ca2+ and Mg2+ of 

environmental origin [47], which are relatively abundant in the processed dataset, with a 

mean concentration level of about 68 μeq/L. This agrees with [47] and [91] who reported 

mean carbonate levels in the range of 39–62 μeq/L in two different sites in the Po Valley. 

 

4.1. General features of bulk deposition from open field sampling 

Basic statistics of pH measured electrical conductivity (EC), cations and anions from bulk 

deposition samples during the period May 1997 to December 2019 are reported in Table 

1. The mean and maximum values of EC (respectively 21 μS cm and 123 μS cm) reveal 

the low ionic content of the collected samples. The mean EC value and its range agree 

with previous studies in other Mediterranean sites [44,47,92]. A wide range of variability in 

ion concentrations is observed over the sampling period. Indeed, the variation observed 

from the minimum to the maximum value is up to two orders of magnitude for all ions. 

Specifically, the parameters with the highest variability are Na+, Ca2+, Cl-, PO4
3-, K+ and 

pH. A huge variability is revealed by the difference between mean and median as well as 

between minimum and maximum values. This is likely associated with the variations in 

aerosol composition, in meteo-climatic conditions including precipitation amounts, in the 

past decades [93]. 

Subsequently we report the mean ion concentrations (in μeq/L) in increasing order: 

• Anions: PO4
3- (0.25) < NO3- (11.5) < Cl- (23.4) < SO4

2- (40.5).  
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• Cations: K+ (4.5) < Mg2+ (10.8) < NH4
+ (52.4) < Ca2+ (56).  

This dataset shows pH values ranging from 4.5 to 7.4 with both the average and the median 

value around 6 (Table 1). With a pH > 5.6, the deposition pH can be substantially classified 

as alkaline [94]. The neutralizing action is attributable to calcium carbonate and ammonia of 

crustal and agricultural origin respectively, in association with the high contribution of both 

Ca2+ and NH4+ and in agreement with previous works [47,91,95]. Calcium carbonate and 

ammonia are currently recognized as the major neutralizing agents [86,93]. 

Carbonates/bicarbonates were estimated based on the sum of Ca and Mg, from the ionic 

balance and from alkalinity ([47] and references therein) leading to mean values of 

59.3±72.4 μeq/L, 68.5±62.4 μeq/L and 51.9± 70.1 μeq/L respectively. All the estimates are 

fairly similar to one another, though affected by high variability as previously reported [96]. 

Our data highlight a slight chlorine depletion (Cl-/Na+ ratio is equal to (1.71±0.49) mg/L, i.e., 

vs, (Cl-/Na) seawater=1.795.  

Fig. 3 reports the scatterplot matrix between each couple of ions (in mg/L), together with 

their Spearman’s rank correlation coefficient values (R) and frequency distribution. The 

significance level is indicated by the number of stars. Low correlation values (R<0.4) indicate 

the absence of linear correlation between the variables; R ranging between 0.4 and 0.7 

suggests a certain degree of correlation though relatively complex. Lastly, high values of the 

correlation coefficient (R>0.7) indicate a large degree of association (covariance) between 

couples of variables. In this dataset, it is possible to observe only a few strong correlation 

values, and specifically between: SO4
2--NO3

-, NO3
--NH4

+; Na+-Cl-, Mg2+-Na+. The couples which 

show intermediate correlation are Ca2+-Mg2+, Cl--Mg2+, SO4
2--Mg2+, NO3

--Mg2+, NH4
+-Mg2+, SO4

2-

-Ca2+, NO3
--Ca2+, SO4

2--Cl-, SO4
2--NH4

+, SO4
2--Na+, Mg2+-K+, Ca2+-K+, Na+-NO3

-. These 

correlations are in agreement with the origin of the ions. In particular, the Secondary 
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Inorganic Aerosol, SIA (SO4
2-, NO3

- and NH4
+), derives from the atmospheric processing of 

their gaseous precursors SO2 and NOx [95,96]. 

The high correlation Na+-Cl- and between Na+ and Mg2+ reveal their common origin from 

marine aerosol [34]. Though Ca2+ and especially Mg2+ may partially derive from marine 

aerosol, they usually have a crustal origin. Therefore, the high correlation toward nitrates 

and sulfates can be explained by soil resuspension (NO3
- vs. Ca and Mg2+) and/or the 

neutralization of H2SO4 and HNO3 from atmospheric processing of SO2 and NOx
 by Ca and 

Mg carbonates as typical aerosol components of crustal origin [30,95,97].Finally, the pair 

Mg2+-K+ may be explained by seasalt contribution, biomass burning and/or waste 

incineration [98]. 

4.2. Seasonal pattern analysis 

Fig. 4 represents the monthly pattern of the main ions. Cations are shown in dashed line 

type and anions with a solid line type. Ca2+ shows high variability with a tendency to higher 

values from March to August, due to the higher aridity and consequent soil resuspension 

but including also the influence of Saharan dust outbreaks, as observed by [82]. It is to note 

that both seasalt and Saharan dust aerosols have been found to be efficient cloud 

condensation nuclei, therefore justifying the occurrence of the mentioned ions in 

precipitation and therefore in the bulk collectors. [79]. All the SIA derivatives increase in the 

winter precipitation as a result of different factors, increase in emission intensity, 

accumulation in the lower troposphere increased stability of NH4NO3 at lower temperatures 

though the connection with precipitating clouds is never straightforward and given the 

circulation patterns in winter they might imply a contribution from transboundary pollution, 

since the Po Valley winter boundary layer though highly enriched in the airborne particulate 

matter has rarely the capacity of triggering precipitation owing to low-level stagnation [79]. 
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Marine ions, Na+ and Cl-, show higher values in autumn and winter, which may be due to 

the higher frequency of wind frontal situations coming from the Tyrrhenian Sea in autumn 

and winter [47,80]. 

4.3. Trend analysis 

The trend analysis was applied to all the following variables (EC, pH, Alkalinity, Na+, NH4
+, 

K+, Mg2+, Ca2+, Cl-, NO3
-, SO4

2-, PO4
3- as well as NH4

+/NO3
- and NH4

+/SO4
2- ratios), and 

results including trend and their significance are reported in Table 2. The ion ratios were 

included as they provide information about the degree of neutralization of nitric and sulfuric 

species by ammonia.  

The results obtained reveal statistically significant trends especially using the Seasonal 

Kendall test rather than with Mann Kendall test. This suggests the presence of a strong 

seasonality within the time series in agreement with the local climatology, characterized by 

a bipolar precipitation pattern [47] and with the seasonal pattern previously shown in Fig. 3. 

Only chlorides and phosphate show less significant trends, while NH4
+/NO3

- ratio does not 

show any statistically significant trends. In table 2, also the mean change per year has been 

reported. This parameter indicates a slight decrease in the concentration of all parameters 

except for sulphate, which instead shows a more marked decline, and for the NH4
+/SO4

2- 

ratio, while pH shows an increasing trend, suggesting decreasing acidity. These 

observations are visually supported by the STL (Seasonal Trend decomposition based on 

Loess), which allows the decomposition and the estimation of the relative contributions of 

the seasonal, trend and residual components, reported in Fig. 5. Though some missing data 

in the 2017-2018 period might affect the analysis, the p significance levels of both Mann 

Kendall and the Seasonal Mann Kendall tests confirm the robustness of the emerging 

trends.  
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The observed highly significant upward trend in pH is in agreement with other studies and 

projections which seem to confirm this change in tropospheric chemistry across northern 

Italy and Europe in agreement with previous work [33,47–49,51,99]. The trend is shown in 

Fig. 5(a), where STL for pH is reported. The mean change of pH per year is +0.02. 

Considering the correlation analysis previously presented, acidity derived from H2SO4 is 

mainly neutralized by gaseous ammonia but possibly by increasing contribution of mineral 

carbonates under the effect of increasing temperature and dry conditions as well as by 

increasing mineral dust contribution from the African desert. However, since the NH4
+/SO4

2- 

ratio shows an increase of 0.05 per year with high significance, given the tight stoichiometric 

connections between the two ions and the abundance of NH3 (see further on in this 

paragraph) pH trend is mostly associated with the decrease in SO2-sulfates, namely in the 

H2SO4 in connection with the well-known sulfur oxides emission/concentration as a result of 

the mitigation policy adopted in EU in the past decades. This is confirmed by the analysis of 

the trends in SOx, NOx and ammonia emissions at the European level. Indeed, the SOx 

emissions dropped by 92.2 % in the EU in the period 1990-2019, while in Italy the change 

was about 94% [40]. The decline of NOx, during the same period, was not as high as that 

for SO2, though NOx emissions have dropped by 58.8 % in the EU and of about 71% in Italy. 

Ammonia emissions, mainly due to agricultural activities, show a more limited decrease, 

only of 28.1 % in the EU and of about 24% in Italy. Regarding the concentration of SO2, it is 

still showing value above the EU daily threshold in 2 EU countries (Italy and Bulgaria), 

though a strong reduction was observed [73]. Our data reveal a mean pH value above 6 

during the last decade with a median of 6.1 higher than the pH of clean air rain (pH 5.6) for 

the entire analysed period, suggesting instead the inception of an alkalizing trend resulting 

from an increasing role of alkaline minerals in atmospheric acid/base chemistry. Other 

studies reveal the tendency towards more alkaline atmospheric depositions: for instance, 

[34] which analysed the wet deposition from 2000 to 2017, revealed a mean pH of about 
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4.80 (4.19 to 5.82) at the European level, in line with other [49,92]. [44] reported rain pH 

values within 5.8–7.0 in a Spanish background EMEP station significantly influenced by 

Saharan events rich in CaCO3. 

The STL for sulphate is reported in Fig. 5(b). In this graph, the trend is strongly decreasing 

and highly significant as observed in Table 2. The reduction observed is the consequence 

of the application of European ambient air directives such as the EU Ambient Air Quality 

Directives (AAQDs) introduced from 1998 onwards as previously described. 

The STL time series for NO3
- is shown in Fig. 5(c). The trend, in this period, is slightly 

declining and significant (Table 2). Our results agree with those of [99,100] which stated a 

decrease in NO3
- concentration in precipitation by about 23% during the 1990-2009 period. 

During 2002 and 2003, high values in nitrate concentration occurred especially during 

winter. This means that nitrogen oxides still play a significant role in SIA formation and in 

the associated acidification as reported also by the [34]; indeed, the annual limit value for 

nitrogen dioxide continues to be widely exceeded over Europe [101]. 

The trend of ammonium and of calcium ions show similar peaks around 2002-2003. In 2002-

2003 the high ammonium values (Fig. 5d) could be related to the maximum ammonia 

emission reached during 2003 [40], while that of calcium to Sahara dust deposition with 

alkaline event, as reported by [49] and [46]. What’s more 2003 was one of the warmest 

years recorded in the last decades, suggesting a potentially high influence of mineral dust 

rich in CaCO3. 

For both series, however, the trend is constant or slightly decreasing, at a high statistical 

significance level. Their decrease is lower than those of acidifying compounds (NO3
- and 

SO4
2-), thus, as consequence, pH tends to increase. 

The ammonium trend is supported by the ammonia trend from the EEA Report No 05/2021 

[40] and by [18] indicating the absence of trends or slightly increasing trends for ammonia, 

especially during the last decade. This is principally the consequence of the application of 
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animal manure to the soil and to the inorganic N-fertilizers also including urea. The stable 

value for ammonium is reported also by [5]. 

4.4. Translating environmental evidence into an updated testing paradigm 

The analyses so far performed clearly show how not only meteo-climatic, but also 

environmental conditions, have changed in terms of atmospheric composition in recent 

decades. This suggests the need to produce an updated framework of information in 

material science and, particularly in CH, since CH behaviour under the current atmospheric 

conditions will reflect these atmospheric changes. The same holds for testing and simulating 

conditions designed to assess mechanisms and patterns of material degradation, under 

controlled conditions. Based on our analysis considering a long-term (22 years) time series 

of chemical composition analysed in bulk deposition, this work specifically addresses the 

formulation of ageing solutions, ready to use in material testing, with properties 

representative of southern Europe in terms of current atmospheric composition and climatic 

parameters. To this aim, table SI1 (available in the supplementary material) and Fig. 6 report 

updated compositional data for the most important chemical parameters of atmospheric 

deposition from the last 10 years obtained from our dataset, and supported by findings from 

other selected locations in the southern Europe-Mediterranean area [44,45,48]. We have 

selected the last decade's data frame as representative of the current alkaline rainwater pH 

range, enlightening the changed troposphere observed currently in southern Europe as 

opposed to the acid rain typical of the past [4,44,49].  

Rainwater can be no longer considered as an acidic medium, but alkaline owing to a pH 

value in atmospheric deposition higher than 5.6; indeed, the data show a higher pH value. 

The alkalinisation is confirmed in agreement with [48] who show an increase in pH value of 

0.3 ± 0.1 pH unit over the period 1995-2007, in line with our findings showing an overall 

increase of about 0.44 pH units over the longer time interval 1997-2019. 
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The results of this study are widely comparable with other Mediterranean locations, as 

evidenced by the similar pH values of [44] and by the similar concentration range of other 

water-soluble compounds across southern and central Europe [74]. 

From the considerations and the trend analysis previously reported, the newly proposed 

formulation should account for the average composition observed, based on the trend 

estimate analysis of the chemical parameters presented in Table 2. Moreover, it should be 

adapted in consideration of the location simulation, in a range from the minimum to the 

maximum value of those proposed in Table SI1 (available in supplementary materials) per 

each chemical parameter. In detail, electrical conductivity shows an average of 16.1 μS/cm 

with a decreasing trend, in line with [44] which shows an EC ranging from 15.4 to 32.1. For 

what concerns the conjugate base of the strong acidifying compounds (H2SO4 and HNO3), 

their average values are 26.8 μeq/L and 9.6 μeq/L, respectively. Ammonium shows an 

average of 45.4 μeq/L. Sea salt components (Na+ and Cl-) show an average concentration 

of 17.7 μeq/L and 19.0 μeq/L, respectively. The base cation components, Ca2+, K+ and Mg2+, 

show an average of 41.3 μeq/L, 3.9 μeq/L and 9.5 μeq/L, respectively. Our base cations 

concentrations are higher in respect of the sum of those found by [48] and [45] with 24±14 

μeq/L and 20-30 μeq/L during the 2000-2014 period, respectively, but in line with those 

reported in [44] due to high alkalinity event frequency. 

Since the optimal formulation needs to consider the trend estimation and the environment 

to be simulated, based on the performed trend analysis and supported by the results from  

[74], for nitrate and sulfate concentrations it is suggested to apply values not higher than the 

average. Actually, a mean change per year of 0.01 and -0.09 μeq/L/year respectively was 

found, in line with [49] and with the future climate projections [53]. In the case of testing 

material behaviour in a simulated highly polluted area the maximum of their proposed values 

is suggested. At the same time, both ammonium and calcium, the most significant 

neutralizing compounds, show constant or slightly decreasing trends at most, in agreement 
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with [45,48]. For this reason, if the test wants to be representative of locations with high 

NH4
+ concentration, such as the Po Valley, NH4

+ values below the proposed averages 

should be avoided. Besides, it is important to consider the increasing importance of alkaline 

minerals such as CaCO3, in agreement with the increasing trend of alkalizing episodes 

[45,48,49]. It is important to remark the positive trend for NH4
+/SO4

2- ratio and the constant 

trend for the NH4
+/NO3

- ratio, suggesting the currently reduced importance of SO2. As for the 

sea salt component simulation, mainly consisting of NaCl, it is suggested to choose the 

maximum of the proposed values for coastal locations/areas, in order to maximize the 

conjunct effect of both anthropogenic and natural components. 

The use of bulk rainwater dataset for this formulation may show some weaknesses. Indeed, 

the collected rainwater also includes dry deposition and soil resuspension. Therefore, the 

final analysed rainwater may result affected by higher pH and concentration because of the 

carbonates and salts presence. However, since the modus operandi of the artificial ageing 

test is aimed to stress the material with the extreme situation, these limitations can be 

viewed as possible strengths points because they may represent conditions close to the 

extreme one in Mediterranean areas, especially in the next decades.  

5. Conclusions 

This study provides updated ready-to-use ion concentrations for synthesising atmospheric 

deposition solutions to test materials in the context of climate change, specifically for 

southern European locations. To this aim, a long-term dataset (1997-2019) of the chemical 

composition of atmospheric bulk deposition collected in the Po Valley (Italy) was subjected 

to both source and trend analysis. The robustness of the analysis is provided by a large 

amount of data in the raw dataset (over 12 000 data) and by the significance of the 

correlation analysis obtained by two trend estimators (the Mann Kendall and Seasonal Mann 

Kendall Tests). Finally, the observed trends are supported by those emerging for bulk and 
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wet deposition at other Mediterranean locations. Our results indicate that atmospheric 

depositions are changing towards higher alkaline values, as pointed out by their pH mostly 

above 5.6 and characterized by a significant increasing trend. This results from the 

contemporary decreasing trends for sulphate and nitrate, together with the increasing 

importance of sub-Saharan input of carbonates and the stable ammonium concentration, in 

turn, due to global change. The herein proposed synthetic ageing solutions, to be used in 

material testing, reflect the compositional change in particular for the pH value increased, 

the reduced importance of sulfate and nitrate and, the alkalinization provided by calcium, as 

well as by carbonates and ammonium. 
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Tables 
 

  Mean Median Min Max 
Std. 

Dev. 

Alkalinity 0.045 0.030 0 0.71 0.065 

pH 6.0 6.1 4.5 7.4 0.6 

EC 21.0 17.2 4.6 123.0 13.9 

Na+ 20.8 16.7 0.9 196.4 18.3 

NH4
+ 52.4 46.9 1.3 211.7 27.7 

K+ 4.5 3.3 0.3 44.3 4.7 

Mg2+ 10.4 8.5 0.6 53.1 7.4 

Ca2+ 56.0 37.4 4.5 753.0 68.4 

Cl- 23.4 17.8 1.2 218.6 23.8 

NO3
- 11.5 9.9 2.9 46.2 6.4 

SO4
2- 40.5 33.7 5.6 221.0 28.0 

PO4
3- 0.25 0.15 0.01 3.2 0.34 

 

Table 1. Basic statistics for experimentally determined values of pH, Alkalinity (meq/L), EC 

(electrical conductivity; in μS/cm), and ions ( μeq/L) in bulk samples collected in Boschi di Carrega 

in the period May 1997 - December 2019. Mean is the arithmetic mean of the samples. Min = 

minimum; Max = maximum; Std.Dev. = standard deviation. 
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Variable  Mann 

Kendall p 

value 

Seasonal Mann 

Kendall p value 

Mean change 

per year 

pH 0.0007 0.0857 +0.0200 

EC 0.0085 0.0029 -0.4100 

Alkalinity 0.36751 0.31565 +0.0000 

NO3
-  0.0002 0.0829 -0.0100 

SO4
2-,  0.0000 0.0000 -0.0900 

Cl- 0.0286 0,0575 -0.0100 

PO4
3-  0.25423 0.21824 -0.0800 

NH4
+ 0.0028 0.0018 -0.0100 

Ca2+ 0.0009 0.0009 -0.0200 

Mg2+ 0.0282 0.0551 0.0000 

Na+ 0.0171 0.0178 -0.0100 

K+ 0.3303 0.8135 0.0000 

N tot 0.0873 0.0167 -0.0300 

NH4
+ /NO3

- 0.1281 0.1277 0.0000 

NH4
+/ 

SO4
2- 

0.0000 0.0000 +0.0500 

Table 2. Results of the Mann-Kendall test and of the seasonal Kendall test for the monthly time 

series for the detection of monotonic trends applied on the 1997–2019 time series collected at the 

Boschi di Carrega sampling site. For each case, the p (significance) value and the mean change 

per year from the Theil-Sen slope are presented. The number is in bold when significant at the 

0.05 level, in italic when the trend is only weakly significant, thus, at the 0.01 level.  
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Figures 
 

 

 

 
 

Figure 1. Map representing: left panel) the position of the sampling site (Boschi di Carrega, red dot) 

and of the other sampling sites (Lake Maggiore in Italy for Rogora et al., 2016; Granada in Spain for 

Calvo et al., 2010; various French sites for Pascaud et al., 2016) used to support the interpretation 

of the concentration ranges (yellow squares; see Section 4.4) in Europe; right panel) zoom of the 

sampling site (red dot) and the Po Valley (red ellipse) (source: Esri and the GIS User Community). 
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Figure 2. Scatter plot of cations sum vs. anions sum per month (in µeq/L) collected in Boschi di 

Carrega. 
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Figure 3. Lower panel, left from the diagonal: scatterplots of the ions (mg /l) analysed in the weekly 

bulk deposition samples collected in Boschi di Carrega. The diagonal shows the frequency 

distribution of the parameters. Upper panel, right from the diagonal: Spearman’s rank correlation 

coefficient values for ionic composition in Boschi di Carrega from May 1997 to December 2019. The 

stars indicate the significance level (p): one star stands for p<1, two stars for p<0.1 and three stars 

for p<0.01.  
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Figure 4. Monthly concentration of cations (with dashed line type) and anions (with solid line type) 

in samples of bulk deposition collected in Boschi di Carrega. 
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Figure 5. STL decomposition for the time series of: a) pH; b) SO4
2-; c) NO3

-; d) NH4
+, from May 1997 

to December 2019 in Boschi di Carrega. All the panels include the monthly data in the upper panel, 

followed by the seasonal, trend and remainder components. The concentration of the ions in the 

plots is in mg/L. 
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Figure 6. Box and whiskers plots presenting a summary for deposition composition representative 

for southern European sites: EC (electrical conductivity; in μS/cm), pH and ions (μeq/L). The box 

encloses the 25-75th percentile range, the line inside the box represents the median value, whereas 

the mean is represented by the dot. The whiskers range between the minimum and maximum values. 

Data used are from the last 10 years of sampling at the Boschi di Carrega site. 
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Table SI1. Summary statistics (mean, standard deviation, maximum and minimum values) 

of the last 10 years data of deposition composition at the Boschi di Carrega sampling site. 

pH, EC (electrical conductivity; in μS/cm), and ions concentration (μeq/L). 

Site Boschi di Carrega (Po Valley, Italy) 

Sampling period 2010-2019 

Atmospheric 

deposition type 
Bulk 

Chemical 

parameter 
Mean Dev.St. Max Min 

pH 6.1 0.1 6.8 4.9 

EC 16.1 6.6 38.7 6,51 

Sulfate 26.8 12.7 66.1 7.5 

Nitrate 9.6 4.3 25.21 2.9 

Chloride 19.0 14.3 95.6 3.4 

Calcium 41.3 36.5 248.0 4.6 

Potassium 3.9 3.3 18.9 0.8 

Magnesium 9.5 5.6 29.6 0.6 

Ammonium 45.4 19.6 107.5 16.4 

Sodium 17.7 13.3 86.4 3.0 

 


