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47 Abstract

48 Caves are unique natural laboratories for studying climate change and its ecological 
49 impacts. However, analyzing air temperature in these environments is challenging due to 
50 stable microclimatic conditions and high humidity. Collecting reliable data requires 
51 dedicated devices and protocols. We developed a standardized quality control procedure—
52 Cave Air Temperature Quality Control (CAT-QC)—to assess the reliability of temperature 
53 data collected inside caves. The protocol consists of four main steps: (i) assessing data 
54 completeness; (ii) identifying physically implausible values; (iii) detecting statistical 
55 outliers using three progressively sensitive methods; and (iv) conducting a final manual 
56 check. We tested CAT-QC on a dataset from 19 caves in the Piedmont region (Northwest 
57 Italy), recorded with iButton devices. The protocol effectively identified gaps, absurd 
58 values, and abrupt temperature changes, many of which were due to human interference 
59 or sensor issues. Data flagged through CAT-QC can be further reviewed to address biases 
60 and rerun through the process if needed. Designed for broad applicability, CAT-QC is 
61 dynamic and can be tailored to local series characteristics, making it suitable for diverse 
62 subterranean environments. This tool provides a robust framework for ensuring data 
63 quality and comparability in cave climate studies, supporting research and conservation 
64 efforts in the context of climate change.
65
66 Keywords: air temperature, long-term monitoring, quality control, subterranean 
67 ecosystem, climate change

68 1. Introduction

69 Caves are unique natural laboratories to study climate change processes and their broader 
70 ecological impacts [1,2]. Their semi-closed nature makes them relatively insulated from 
71 rapid external atmospheric fluctuations [3,4]. The temperature of the air inside the cave 
72 becomes increasingly stable the more one moves away from the entrance [5] attaining 
73 values typically hovering around the external mean annual temperature of the surface area 
74 surrounding the cave [6,7,3]. As the insulation is recognized as affecting the thermal 
75 regime along the caves, in this study, we refer to cave insulation as the thermal buffer of 
76 the air inside the cave from the external atmosphere.
77 Notwithstanding these insulation mechanisms, theoretical and empirical studies 
78 indicate that caves are sensitive to external climatic variations over longer time frames 
79 [8,9,10]. In fact, due to their ability to buffer surface temperature changes, caves act as 
80 important proxies for understanding past and present climate dynamics, offering a critical 
81 perspective that complements traditional atmospheric climate studies [11]. In the same 
82 vein, these systems could be used as models to anticipate the effect of current 
83 anthropogenic climate change [12,2].
84 Moreover, caves serve as essential research sites for a range of disciplines, 
85 including ecology, biology, hydrogeology, and conservation science. One key area of study 
86 is the unique adaptations of cave-dwelling organisms, which thrive in stable conditions 
87 characterized by darkness, high humidity, and constant temperatures. Even minor 
88 alterations in these conditions could have profound effects on subterranean biodiversity 
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89 [13]. Consequently, understanding climate change impacts on cave ecosystems is essential 
90 for preserving these often-endemic species and maintaining ecological balance [14, 15, 16].
91 Despite the ecological and climatological importance, existing compilations of cave 
92 temperature data from around the world remain highly uneven in both geographic and 
93 temporal coverage (e.g., [3]). For example, data is particularly scarce in tropical regions 
94 [17]. The lack of long-term monitoring programs and uniform methodologies hinders our 
95 ability to evaluate the impact of climate change on subterranean environments [2]. Without 
96 a consistent data collection framework, it is difficult to develop accurate models to predict 
97 future climatic and biological shifts, particularly at regional and local scales, where 
98 methodologies are highly sensitive to definition, scale, and estimation [14]. Indeed, most 
99 climate change modelling exercises for subterranean species are based on far-from-ideal 

100 proxy variables of interpolated external temperature conditions, leading to high 
101 uncertainties (e.g. [18,19]). Furthermore, caves exhibit delayed equilibrium between 
102 internal and external temperatures [12], reinforcing their role as valuable climate proxies 
103 while highlighting the necessity for precise and continuous monitoring.
104 Several challenges contribute to the lack of standardized cave climate data. Firstly, 
105 caves are often remote and difficult to access, requiring substantial resources for regular 
106 monitoring. Secondly, the challenging conditions within caves, particularly high relative 
107 humidity levels with values often close to saturation [5], increase the risk of sensor failure 
108 and data loss for temperature sensors [2]. Thirdly, variations in lithology, altitude, and 
109 outside climate can significantly influence cave microclimates. For example, caves formed 
110 in high-thermal-conductivity rocks experience greater fluctuations in response to external 
111 air temperature changes, while altitude influences external climatic conditions, 
112 subsequently affecting subterranean temperatures [5].
113 Given these challenges, implementing a rigorous quality control protocol is essential 
114 to ensure the reliability and comparability of cave temperature datasets. High-quality, 
115 standardized climate records are fundamental for accurately assessing climatic trends and 
116 ecological impacts in subterranean environments. A well-designed quality control 
117 framework can help eliminate inconsistencies caused by sensor errors, site-specific 
118 anomalies, or data gaps, thereby strengthening the validity of long-term cave climate 
119 research. This study presents a novel Cave Air Temperature Quality Control (CAT-QC) 
120 protocol (Fig. 1), developed through the monitoring (up to 4 years) of 19 small to medium 
121 caves (from 10 to 3500 m of development) in northwestern Piedmont (Italy) using iButton 
122 devices. Our approach establishes a standardized methodology to obtain reliable and 
123 comparable temperature series in subterranean environments, addressing key data gaps, 
124 physically implausible values, statistical outliers, and anomalies caused by human 
125 interference or sensor malfunctions.

126 2. Methods
127 2.1. Cave Air Temperature Quality Control (CAT-QC)

128 In this study, we developed a structured and automated quality control workflow in R 
129 (version 4.3.1;[20]), leveraging the packages lubridate (v1.9.3;[21]), ggplot2 (v3.5.1; [22]), 
130 and zoo (v1.8.12;[23]) (Fig.1). The procedure involves complementary checks to identify 
131 anomalies and data inconsistencies through different steps: i) assessment of data 
132 completeness and the presence of missing values; ii) detection of physically non-sense 
133 temperature values; iii) identification of different types of statistical outliers based on three 
134 criteria of increasing sensitivity; and lastly iv) manual check aimed to examine outliers and 
135 decide whether they have to be removed from the series. In case of data removal, an 
136 additional run of the entire quality control procedure is necessary. Additionally, we 
137 implemented visualization functions (plot_data) to facilitate visual inspection and 
138 interpretation of outliers. The custom R scripts, functions, plots and implementations 
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139 described herein are publicly available alongside this paper (Online Resource 1; Online 
140 Resource 2), ensuring transparency and reproducibility of the quality control procedure. 
141 These components provide a solid framework for flagging, documenting, and addressing 
142 anomalies, enhancing data quality for downstream ecological and climatological analyses.

143

144 Fig. 1 Schematic summary of the Quality Control for Cave Air Temperature (CAT-QC) 
145 workflow.

146 2.1.1. Step 0: Data format
147 Before any advanced quality control step, an appropriate data formatting process is needed 
148 (Fig. 1). The CAT-QC achieves this by chronologically ordering the yearly series of data and 
149 plotting them to obtain the complete temperature series available for each cave, allowing 
150 the user to verify if the temperatures are continuous, and to visually see where non-sense 
151 values are located. This shows the seasonality pattern as well, something to be inspected 
152 to spotlight any suspicious seasonal trend given by a device’s error. Moreover, to provide 
153 temporal consistency, the UTC standard time zone is set in every series. This approach 
154 makes sure to avoid issues related to local time shifts that could happen during the data 
155 recording phase.

156 2.1.2. Step 1: Missing data
157 The first step of the CAT-QC is the detection of missing data, if any. The CAT-QC assesses 
158 data completeness based on the expected number of records and the length and 
159 distribution of the possible gaps in the series. In most climatic analyses, monthly mean 
160 values can be computed when at least 80% of daily data is available, with gaps not 
161 exceeding six non-consecutive days per month [24]. For annual averages, a series is 
162 considered complete when at least 94% of daily data is available, with gaps limited to 20 
163 non-consecutive days [25, 26, 27]. Based on the acquisition rate of the time series being 
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164 analysed, days with missing readings exceeding the 80% threshold are excluded from the 
165 calculations.

166 2.1.3. Step 2: Non-sense values
167 Secondly, the CAT-QC evaluates the presence of non-sense values [28] (Fig. 1, Table 1). 
168 Since the interest is in the signal of external air temperature inside caves, to exclude any 
169 other source of subterranean heat, we used the thresholds based on the device temperature 
170 range and on European temperature records which led to thresholds of ±40°C [29, 30, 31]. 
171 When non-sense values are identified, they are flagged as “non-sense value” and shown in 
172 a report table. The identified non-sense values will not be cut nor converted in NA (i.e. not 
173 available data) until the CAT-QC is completed.

174 2.1.4. Step 3: Outliers
175 We refer to outliers as any record that significantly deviates from the average range of the 
176 dataset, based on three different criteria (see below). A typical series of temperatures 
177 measured in a cave lies within a narrow temperature range [6], which is likely to become 
178 narrower as the cave deepens. On the contrary, the temperature signals from a shallow 
179 cave or other superficial subterranean habitats are much more similar to the external air 
180 temperature, with seasonal and daily variations [9, 32]. These characteristics lead the 
181 distribution of temperature series data to have both lower (deep caves) and higher (shallow 
182 caves) variance.  Therefore, depending on the location of the recording sensor within a 
183 cave, outliers could be erroneous data caused by a device malfunction or natural values. 
184 Furthermore, an outlier in a cave temperature series can also have other natural 
185 explanations, such as an abrupt decrease in temperature due to water infiltration, such as 
186 melting snow [5], or an abrupt increase due to visitors entering a tourist cave [33]. For this 
187 reason, the highlighted “outlier” data is not blindly removed; instead, the decision is left to 
188 the user via an appropriate subjective control (i.e. step 4). Because of this, the CAT-QC 
189 uses three methods with increasing sensitivity to flag outliers:
190
191 A. The first outlier detection method is based on the overall mean ±4 standard 
192 deviations of the series, defined as the generally used threshold for outliers 
193 [34]. When this kind of outlier is identified, it is flagged as “Type 1 outlier”.
194 B. For a more accurate procedure, the CAT-QC fits the temperature series 
195 with a model, extracting residuals, and then targeting outliers among 
196 those. We use a harmonic model to calculate the residuals, effectively de-
197 seasoning the time series. Specifically, we fit a single-frequency sinusoidal 
198 function to capture the dominant annual cycle, which is the primary source 
199 of variance in cave air temperature data. The model is defined as: 
200 T(t)=A⋅sin(2π/365.25⋅t+ϕ)+C, where T(t) is the temperature at time t, A is 
201 the amplitude, ϕ is the phase shift, and C is the mean temperature. We 
202 acknowledge that this single-frequency approach may not perfectly capture 
203 asymmetric seasonal peaks/troughs or higher-frequency variations (e.g., 
204 diurnal or weather-front related). However, the primary purpose of this 
205 step is to remove the dominant seasonal signal to isolate anomalies. The 
206 specific implementation of this harmonic model, including the use of the 
207 sine and cosine terms to capture the annual cycle, as well as the 
208 performance metrics for the harmonic models, including the R-squared and 
209 coefficients for each time series, are calculated in the R script (Online 
210 Resource 1) and shown in the models’ summary table (Online Resource 3). 
211 The residuals, R(t)=T_measured (t)-T(t), represent the deviation from this 
212 expected seasonal pattern. Outliers are then flagged (“Type 2 outlier”) 
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213 when a given value varies ±4 standard deviations from the mean of the 
214 residuals.
215 C. Lastly, the CAT-QC evaluates the amount of variance between records to flag 
216 “Type 3 outlier”. To do this, it calculates the rolling variance choosing a 
217 window of 20 records and then identifying outliers based on the mean 
218 variance along the window, using a threshold of ±4 standard deviation. 
219 Notice that this window is an adjustable parameter that the user can set 
220 according to the sensor’s acquisition rate and to the expected variance of the 
221 series to increase or decrease the sensitivity of this step.
222
223 The output of this step of the CAT-QC procedure is a new extended dataset reporting all 
224 preexisting information from the original series (no data is cut or converted into NA) plus 
225 additional logical columns dedicated to the flags based on outlier types for each record. 
226 Finally, the total number of each outlier type is automatically computed and shown in a 
227 new object in the R environment. This allows for precise identification of each flagged data 
228 across the dataset, so they can be properly analysed, counted, or removed based on the 
229 type of flag in Step 4.

230 Table 1 shows all the outlier types with their description. The great added value of this step 
231 is to provide a dynamic outliers' detection, which is strongly linked to local series features 
232 since Step 3C is based on a rolling statistic which can be adjusted depending on the 
233 considered data series.

234 Table 1 List of flags presented in the Quality Control for Cave Air Temperature (CAT-QC) 
235 with their descriptions.

Flag Description
Non-sense values Values above +40°C or under -40°C.
Type 1 outliers Outliers identified based on the overall mean ± 4 times the 

standard deviation.
Type 2 outliers Outliers identified based on ± 4 times the standard deviation from 

the mean of the residuals calculated with a harmonic model.
Type 3 outliers Outliers identified based on ± 4 times the standard deviation from 

a rolling variance calculated on a 20 records window.
236

237 2.1.5. Step 4: Manual check
238 To identify possible erroneous values and non-climatic biases in series, each step of the 
239 quality control needs to be manually reviewed to make sure that the revealed record is 
240 truly a measurement error. For the last manual control of the CAT-QC (Fig. 1), graphs are 
241 plotted to allow the user to visualize the flagged data and to decide whether to remove 
242 them. This step is crucial for differentiating between true sensor errors and real, albeit 
243 extreme, natural events (e.g., sudden water infiltration or human presence). The manual 
244 check also allows for the removal of large sections of data that, while not every single point 
245 is flagged by the automated steps, are clearly erroneous based on expert knowledge and 
246 field notes (e.g., periods where the sensor was known to be temporarily moved). In such 
247 cases, the automated QC often flags a high density of outliers within the affected section, 
248 indicating a systemic issue. This is a deliberate feature of the protocol, as the automated 
249 steps are designed to be sensitive but not overly aggressive, and large-scale systematic 
250 errors may not register as typical statistical outliers. The decision to remove unflagged 
251 data is always documented and based on external evidence. Since outliers are coloured 
252 differently to point out the different outlier types, one record can be flagged as a non-sense 
253 value and as an outlier based on more than one criterion; in this case, it would appear in 
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254 the plot with a different colour indicating multiple flags. The graphs enable to identify 
255 seasonal patterns of the series and abrupt temperature changes and to link the events with 
256 the date and time.
257 Each flag designated as NA during the final manual check is treated as missing data. 
258 Consequently, once the manual check is complete, the CAT-QC process should be repeated 
259 to identify any outliers that were previously deemed acceptable. When no erroneous data 
260 are detected and the number of missing values does not compromise the integrity of the 
261 dataset, the series can be considered reliable.

262 3. Application of CAT-QC on a case study

263 To test our quality control protocol, we analysed 38 air temperature series recorded in 
264 caves located across the Western Alps between autumn 2020 and winter 2024–2025. To 
265 establish a reliable dataset and remove erroneous records, we applied the quality control 
266 process two times. The first run was performed on the raw data. After the first quality 
267 control and erroneous data were removed, the QC-CAT was run again to further refine the 
268 data.

269 3.1. Data collection and dataset

270 We analysed 19 different caves distributed across the Western Alps, Piedmont, Italy (Table 
271 2).  We measured air temperatures at two locations inside the cave: one at the cave opening 
272 and the other as deep inside as possible (called entrance and internal, respectively). The 
273 measurements were carried out continuously from autumn 2020 until winter 2024–2025 
274 (Table 2), using I-Button devices (model DS1922L and DS1923) with an accuracy of ±0.5°C 
275 and a resolution of 0.0625 °C [31]. They combine a thermometer and a datalogger in a 
276 single compact unit. The temperatures were recorded every 6 hours each day (i.e. at 0 am, 
277 6 am, 12 pm, and 6 pm).
278 They rely on a battery for self-sustaining and energy supply, that should allow for a time of 
279 use of multiple years of records. Storage-wise, the devices are capable of recording 8 kb in 
280 8 or 16 bit [35]. To ensure continuous data collection within these limits, the instruments 
281 were replaced annually, resulting in a total of 133 individual annual series. We decided to 
282 use the I-Button because of their data recording capacity, their compact size to be hidden 
283 in caves, and their cost-efficiency, as they are considered expendable materials. To create 
284 a single, continuous record for analysis, the annual series were merged for each of the two 
285 monitoring points (entrance and internal) in every cave prior to applying the CAT-QC 
286 protocol.
287 A detailed description of the dataset is available in [36] (under preparation), and the 
288 database itself is going to be accessible as well in Figshare.
289
290 Table 2 List of monitored caves (in Italian “grotte”) and their characteristics. All the 
291 reported data are granted by the speleological inventory of the region [37].

Cave 
name

Inventor
y  
number

WGS84 
coordina
tes (cave 
opening)

Elevati
on of 
the 
cave 
openin
g
(m 
a.s.l.)

Developm
ent (m)

Distan
ce  of 
the 
entran
ce 
sensor 
from 
the 
cave 

Distan
ce  of 
the 
intern
al 
sensor  
from 
the 
cave 

Monitor
ed 
period
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openin
g (m)

openi
ng (m)

Grotta 
delle 
Arenarie

PI2509 45.71191
9 ° N
8.314520
7° E

770 3000 1 70 12 Nov 
2020
28 Oct 
2024

Buco 
dell'Aria 
Calda

PI1102 44.34840
26° N
7.462367
5° E

852 115 1 20 21 Oct 
2020
14 Nov 
2024

Grotta 
Occident
ale del 
Bandito

PI1003 44.29000
2° N
7.427431
° E

714 690 1 50 21 Oct 
2020
14 Nov 
2024

Grotta di 
Bercovei

PI2503 45.66065
09° N
8.265406
1° E

415 170 1 150 12 Nov 
2020
04 Nov 
2024

Grotta di 
Bossea

PI0108 44.24154
8° N
7.839849
8° E

836 2800 1 1700 16 Oct 
2020
17 Jan 
2025

Grotta 
inferiore 
del 
Caudano

PI121 44.29300
25° N
7.790578
8° E

778 3440 2 800 16 Oct 
2020
17 Jan 
2025

Grotta di 
Chiabran
o

PI1621 44.94706
61° N
7.106046
2° E

1080 27 1 6 20 Oct 
2020
14 Oct 
2024

Grotta 
La 
Custreta

PI1593 45.44631
79° N
7.545860
5° E

1350 180 1 26 17 Nov 
2020
21 Oct 
2024

Tuna dal 
Diaou

PI1591 45.02629
21° N
7.121840
5° E

1392 140 1 50 20 Oct 
2020
14 Oct 
2024

Tana 
della 
Dronera

PI151 44.34401
87° N
7.845922
3° E

525 134 2 80 27 Oct 
2020
17 Oct 
2025

Balma 
Fumarell
a

PI1597 45.12701
19° N
7.031978
9° E

864 47 1 15 19 Oct 
2022
09 Oct 
2024

Buca del 
Ghiaccio 
della 

PI1609 45.51827
79° N
7.795233

1550 24 2 16 17 Nov 
2020
21 Oct 
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Cavallari
a

2° E 2024

Ghieisa 
d'la Tana

PI1538 44.84923
44° N
7.222667
7° E

841 50 1 12 27 Oct 
2020
21 Oct 
2024

Buco del 
Maestro

PI1148 44.68458
75° N
7.236304
4° E

750 17 1 8 20 Oct 
2020
11 Dec 
2024

Grotta 
Testa di 
Napoleo
ne-1

PI1569 45.11440
36° N
7.260589
7° E

450 50 1 25 9 Oct 
2020
25 Oct 
2022

Buco del 
partigian
o

PI1315 44.50689
7° N
7.293226
9° E

1170 13 2 11 17 Oct 
2020
28 Sep 
2024

Grotta 
del 
Pugnetto

PI1501 45.27227
21° N
7.412425
6° E

820 765 1 500 29 Oct 
2020
29 Nov 
2024

Borna 
del 
Servais B

CAPI1756 45.32252
8° N
7.327619
° E

1387 17 2 12 29 Oct 
2020
29 Nov 
2024

Sotterra
nei del 
forte (A) 
di 
Vernante

artificial 
(not 
included 
in the 
speleologi
cal 
inventory
)

44.25222
08° N
7.527921
° E

784 91 3 50 21 Oct 
2020
14 Nov 
2023

292 3.2. Results
293 3.2.1. Missing data

294 In our case study, all devices initially recorded without interruption, yielding a total of 133 
295 annual time series, including data from device replacements. These yearly series were then 
296 merged into longer multi-year time series, creating one pair per cave (entrance and 
297 internal). However, due to occasional device failures, some series were incomplete, 
298 typically missing about one year of data. In some instances, short overlaps between 
299 consecutive device records occurred, providing an opportunity to test the CAT-QC protocol 
300 on particularly raw and fragmented data. In summary, 5 internal series and 6 entrance 
301 series—29% of the 38 multi-year series—had complete 4-year records. Another 6 internal 
302 and 8 entrance series (37%) spanned 3 to 4 years, typically missing about one year of data. 
303 The remaining 34% of the series covered 2 years or less.
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304 3.2.2. Non-sense values and outliers

305 Initially, the CAT-QC was applied to a total of 185,488 raw records. This allowed us to 
306 recognize the erroneous data, which were then automatically removed. Thus, the records 
307 were reduced to 160,460. With the second run of CAT-QC, no non-sense data was identified, 
308 and the number of outliers greatly decreased (see Tables 3 and 4).
309 In the first run of CAT-QC, punctual non-sense values emerged in five internal series (i.e. 
310 PI2503, PI1621, PI1593, PI1569, Sotterranei del forte di Vernante) and in one entrance 
311 series (i.e. PI2509). The occurrence of anomalous temperature readings, such as –40°C, 
312 may be attributed to battery depletion, leading to insufficient power for accurate sensor 
313 operation, or a system reset triggered by power interruptions, as indicated by the Battery-
314 On Reset Alarm. Additionally, these extreme values could result from sensor malfunctions, 
315 calibration errors, or the device defaulting to predefined failsafe values when proper 
316 measurements cannot be obtained.
317
318 Specifically, the second iteration of the CAT-QC identified totally three type 1 outliers in 
319 the internal series and five type 1 outliers in the entrance series (Tables 3 and 4); type 2 
320 and type 3 outliers greatly decreased (Fig. 2).

321
322 Fig. 2 Comparison of the number of records of type 1 (A), type 2 (B), type 3 (C) outliers 
323 and of the total outliers’ number (D) between the outlier detection results of the CAT-QC 
324 first and second run for the entrance (red) and internal (blue) series.
325
326 Various outliers were found by the CAT-QC. Some outliers highlighted as multiple 
327 flags could be grouped because they all show significant temperature changes at the 
328 beginning or end of the series. All series showed this behaviour because the devices started 
329 recording temperatures as soon as they were set up a day before fieldwork, or they needed 
330 some time to adjust to the cave condition after installation. Those records are likely to be 
331 flagged as Type 1 outliers, or by multiple flags since major anomalies indicate the exact 
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332 times when the instruments were set up before being placed in the cave or when they were 
333 removed from the cave and brought back to the laboratory.
334 Although we suspected that the CAT-QC could also mistakenly indicate as type 1 
335 outliers the temperature peaks that can normally be recorded outside the caves due to the 
336 meteorological variability, this case did not occur, thanks to the natural insulation of caves. 
337 On the other hand, only truly anomalous values caused by indoor recordings were found to 
338 be type 1 outliers.
339 The type 2 outliers allowed us to check the seasonal pattern of the series and 
340 highlight those data points that deviate from the normal residual distribution by identifying 
341 smaller breaks than the type 1 outliers. Instead, type 3 outliers highlight rapid decreases 
342 or increases in temperature. The comparison of each series plots (internal series first run 
343 and second run, entrance series first run and second run) is available in the supplementary 
344 materials (Online Resource 2).
345
346 Finally, the temperature series underwent two iterations of the CAT-QC, in which we 
347 included a manual check of the flagged outliers, which were sufficient for our unique 
348 database, spanning four consecutive years across 19 caves in the Western Alps.

349

350 4. Discussion

351 The CAT-QC protocol represents a simple-to-use, time-efficient tool for semi-automatically 
352 assessing the reliability and consistency of air temperature records collected in 
353 subterranean environments. The protocol provides a standardized framework for data 
354 validation, which is crucial for enhancing the comparability of datasets across different 
355 studies. By implementing a multi-step approach, the CAT-QC process aims to detect 
356 erroneous data that could arise due to sensor malfunctions, external or human 
357 disturbances. However, the protocol is not without limitations and could be fine-tuned for 
358 broader applications to different geological, climatic and ecological contexts.

359 One of the primary challenges associated with the CAT-QC protocol is the 
360 subjectivity involved in the final manual check of flagged data. While automated processes 
361 help identify anomalies, researchers must make individual judgments on whether specific 
362 values should be retained or discarded, introducing potential inconsistencies. The process 
363 is also time-consuming, as multiple steps, including visual inspections, must be performed 
364 to ensure the accuracy of the dataset. Additionally, the protocol's sensitivity to 
365 environmental variability means that natural variations in cave temperatures may 
366 sometimes be misclassified as outliers, particularly in caves with highly dynamic 
367 temperature regimes. Another factor affecting its effectiveness is the quality and placement 
368 of sensors within caves. If devices suffer technical failures, biases may be introduced that 
369 the quality control process may fail to fully mitigate. Finally, as the protocol has only been 
370 tested in the Piedmont region, its applicability to caves with different morphological and 
371 climatic conditions remains to be fully validated. Moreover, as each cave exhibits unique 
372 morphology, development, and environmental conditions, these factors must also be 
373 carefully considered in the decision-making process. 
374 For example, to find an explanation for type 2 and 3 outliers, a direct comparison with the 
375 air temperature series recorded by automatic weather stations in the immediate 
376 surroundings, with similar geographic context (i.e. altitude, land use, topographic 
377 coherence), should be conducted. In addition, morphological and environmental 
378 characteristics of the caves (e.g. cave’s development) should be considered. In fact, in our 
379 case study, 14 out of 19 caves have a planimetric development of less than 500 m, therefore, 
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380 they could be more influenced by the external air temperature fluctuation and atmospheric 
381 events.

382 The application of the CAT-QC protocol highlighted several challenges associated with 
383 long-term cave air temperature monitoring, particularly those related to sensor stability 
384 and accessibility. Amongst the recommendations that we can suggest to minimize these 
385 challenges in future monitoring efforts we encourage deploying multiple sensors in parallel 
386 at each monitoring location to provide immediate cross-validation, allowing for the early 
387 detection of sensor drift or failure.

388 In future protocols we are incorporating rigorous pre- and post-deployment calibration 
389 checks against a certified reference thermometer. This practice would quantify sensor drift 
390 over the monitoring period, allowing for more accurate data correction during the QC 
391 process. 

392 To minimize non-climatic biases, future protocols should require standardized sensor 
393 shielding and placement guidelines (e.g., minimum distance from cave walls or floor) to 
394 ensure that recorded temperatures accurately reflect the air temperature rather than the 
395 rock surface temperature.

396 Despite these challenges, the CAT-QC demonstrated effectiveness on series with 
397 different characteristics, making it adaptable to diverse temperature regimes with a 
398 marked or lower degree of seasonal fluctuation. Therefore, it was crucial to apply the 
399 protocol to both the more stable internal series and to the entrance series which show a 
400 higher temperature fluctuation. Its structured methodology ensures a standardization of 
401 cave temperature datasets, making them suitable for large-scale climate studies. The 
402 protocol’s ability to identify and rectify anomalies enhances the overall integrity of the 
403 collected data, reducing errors and improving the confidence researchers can place in their 
404 analyses. Moreover, its flexibility enables adaptation to various cave environments, helping 
405 to shed light on the intricate interactions between cave microclimates and external climatic 
406 conditions. While further improvements, including automation and expanded testing, would 
407 enhance its efficacy, the CAT-QC protocol remains a powerful tool for advancing knowledge 
408 in this specialized field.

409 5. Conclusions

410 The stability of the subterranean climate offers unique opportunities for ecological and 
411 climatological research. This study developed and applied a comprehensive quality control 
412 protocol (CAT-QC) to assess the reliability of cave air temperature data, which we tested 
413 on data collected in the Piedmont region (Italy) from autumn 2020 to winter 2024–25. The 
414 protocol was designed to identify data gaps, non-sense values and outliers, ensuring a 
415 standardized approach for future climatological studies in subterranean environments.
416 The CAT-QC proved to be an effective method for refining cave temperature datasets with 
417 greater or lesser seasonality, providing a reproducible approach that can be applied to 
418 other climatologically significant underground settings worldwide. By systematically 
419 identifying and addressing data inconsistencies, the protocol enhances the accuracy and 
420 comparability of cave temperature records, facilitating broader adoption of systematic cave 
421 climate monitoring. This, in turn, contributes to interdisciplinary climate change research 
422 by improving the reliability of long-term climate datasets. Indeed, we believe that 
423 implementing standardized quality control methodologies is essential to support 
424 conservation efforts and climate change mitigation strategies on a broader scale.
425
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Internal series first run Internal series second run

Cavem
e

Tota
l 
reco
rds

No
n-
sen
se 
val
ues

Type 
1 
outli
ers

Type 
2 
outli
ers

Type 
3 
outli
ers

Tota
l
outli
ers

Tota
l 
reco
rds

No
n-
sen
se 
val
ues

Type 
1 
outli
ers

Type 
2 
outli
ers

Type 
3 
outli
ers

Tota
l
outli
ers

Grotta 
delle 
Arenar
ie

5144 0 4 72 139 215 4368 0 3 81 43 127

Buco 
dell'Ari
a Calda

3481 0 31 59 21 111 3176 0 0 0 17 17

Grotta 
Occide
ntale 
del 
Bandit
o

1647 0 25 27 17 69 1616 0 0 38 16 54

Grotta 
di 
Bercov
ei

6932 265 265 265 22 552 5796 0 0 0 32 32

Grotta 
di 
Bossea

4999 0 134 247 24 405 4632 0 0 0 34 34

Grotta 
inferio
re del 
Cauda
no

6797 0 77 292 76 445 6153 0 0 0 34 34

Grotta 
di 
Chiabr
ano

7212 1 2 27 20 49 5800 0 0 47 69 116

Grotta 
La 
Custre
ta

3323 1 1 17 49 67 2792 0 0 3 37 40

Tuna 
dal 
Diaou

5251 0 0 27 96 123 4280 0 0 1 15 16

Tana 
della 
Droner
a

5138 0 113 229 85 427 4804 0 0 0 70 70

Balma 
Fumar
ella

1863 0 5 33 19 57 1448 0 0 6 18 24

Buca 
del 
Ghiacc
io della 
Cavalla
ria

3316 0 0 18 51 69 2792 0 0 18 51 69

Ghieis
a d'la 
Tana

3489 0 0 82 91 173 3076 0 0 3 24 27

Buco 
del 
Maestr
o

6876 0 0 181 44 225 6032 0 0 12 27 39

Grotta 
Testa 
di 
Napole
one-1

3657 40 40 41 61 142 2976 0 0 22 11 33
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Table 3 Comparison between the results emerged from the CAT-QC first and second runs with 
the internal series. For each cave is shown from the left to the right the total records, the 
number of records flagged as non-sense values, as type 1 outliers, tas type 2 outliers, as type 3 
outliers, and the total number of outliers. The total records shown in the second run is the 
number of records that underwent manual check at the end of the first run and therefore 
cleaned from non-sense values and records found to be erroneous among the outliers.

Table 4 Comparison between the results emerged from the CAT-QC first and second runs with 
the entrance series. For each cave is shown from the left to the right the total records, the 
number of records flagged as non-sense values, as type 1 outliers, as type 2 outliers, as type 3 
outliers, and the total number of outliers. The total records shown in the second run is the 
number of records that underwent manual check at the end of the first run and therefore 
cleaned from non-sense values and records found to be erroneous among the outliers.

Buco 
del 
partigi
ano

5517 0 1 28 67 96 4296 0 0 22 62 84

Grotta 
del 
Pugnet
to

3128 0 58 84 46 188 2851 0 0 3 0 3

Borna 
del 
Servais 
B

5111 0 0 92 0 92 4484 0 0 28 37 65

Sotterr
anei 
del 
forte 
(A) di 
Vernan
te

7187 2 8 141 22 171 5924 0 0 33 189 222

Entrance series first run Entrance series second run
Cave 
name

Tota
l 
reco
rds

No
n-
sen
se 
val
ues

Type 
1 
outli
ers

Type 
2 
outli
ers

Type 
3 
outli
ers

Tota
l
outli
ers

Tota
l 
reco
rds

No
n-
sen
se 
val
ues

Type 
1 
outli
ers

Type 
2 
outli
ers

Type 
3 
outli
ers

Tota
l
outli
ers

Grotta 
delle 
Arenar
ie

6928 13 13 21 50 84 5768 0 0 36 44 80

Buco 
dell'Ari
a Calda

5527 0 1 174 5 180 4696 0 0 35 40 75

Grotta 
Occide
ntale 
del 
Bandit
o

3693 0 41 164 67 272 3136 0 0 32 21 53

Grotta 
di 
Bercov
ei

6939 4 4 46 62 112 5768 0 0 11 35 46

Grotta 6797 0 0 186 0 186 6152 0 0 7 53 60
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