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Abstract. This article examines the moisture hazards in Lake Como's historical
buildings through non-destructive microclimate monitoring. It assesses how
seasonal and daily outdoor fluctuations affect indoor conditions, addressing key
conservation challenges. As humidity poses a significant threat in lakeside historical
buildings, understanding the dominant climatic characteristics, their magnitude, and
a common trend is crucial for devising effective conservation strategies as well as
predicting future scenarios.

This study adopts a microclimatic monitoring approach using psychrometric
mapping and specialized probes across three architectural case studies situated by
Lake Como. Continuous data collection was conducted over a one-year period, albeit
different for each case study, to capture key thermo-hygrometric parameters,
including air temperature (T°C), relative humidity (RH%), and mixing ratio (g/kg).
The analysis focuses on quantifying indoor-outdoor interactions through the
evaluation of critical microclimatic metrics, such as thermal and hygrometric
gradients, damp factor, and Probability Density Function (PDF). These metrics are
assessed in conjunction with architectural features to identify potential common
patterns in envelope behavior under unfavorable environmental conditions for
conservation.

Keywords: Como lakeside, built heritage, Microclimate monitoring, Non-
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1. Introduction
The early settlements surrounding Lake Como, despite their proximity to the Alps
and Pre-Alps, benefit from the availability of freshwater, abundant food resources,
opportunities for trade and communication across mountainous terrains, and the
region's year-round mild climate. The archaeological evidence, including the
findings in Piano d'Erba and Albavilla, demonstrates a continuous human presence
in these locations since the Neolithic Age'. The ongoing human habitation is related
to the presence of a large waterbody, significantly influencing the microclimatic
conditions along its shores. However, few studies have explored the indoor-outdoor
mutual interrelationships through microclimatic monitoring by the application of
non-destructive techniques for the preservation of cultural heritage within this
region. This study focuses on the monitoring and analysis of microclimatic variables
that pose risks to the conservation of structural materials and the artifacts housed
within these buildings. The critical role of microclimatic analysis in safeguarding
cultural heritage can be understood through a growing body of research?. In the field
of microclimatic monitoring, key aspects can be classified among several
dimensions, including methodological approach, technological techniques, research
objectives, and interdisciplinary frameworks. Numerous studies have employed both
qualitative and quantitative methods® while others have utilized a range of advanced
techniques and technologies*. The existing body of research can be further
categorized based on its primary focus- whether preservation-oriented risk
assessment or predictive analysis®.Regardless of these classifications, continuous
monitoring of critical climatic parameters, notably temperature (T°C) and relative
humidity (RH%), is essential for addressing preservation challenges. Rising damp
remains a persistent threat to cultural heritage, especially in lakeside environments.
The aim of the article is to share the microclimate method of analysis on the thermo-
hygrometric behavior of historic buildings around Lake Como. It involves the
collection of microclimatic data on the variations in air temperature, RH%, and
mixing ratio (g/kg) over a period of one year, albeit a different year for each of the
three selected case studies, with hourly measurements and psychrometric mapping
as core experimental methods. Each case study represents a different timeline and
building type, allowing for comparative analysis. The methodology focuses on
evaluating indoor-outdoor interactions through assessing microclimatic metrics of
thermal and hygrometric gradient, damp effect, and Probability Density Function
(PDF) to identify key factors impacting the conservation of historical materials,

' MERCURI — SADORI 2012, p. 32.
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particularly porous materials, which are highly susceptible to damage from elevated
humidity levels.

2. The study area and case studies

The selected study area is Lake Como, the third-largest lake in Italy, located in the
Pre-Alpine and Alpine zones of Northern Italy®. Climatically, the region exhibits a
complex interplay of temperate and cold zones, with the lake area being
characterized by humid subtropical conditions. Long-term meteorological data
collected from 13 weather stations surrounding Lake Como (1991-2021) reveal key
trends’. Average monthly RH% remains consistently high throughout the year,
peaking at nearly 80 % in October and dipping to around 65% in July. Monthly
temperatures show significant seasonal variation, with the highest average of nearly
22°C in July and the lowest average of -1.5°C in January (Fig. 1 and Fig. 2). These
climatic conditions, coupled with the lake’s specific topographical and ecological
features, create a microclimate that intensifies the challenges posed by rising damp
and other moisture-related decay mechanisms affecting the built cultural heritage.
The influence of climate change further complicates these dynamics, altering
weather trends and the hydrological regime: changes in precipitation patterns,
temperature extremes, and humidity fluctuations exacerbate the vulnerability of
heritage structures to climatic stressors, accelerating rates of material deterioration
and fostering the emergence of new decay phenomena®.
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Fig. 1. Lake Como seasonal average RH% 1999-2019. source: calculated by Climate-
Data.org, developed by authors

¢ PEEL C., FINLAYSON B., MCMAHON T. 2007, p. 163.

" The regional long-term trends reported by ARPA indicate higher average temperatures
and fewer rainy days.

8§ MASCITELLI A, et al. 2022, pp. 14525-14526; TAMEA S., BEANI L. 2024; LI X.
2014; SESANA E., et al.
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Fig. 2. Lake Como seasonal average T°C 1999-2019. source: calculated by Climate-Data.org,
developed by authors

Table 1. Lake Como case study analysis aspects

case studies

basilica di san Fedele
(Como)

chiesa di
Giacomo (Como)

san

photo

construction date

area
volume

study year
context

roofing system

building material

surface/volume
ratio
openings (area)

Second half of the 10 -
12 century

1200 m2

22500 m3

2014

Compact- northeast-
southwest facade
Double-Shell Gable Roof
with Cross Vaults

Musso marble-
marble-

Granite-
Cipollino
Moltrasio Stone®.
0.22

55 m2

chiesa di san Giorgio

Second half of the 11t
century

1200 m2

18500 m3

2022
Compact-
fagade
Double-Shell
Roof  with
Vaults-
Moltrasio stone- Brick
(Cotto)- faux marble-
Stone Roofing

0.18

southeast

Gable
Cross

90 m2

(Mandello del Lario)
4 —

12t — 15" century

180 m2
1400 m3

2011

Suburban- open field-
four side facade

Open Timber Truss
Roof

Split  Stone Walls
plastered with lime-
Stone Roofing

0.6

30 m2

The selected case studies include: Basilica di San Fedele (Como), Chiesa di San
Giacomo (Como), and Chiesa di San Giorgio (Mandello del Lario). The first two

® TABANELLI 2014.
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cases share similar features (volume, age, typology, etc.), allowing for controlled
data collection and better evaluation of the indoor-outdoor climate interrelations,
while the third case in Mandello del Lario represents contrasting features, enabling
a more comprehensive comparative study, as illustrated in (Table 1).

3. Materials and methods

3.1.Data collection:
Mid- to long-term monitoring of humidity—often spanning 2—3 years or more—and
its effects on materials requires non-destructive methods, allowing repeated, cost-
effective testing without damaging materials. These methods are ideal for identifying
anomalies and conducting targeted diagnostics. To perform the analysis, 18 data
loggers'® were installed to record the temperature (T°C) and relative humidity
(RH%) on an hourly basis, choosing their location to capture indoor climate
variations in both horizontal and vertical sections (seasonal psychrometric mapping
allowed us to identify the best location, as illustrated in (Fig. 3)'!, avoiding
interference from sunlight, artificial lighting, airflows, or heat loss through the
building envelope'.

Fig. 3. Psychrometric mapping in autumn in San Fedele (left) and San Giacomo (right) to
identify the optimum location of the probes.

3.2.Data analysis
Statistical analysis examines the thermo-hygrometric behavior of the buildings,
identifying the mixing ratio as a particularly reliable indicator of moisture content
because it remains unaffected by temperature fluctuations. To assess how outdoor

19 The monitoring employed HOBO MX1101 probes: five inside the Basilica di San Fedele,
seven inside the Chiesa di San Giacomo, three inside the Chiesa di San Giorgio, and one
external probe per building.

I The data collection period covers a span of two to three years for each case interruptedly.
Therefore, for this research, a period of one continuous year was designated, differing for
each case as mentioned in Table 1.

12SILVA et al. 2016, p. 3; MUNOZ et al. 2016, p. 5; CANALI et al. 2023, p. 2.
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climate variations influence the indoor environment, seasonal and daily averages
(with corresponding standard deviations) were computed for each variable, and
normalization was applied to ensure comparability across different times and
structures. Additionally, thermal and hygrometric damp factor analyses quantified
the delay and attenuation of external climatic influences as they penetrate the
building envelopes. Trends and dominant patterns were further identified using
probability density functions (PDFs), which elucidated variable distributions under
both typical and extreme conditions.

4. Discussion and results
The data processing'® considered similarities and differences among case studies,
particularly the impact of a heating system in San Fedele (mid-November to late
February), studied by the absolute temperature difference in (Fig. 4). This period was
then excluded from the later analysis to focus on trends driven by external factors. It
should be noted that while the uncontrolled conditions in San Giorgio and San
Giacomo could lead to humidity-related deterioration, the more pronounced
thermos-hygrometric fluctuations in San Fedele during the heating season could
introduce risks of salt crystallization and their solubilization highly impacting the
porous material. Studying the thermal buffering metric, the damp effect was applied
and classified into six categories from uncontrolled (below 0—Ilow buffer) to full
damp (1—high buffer). The most stable thermal damp effect is witnessed in San
Giacomo whereas San Fedele, despite similarities with San Giacomo in location and
materials, exhibited greater temperature fluctuations from August to October and
60% high damp from March to the end of July, as can be observed in (Fig. 5). The
case of San Giorgio in Mandello depicts a lower percentage of high damp effect by

50% from June to the end of October.
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Fig. 4. Monthly thermal gradient (T in- T out) comparison.

13 Weather data collected by external probes at the case study sites were compared with
ARPA Lombardia datasets. However, due to discontinuities and the spatial distance of ARPA
stations from the microclimatic zones of interest, the external data underwent normalization
and noise reduction to ensure consistency and reliability.
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Fig. 5. Monthly average Thermal damp effect from 1 March to 15 November.

The investigation of humidity behavior, as a critical component in the diagnostic
process of lakeside architectural heritage, has been carried out through the
assessment of RH% and mixing ratio [g/kg] gradients for absolute values, damp
effect for intensity of variation transfer, and probability density function for
identifying hygrometric trends. Even though the cases in Como have exhibited more
stable thermal conditions, they face a pronounced issue of elevated internal RH%
when compared to the case in Mandello. This discrepancy is particularly notable
given that the external RH% in Mandello, based on a 20-year period of average
monthly data, has been consistently higher than in Como (as illustrated in Fig. 1).
Also, It should be noted that climate change has intensified these dynamics and
disrupted the traditional seasonal humidity cycles, leading to more extreme
fluctuations in interior conditions'.

The monthly average absolute gradients in (Fig. 6) and (Fig. 7) exhibit the evident
differences in San Giorgio, with the lowest amount of RH% and absolute moisture
content in July, increasing towards October. The trend difference in two cases of
Como can be related to differences in air infiltration and frequency of use, while both
experience a humid interior condition peaking in July for San Giacomo with specific
humidity difference (ASH) 1.4 g/kg and in September for San Fedele with ASH= 1

g/kg.

4 CAMUFFO, BERTOLIN, SCHENAL 2014.
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Fig. 6. relative humidity gradient
comparison from March to 15 November.
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Fig. 7. mixing ratio gradient
comparison from March to 15

While the absolute metrics demonstrated a less humid situation in San Giorgio, the
intensity of indoor variation over outdoor variation fluctuated significantly,
suggesting a less effective buffer envelope (Fig. 8 and Fig. 9). The notable point is
the different behavior of Como cases in terms of mixing ratio, demonstrating the
necessity of studying this metric as a dominant climatic characteristic within this

region.
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Fig. 1. RH% damp effect from March to 15
November.
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Fig. 9. Mixing ratio damp effect from March
to 15 November.
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The RH% probability density function (PDF) analysis (Fig. 10) indicates that all
three locations exhibit a peak around 60-70% relative humidity. Among them, S.
Fedele presents a slightly higher probability density at peak RH%, suggesting a
greater tendency toward elevated indoor humidity levels. This is particularly
important in the context of heritage preservation, where elevated RH can accelerate
deterioration of sensitive building materials, including frescoes and plaster'>. The
corresponding analysis of the mixing ratio (Fig. 11) further elucidates the moisture
dynamics across the sites. All three locations display bimodal peaks, suggesting
alternating dry and humid periods throughout the year. The highest peak occurs
around 67 g/kg for S. Giacomo, while both S. Giorgio and S. Fedele register a
secondary peak at approximately 11-12 g/kg, indicating occasional episodes of
significantly elevated air moisture content. The critical condition of mixing ratio
above 10g/kg occurred from May to September (15% of the time in a year for Como
cases and 11% for Mandello) with San Fedele exhibiting the highest issue of internal
moisture. The elevated mixing ratios from May to September indicate periods of
higher moisture content in the air. This aligns with seasonal climatic patterns where
warmer temperatures increase the air's capacity to hold moisture, leading to higher
humidity levels (Fig. 12).
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Fig. 2. RH% probability density function ~ Fig. 11. Mixing ratio PDF analysis for one
analysis for one year. year.

15> CAMUFFO 2019.
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Fig. 3. Number of hours per month with mixing ratio above 10 g/kg in the three case studies
for a year

Conclusions

The assessment of annual trends and statistical analyses of microclimate parameters
indicate that the primary factor influencing the internal environment is persistent
outdoor variations. Although the users’ behavior (e.g., door and window openings)
and thermal exchanges through the building envelope can affect the microclimate,
both psychrometric mapping and microclimatic monitoring through probes reveal
that the amplitude of fluctuations, particularly in humidity (RH% and specific
humidity SH), remains limited. Due to the frequent, severe rainfall that can seriously
disrupt the indoor environment, late spring becomes a particularly sensitive time for
indoor conditions. Building characteristics further regulate these conditions. For
instance, the San Giorgio case study demonstrates that smaller structures exhibit
more rapid humidity variations and a quicker diffusion of external imbalances. This
fact implies an elevated internal fluctuation risk in the case of external sharp
variations, as it occurs in recent decades, together with the change in use and new
intervention. These results not only confirm the accuracy of the measurement
methods used but also highlight the advantages of employing a variety of monitoring
techniques. Furthermore, the cost-effectiveness of this approach makes it especially
practical for preserving historic structures where budgets are often limited, while its
multi-step data processing enables near real-time detection of microclimate
irregularities. This validated strategy also opens the door to including further case
studies—previously monitored for different objectives—to reinforce the observed
trends and broaden the analysis across a range of building types. Ultimately, this
method could help identify the most vulnerable structures and lead to the creation of
a risk-based vulnerability ranking. In essence, both environmental and indoor
monitoring are crucial for assessing cultural heritage, especially in areas with high
ambient humidity, like the Lake Como region.
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