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Abstract. Several record-breaking precipitation events have stricken the mountainous area of Emilia-Ro magna Region
(northern Apennines, Italy) over the last years. As consequence, several geomorphological processes, like widespread
debris flows along the slopes and hyperconcentrated flood in the stream channels, shallow landslides and overbank
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flooding affected the territory, causing serious damages to man -made structures. The intensity and wide spatial scale of
these phenomena leads us to investigate their frequency in the past, beyond the instrumental time. A detailed study of
these recent deposits compared with fossil peat bog and lake paleo deposits can provide useful insight to support a strong
match between precipitation intensity and warm climatic phases in ant ecedent climatic periods, as expected by the
increase air water vapour holding capacity at higher temperatures
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Here we present the results of the field campaign performed in summer 2017 at Lake Moo a 0.15km2 peat bog located at
an altitude of 1130m a.s.l. The chosen area has been affected, during the flooding of the upper Trebbia and Nure valleys
13-14 September 2015, by several high-density flows generated by the stream that flow into the plain. Our main
assumption is that, in such a small drainage basin (area <2 km2 ), with favourable geologic and geomorphic characteristics
implying advantageous sediment transfer into lake, high density flood can be triggered only by high intensity precipitation
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events (HIP) lasting enough time for water to infiltrate and mobilize large quantities of debris.
The sedimentary succession (ca. 13 m-thick) was studied through the extraction of two cores and one trench. The
facies/paleoenvironmental interpretation of the sedimentary succession, characterized by clusters of coarse -grained
alluvial deposits interbedded with organic-rich silty clays and peaty layers, was achieved combining sedimentological
and pollen data with pedological data and radiocarbon dating (AMS 14C).
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Observed depositional cycles were put in relation with o ther specific paleoclimatic proxies available in literature for the
North-Apennine area. This comparison illustrates that the increase of extreme paleo flood (associated with coarse-grained
deposits similar to the ones observed recently) correlates well with warm phases with a maximu m activity during the
Holocene thermal maximu m and from the small ice age to the present day.
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1. Introducti on
The frequency of high intensity precipitation (HIP), also known as torrential rainstorm for their capacity to
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generate flash flood of small streams, is a key aspect of the water cycle of Mediterranean climate since a significant
amount of annual precipitation is often concentrated in few major events (see for example Frei and Schär 1998 for the
Alpine area). Therefore, the knowledge of the expected frequency (and their maximu m intensity), in present and future
climate, is a very important constraint for planning adequate hydraulic defences and water resources managing. In
particular, on the northern Apennines, more than sixty percent of total precipitation of the year is concentrated in days
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with moderate to high-intensity precipitation (Isotta et al., 2014). Restricting the analysis to the Emilia-Ro magna region
(Northern-Italy; Fig. 1), over the last years there we have been observed an increase in interannual variability of torrential
rainfall, with marked or even exceptional droughts such as those occurring in 2012 and 2017 (Grazzini et al., 2012),
followed by years with record rainfall (2014 and 2018). Moreover, between September 2014 and September 2015, the
region has been affected by three events of exceptional intensity, estimated to h ave return period of several centuries
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(Grazzini et al., 2016).
Under the threat of global warming, a growing number of studies are investigating the link between current
temperature rise and precipitation intensity. A consistent increase in long -term trend of extreme daily precipitation has
been already detected for the northern extratropics since 1980, although this is largely changing with the area of the globe
considered (Lehmann et al . 2015, Papalexiou and Montanari 2019). On the Alpine domain Scherrer et al. (2016) found
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significant increases in daily extreme precipitation indices over Switzerland (1901-2014). Brugnara and Maugeri (2019),
through the analysis of newly digitized data of the last 150 years across the whole Alpine area, found regional differences
in the trend of the extremes suggesting that instrumental data are not covering a sufficient period of time to infer reliable
changes in extreme events frequency. Although there is a consensus, based on physical arguments, that precipitation
intensities are expected to increase with higher temperatures (see the review paper by Westra et al., 2014) limitations in
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moisture availability can prevent the potential for increased precipitation from being realized (Prein et al. 2017) explainin g
spatial and seasonal differences observed in the trends.
In this context, the stratigraphic record of current and fossil peat bogs and lakes can provide useful insights to
verify/test the hypothesized strong linkage between precipitation intensity and warm phases during the present interglacial
(i.e., Holocene). In literature there is ample documentation of the use of these sedimentary archives to reconstruct past
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flood events chronologies (Ahlborn et al., 2018; Anselmetti et al., 2014; Giguet -Covex et al., 2012; Gilli et al., 2013;
Giraudi, 2014; Glur et al., 2013; Longman et al., 2017; Schillereff, 2014; Stoffel et al., 2016; Swierczynski et al., 2017;
Wilhelm et al., 2018; Wirth, 2013; Wirth et al., 2013; Zavala and Pan, 2018; Zavala et al., 2006; Zavala et al., 2011),
alongside others as tree rings (Ballesteros -Cánovas et al., 2015; Stoffel et al., 2013), speleothems (Regattieri et al., 2014;
Zanchetta et al., 2011) and torrential fans and cones (Schneuwly -Bollschweiler et al., 2013).
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Contrary to our hypothesis, some studies suggest a synchronization of high frequency o f flood events with
cooling periods. For example, Glur et al. (2013), presenting results from a multi-archive flood reconstruction based on
sediments of ten Alpine lakes, found periods of high frequency of sediment deposition in concomitance with summer
cool temperatures. However, those results needs a careful interpretation since lake sediments depositions are influenced
by combination of factors which involves precipitation intensity, duration, seasonality, changes in atmospheric -circulation
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which might overshadow the physically based positive correlation between temperature increase and precipitation
intensity (Utsumi et al., 2011; Brönnimann et al., 2018). Those caveats call for an even more multidisciplinary approach
integrating paleoclimate (pollen), s edimentary archive information with climatological observations and physical
arguments. In this study, we aim to fill this gap, extending and reinforcing observed trends with information from the
past, beyond instrumental times, coherently derived from the same region during a specific field campaign.
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The study area was chosen because, during the flash -flood of the upper Trebbia and Nure valleys 13-14
September 2015, it has been affected by several high-density floods generated by a small stream that flow into the plain.
Our main assumption is that, in such a small drainage basin (area <2 km2 ), which has favourable geologic and geomorphic
characteristics to achieve substantial sediment transfer into lake (Schillereff, 2014), high magnitude flood events can be
reconducted only to HIP, necessary to mobilize large quantities of debris (Milliman and Syvitski, 1992; Mulder and
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Syvitski, 1995; Mutti et al., 1996). In the Trebbia-Nure case, a detailed analysis of precipitation (Grazzin i et al., 2016)
over Lake Moo site microbasin showed that the observed debris flow occurred with a peak intensity of 112mm/ 3h. This
is a very high value compared to shallow landslide and debris flow thresholds find in literature for nearby areas, like the
Apuane and Garfagnana regions (Giannecchini et al., 2012), which can be explained by the dense vegetation cover present
now in the area. In addition, the absence of surrounding anthropic activities, the vicinity of the lake to the main Apennines
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crest, very exposed to maritime moist airflow coming from the central Mediterranean Sea, make this site particularly
suitable for a detailed reconstruction of HIP events over the Holocene in terms of frequency, sedimentary expression and
forcing factors.
Through the analysis of the data acquired in on the field campaign, in this paper we want to address the following
research questions:
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a)

Could we consider these recent events unprecedented over longer time-scales?

b) If yes, is the frequency of these events coupled with temperature variations?
The paper is organised as follows. The study area is presented in section 2 with a description of the basin, its morphology
and vegetation. In sections 3 source of instrumental data and methods for collecting data during the fields campaign are
described. In section 4 stratigraphic results of the field campaign are commented while in section 5 we develop a full
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multidisciplinary discussion. Finally, in section 6, conclusions are drawn.

2. The study area
2.1. Geographic and climatic context
The Lake Moo plain (44°37’29”N, 9°32’25”E) has a surface area of about 0.15Km2 . It is located near the boundary
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between Emilia-Ro magna and Liguria regions (Piacenza province, Italy), in the high valley of the Nure stream at an
average altitude of 1130m a.s.l. (Fig. 1). Nowadays, the catchment area of the Lago Moo is characterized by a dense forest
cover (total woodland cover of ca. 65.55%; Corticelli et al., 2011), with high vegetational richness and an exceptional
concentration of protected mountain species with a high phyto geographical interest. The widespread presence of the
Fagus sylvatica is locally interrupted by grazing land areas and blueberry moorland with the presence of the rare Juniperus
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nana and Sorbus chamaemespilus. Reforestation of Pinus nigra is also present (Table 1 and Fig. 1).
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Figure 1. Location and photo of the Lake Moo site
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Tree type specie

Cover area (km2 )

Woodland cover (%)

Forest cover classification
in the catchment area of
Lago Moo

Fagus sylvatica forest

1.17

63.00

Moderately dense forest

Reforestation of Pinus nigra forest

0.02

1.00

Scrub

Mixed wood forest

0.03

1.55

Scrub

1.22

65.55

Moderately dense forest

(Pinus nigra, Fagus sylvatica and
Carpinus genus)
Total

Table 1 - Actual vegetation cover of Lake Moo area deducted by Corticelli et al., 2011
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The climate of the area is characterised by the altitude and the mountain range, with enhanced humidity given
the short distance to the Tyrrhenian Sea (Nistor, 2016). The months with the largest amount of precipitation are in the
transition seasons (Spring and Autumn), with a predominant peak in early autumn (see Fig. 9). HIP conditions are very
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favourable in Autumn months due to a particular synergy of higher frequency of synop tic disturbances and mesoscale
convective systems which could still develop in high thermodynamic unstable environment (Grazzini et al., 2019).

2.2. Geological and geomorphological setting
The study area consists mainly of strongly serpentinized ultramaﬁtes extensively fractured and representing the
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original oceanic crust of the Ligure-Piemontese basin, developed in the Middle to Upper Jurassic, which separated the
Europe plate from the Adria plate (Marroni et al., 2010). Due to the compositional heterogeneity of its vertical sequence,
the ultramafic medium is made of lithological units, tectonically overlapped. The ultramaﬁtes are bordered by deposits
which are predominantly characterized by polygenic breccias (Casanova complex, early Campanian ag e, Vescovi, 2002),
made of blocks of limestones or marly limestones immersed in a fine-grained matrix or a mineral cement.
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The morphology of the area includes flat areas and steep slopes at different altitude that some authors (Elter et
al., 1997; Marchetti and Fraccia, 1988; Carton and Panizza, 1988) interpret as originated from the phase of last glacial
retreat. On these morphological flat areas, marsh deposits have developed originated from the filling of small glacial lakes
some of which still exist as the Lago Moo plain and Bino lake. Other authors such as the Geological, Seismic and Soil
Service of the Emilia-Ro magna Region - Inventory Map of landslides at 1:10000 scale of the Emilia-Ro magna Region
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(available at: http://ambiente.regione.emilia-ro magna.it/geologia/temi/ dyseste-hydrogeological / the-paper-inventory-oflandslides, 2019) have interpreted the Moo lake plain as the product of gravitational processes that affect the entire slope
area (available at: http://ambiente.regione.emilia-ro magna.it/geologia/temi/ disruption-hydrogeological / the-paperinventory-of-landslides, 2019). From this point of view, the main factor controlling the morphological evolution of the
area of Lake Moo, is the river incision produced by the Nure stream during the Holocene (Gunderson et al., 2014). This
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incision triggered the development of gravitational phenomena on the slopes. These complex morphological features of
the area is also influenced by the presence of lithological elements with a strong mechanical contrast such as ophiolites
superimposed on a predominantly clayey substrate (Elter et al., 1997).
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3. Data and methods
3.1 Field investigation
The selection of the study site has been obtained following criteria indicated by Gilli et al. (2013) and Schillereff
et al. (2014). In this respect, the Lake Moo site presents several advantageous characteristics to the archiving of paleo
flood deposits:
-

155
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Steep relief (average inclination of 24°) with slopes composed of poligenic and monogetic braccias in clay
matrix, highly susceptible to erosion (Monte Ragola Complex, Elter et al., 1997) are present;

-

No lakes upstream in catchment;

-

Small drainage basin area (1.94 km2 );

-

One dominant inflow into the lake;

-

Absence of regulated flow structures;

-

Absence of natural pre-lake sediment storage zones.
The field campaign led to the acquisition of two sedimentary cores (S1 and S2) and one trench, investigating the

sedimentary succession capped by the flood deposit formed during the last HIP event (14 September 2015). The location
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of the cores and trench was planned on the basis of a high -resolution reflection seismic survey (Fig. SUP1 of the
supplementary material) and a detailed geomorphological map, both of them originally produced for this purpose (Fig.
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2). The former provided information on the lake basin floor morphology and the thickness of the infilling succession.

Figure 2. Location of the geognostic investigations, geophysical surveys tracks, and detailed geomorphological mapping
of the flood deposit occurs between 13 and 14 September 2015 (upper Trebbia and Nure valleys, province of Piacenza,
Italy). See a larger version of this figure at the end of the manuscript
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The two cores S1 and S2, 14 and 6 meters long respectively, were performed through a continuous perforating
system, which guaranteed an undisturbed core stratigraphy and a high recovery percentage (S1 90% and S2 91%). The
trench, carried out in between the two cores, reached the dept h of 2 meters, the length of 6 meters and the width of 6
meters. The subsurface succession was stratigraphically analysed, and the longest core (S1) was selected as reference and
sampled for grain size, radiocarbon and palynological analysis.

175
3.2 Facies analysis and chronology
A facies characterization of the sedimentary succession has been performed on basis of the observable
macroscopic physical characteristics (i.e., grain size, sedimentary structures, Munsell chart colour and types of bounding
surfaces), and granulometric data, the latter available for the reference core S1.
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Relatively to the different coarse-grained levels recognized, we follow the facies tract concept. A facies tract
here means all facies observed within the same deposits relative of the same flood undergoing transformations along its
down-slope motion (Lowe, 1982; Mutti, 1992; Mutti et al., 1996). The facies tract approach is important because allows
to recognize the following important information like:
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1)

the position in the facies tract with respect to the whole fluvial-hyperpycnal system;

2)

relative flood event magnitude;

3)

expected related facies types in more proximal and distal areas.
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The abundance of wood remains and peat levels in the sedimentary cores allowed

14 C

radiocarbon twelve samples that

were analysed at the CEDAD Laboratory of the University of Salento (Province of Puglia, Italy). The data are collected
in Table TS2 of the supplementary material. The

14 C

ages were converted into calendar years using the OxCal version

3.10 software (Reimer et al., 2013).
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3.3 Temperature reconstruction and modern climatological dataset
Central to our analysis is the availability of a reliable temperature reconstruction for the chronological period
explored through the coring. In this respect the chironomid analysis of the nearby Lake Verdarolo conducted by Samarti n
et al. (2017), represent a unique opportunity. Lake Verdarolo site is located at 1390m a.s.l., 270m higher and 54km south
from Lake Moo (Fig. 1), in a very similar climatic context. They reconstructed the mean July air temperature using a
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chironomid-based inferenced model developed from a combination of data of over 200 lakes from Norway and Swiss
Alps (Heiri et al., 2011). This represent the first vegetation independent holocenic temperature reconstruction of the
Northern Apennine.
Modern temperature and precipitation time series (1961-2018) of Lago Verdarolo and Lake Moo are derived
from the gridded high-resolution dataset of Emilia-Ro magna (Eraclito4), described in Antolini et al. (2016).
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Trend

estimation and Mann Kendall significance trend test are computed with the pyMannKendall package (Hussain et al.,
2019).
3.4 Pollen analysis
Palynological analyses were carried out on 14 samples collected from core S1 to refine facies characterization
of fine-grained deposits and obtain vegetation-derived paleoclimate data (Fig. 3). After the radiocarbon dating, a further
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choice was made using only 11 samples falling into two stratigraphic intervals of our interest: the first one (I1 ), covering
10.77m to 9.33m depth and with temporal resolution 7300 - 9600 cal yr BP centred on the Holocene Thermal Maximu m
(HTM), the second one (I2 ) from 5.48m to 4.55 depth and corresponding to the exit of HTM (3900 - 5500 cal yr BP). In
these two stratigraphic intervals , the mean sampling resolution is 28cm. The choice of these two periods ensure a
significant thermal/climatic separation and at the same time the samples were taken from predominantly lacustrine fine
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layers where the stratigraphic series shows characteristics of continuity of sedimentation.
Identification of the pollen grains was performed at 1000 light microscope magnification and based on the atlases
and a vast amount of specific morpho-palynological bibliography stored at the CAA Laboratory (S. Giovanni in Persiceto,
Italy). Names of the families, genus and species of plants conform to the classifications of Italian Flora proposal by
Pignatti (2017-2019) and European Flora (Tutin et al., 1964-1993). The pollen terminology is based on Berglund and
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Ralska-Jasiewiczowa (1986), Faegri and Iversen (1989) and Moore et al. (1991) with slight modifications that tend to
simplify nomenclature of plants. The term “taxa” is used in a broad sense to indic ate both the systematic categories and
the pollen morphological types (Beug 2004). Identified pollen groups (between 300 and 400 pollen grains) have been
expressed as percentages of the total (usually between 300 and 400 pollen grains). Pollen percentages are computed on
the basis of the total pollen sum. All samples are characterized by fairly high concentration, ranging from 1,072 -30,659
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p/g, and good conservation status. The discreet pollen biodiversity (60 pollen types: 22 woody, 32 herbaceous and 6
Monolophyta) found, suggests that flood deposits formed in a rich vegetal environment, with high floristic biodiversity.
Pollen groups are defined on the basis of common biological characteristics of the plants, useful to reconstruct vegetation
dynamics due to climate fluctuations. In particular groups composition are described in Fig. 10.
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4. Results
4.1 Stratigraphical data and their geological context
4.1.1 Sedimentary facies
The stratigraphic distribution in the core profiles and the synthetically description facies are shown in
Fig. 3. Thirteen different facies types have been identified and named from LM1 to LM13:

235
-

LM1 to LM2 Clast-supported deposit with thickness ranging from 5 to 15 cm. Extremely coarse (LM1) to
medium pebbles (LM2) with abundant coarse to fine grained sandstone matrix, showing a low degree of sorting.
Polygenic clasts have low sphericity and very angular shape. Occasional fragments of wood;

-

240

LM3 Massive matrix-supported deposit composed of medium pebbles to granules with very fine sand to silt
matrix. Polygenic clasts have low sphericity and subangular shape. Sharp basal and top contacts with evidence
of occasionally erosion along the basal one. Presence of fragments of wood;

-

LM4 to LM6 General clast-supported, poorly sorted deposit with thickness ranging from 10 to 30 cm. Polygenic
clasts, massive or crudely graded angular\subangular medium pebbles to very fine granules. Crudely horizontal
laminae at the top. Sharp basal and top contacts with evidence of occasionally erosion along the basal one.

245

Occasional fragments of wood at the base of the layers;
-

LM7 to LM9 Massive or crudely graded, poorly sorted very coarse to fine sands 5-20 cm thick. The top part of
the detrital layer consists of the finest particles with planar lamination. Sharp basal and top contacts. Occasional
fragments of wood at the top of the layers;

-

250

LM10 Sandy loam to clayey loam. Presence of polygenic fine to medium pebbles aligned with low s phericity
and very angular shape. Dark greyish brown colour (10YR 4/2 or 10YR 3/2). Sharp basal and top contacts;

-

LM11 Peat layer and organic rich clay layers. Fine to medium pebbles aligned with low sphericity and very
angular shape. Dark colour (10YR 3/1);

-

LM12 Massive clayey silts with rare organic matter. Occasional polygenic clasts (fine pebbles) have low
sphericity and very angular shape. Sharp basal and top boundaries. Dark greenish grey colour (5G 4\1);

255

-

LM13 Loam to silty clay texture, strong coarse angular blocky, dark olive grey dry colour (5Y3/2) with yellowish
brown redox concentrations (10YR5/6), no carbonate, field pH 5.5.

8

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Figure 3. Sediment core description (see legend) and radiocarbon dates. See a larger version of this figure at the
end of the manuscript
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Relatively to the Lake Moo site, the different coarse-grained facies from LM1 to LM9 have been interpreted as
the extreme flood events triggered only by high-intensity convective rainfall events in the catchment area that flow into
the Lake Moo as hyperpycnal flow. Our main assumption is that, with favourable sediment transfer into lake and small
catchment area (<2km2 ), high density flood can be triggered only by HIP due to erosion of material from the drainage
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system network (Milliman and Syvitski, 1992; Mulder and Syvitski, 1995; Mutti et al., 1996). The facies from LM1 to
LM9 were grouped according to the genetic approach and therefore on the basis of facies tract concept as described in
Fig. 4 (Lowe, 1982; Mutti, 1992; Mutti et al., 1996).
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Fine-grained facies, from LM10 to LM13, are subdivided into two groups. In the first group belong the facies
LM11 and LM12 expression of environment shore zone and subaqueous lacustrine deposits respectively. The second
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group includes the facies LM10 and LM13 expression of subaerial deposits.

Figure 4. Idealized genetic facies tract interpretation of clastic deposits associated with S1 core.
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4.1.2 Stratigraphic units
The sedimentary succession of the reference core S1 is subdivided into five informal units, described below fro m
the bottom to the top (Fig. 3):

Unit 1: This unit, 95 cm-thick, is represented only by the LM13 facies. Two levels can be distinguished: from 11.30 m to
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11.60 m core depth is present a slickensides horizon (Bss), while from 11.60 m to 12.00 m core depth is present a
weathered horizon (Bw). This unit is interpreted as a mature paleo soil, likely developed on a colluvium forming the base
of a structural depression;

Unit 2: This unit is 6.9 m thick and ranging from 11.30 m to 4.4 m core depth, and is characterized by the presence of
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several layers of coarse sediments (LM3) separated by deposits with a predominantly fine composition (LM11). The
thickness of coarse layers, belonging to facies LM4-LM6 ranges from 10 cm to 30 cm. To the top of the succession and
if age dating is reliable, the unit is closed by an unconformity surface recording a important time gap. The same surface
is the base of a lacustrine transgression which make up the unit 3;

290

Unit 3: This unit is thick 2.1 m and ranging from 4.4 m to 2.3 m of depth. Sharp basal and top boundaries. The basal
portion of this unit (from 4.4 m to 3.2 m of depth) pres ent matrix-supported deposit with several fragments of wood which
we attribute to the shore zone environment. Only this portion of core show a characteristic mottledling -like appearance.
From the 3.2 m of depth follows a lacustrine deposit that closed the unit. This unit is characterized by a period of apparent
inactivity of the fluvial system, until its reactivation documented in the uppermost part of the core (unit 4 and 5).

295
Unit 4: This unit is thick 1.4m and ranging from 2.3m to 0.9m of depth and regis ters the return of several coarse-grained
levels which are in general less thick and less coarse than those present in unit 2. These levels are prevalent separated by
marsh deposits. Sharp basal and top unit contacts.
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Unit 5: This unit is thick 0.9m, ranging from 0.9m of depth to land surface and records the disappearance of lake deposits
replaced by fluvial ones through an erosional contact. The flood deposits produced by the rainfall event of September 13 th
and 14th 2015 closes the sequence (Fig. 5).
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Figure 5. Though the exposure is quite small, these graded pebble-sand couplets could be interpreted as a sheet-flood
deposit (Unit 5).

As a whole, we interpret the local lacustrine succession (units 1, 2, 3 and 4) is like to the infill of a structural
depression produced by gravitational block sliding that was induced by post -glacial fluvial incision (Gunderson et al.,
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2014).

4.2 Age-depth model
The age model for the S1 core is based on eight

14 C dates

(Fig. 6). Coarse levels are removed from the sediment

record when constructing the age-depth model because represent instantaneous deposits. The 27 deposits interpreted as
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instantaneous events representing a total of 374.5 cm were removed, the remaining were used to build an event -free
sedimentary record.
Four radiocarbon dates were rejected: one (LTL18275Abis code) because it was not possible to date the sample for poor
presence of organic matter, the others (LTL18275A, LTL18575A and LTL18272A codes) because it was not possible to
identify a calibrate age.

320

325

11

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Figure 6. Age-depth model obtained from radiocarbon dates. Black and grey line represents the two-sigma probability
envelope depth without coarse grained events. Red and orange line represents the two-sigma probability envelope depth

330

with coarse grained events.
5. Discussion
Figure 7 shows the stratigraphic succession of the S1 core compared with the most relevant climate proxy
available from literature for the area of interest. These includes: reconstructed mean July air temperature from Lago
Verdarolo (from Samartin et al., 2017), δ 18 O speleothem records and reconstructed precipitation trends (mean anomaly
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time series) from Renella cave (data modified from Combourieu et al., 2013; Regattieri et al., 2014; Zanchetta et al.,
2011; Zhornyak et al., 2011), distribution of the higher lake levels event reconstructed in Jura and Pre Alpine mountains
(modified from Magny, 2004), and June (red) - December (blue) insolation values records reported for 45° Nord.
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Figure 7. The stratigraphic succession of the S1 core compared with the most relevant climate proxy available
from literature for the area of interest. See a larger version of this figure at the end of the manuscript

The lake Moo stratigraphic sequence (Fig. 3) is showing the presence of several coarse grained layers separated
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by deposit with a predominantly fine composition. These coarse levels are particularly developed within unit 2 (between
5 and 10.5m in depth) and correspond chronologically to range of the HTM of the Verdarolo curve and with the wet/high
intensity phase reported at the nearby Renella and Corchia Cave (Fig. 7, Unit 2). Zhornyak et al. (2011) attributed this
high fluvial activity, which reached levels of the caves flooded only during extreme events, to an increase of strong
convective events like the one that affected the region in 1996. Other authors confirm, through model simulations, higher

350

precipitation accumulations during HTM over the Mediterranean area, especially at end of summer/autumn seasons. This
has been linked with a greater expansion of the African Monsoon which contributed to enrich of water vapour air masses
extracted from north-Africa by mid-latitude synoptic disturbances (Skinner and Poulsen, 2016 and Tinner et al., 2013 in
their Climatic simulations section, Fig. 4). With the end of the HTM a drastic decrease of the coarse deposit levels is
observed which we are assuming attributed to a decrease in frequency of HIP. In particular, t he transition between unit 2
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and 3 is marked by an important unconformity contact. This unconformity is followed by deposits of shorezone
environment and subsequently at the top of unit 3 by lacustrine deposits. The top of the unit 3 sequence has a calibra ted
age that is approximately 146-14 BP and is characterized by a period of apparent inactivity of the fluvial system, until its
reactivation documented in the units 4 and 5 due to hypothesized new increase of HIP in recent times. The upper most
part of the unit 4 has an age of about 149-11BP. Finally, the disappearance of lake deposits replaced by fluvial ones

360

through an erosional contact is marked by unit 5.
From this first qualitative comparison we can affirm that there is a positive correlation (at the millennial scale)
between temperatures and precipitation peak deducted from nearby speleothem records and the level of alpine lakes. This
confirms findings from other authors (for example Marcott et al. 2013, Giguet -Covex et al., 2012), which are associating
greater warmth (in the northern hemisphere) with periods of more intense precipitation.
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Instrumental data, available since the second half of the last century from the Eraclito ER dataset, has been added
to the Verdarolo curve to allow a comparison between geological time and recent instrumental data. The overlap with the
latest part of Verdarolo reconstructed curve suggests a good accuracy of the reconstruction technique in this region (Fig.
8). The recent temperature increase is striking if compared with the previous period, and the current July temperature is
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comparable with the maximu m temperature reached at HTM over this area. The actual trend of July temperature,
estimated over the period 1961-2018, is +4.3°C in 100 years. This value is highly statistically significant, with a pvalue=0.0004 (see section 3.3 for a description of the method and significance). The recent trend is more than double of
the maximu m temperature gradient found in the Verdarolo curve, +2°C/100y, found, for a short period of time, at end of
the Little Ice Age 1850-1900. While the maximu m positive temperature gradient found at the end of Younger Dryas age
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is about +1°C/100y. Is therefore clear that summer (July) temperature is increasing very rapidly, with an unprecedented
rate in the whole Holocene. Such a large difference in increase rate can hardly be explained by the lower frequency
sampling of the Verdarolo reconstructed curve although uncertainty in comparison instrumental data with reconstructed
temperature data has been discussed before (Marcott et al. 2013).
This rise of temperature is associated also with a comparable unprecedented intensification of fluvial deposition,
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testified in the core, by the deposition of units 4 and 5, which marks the transition (in a short time) from marshy to fluvial
sheet-flood deposits (Fig. 5). In fact, the recent sedimentation rate (computed from the core S1) is 1.27m/100y since 1850,
that is 10 times higher than HTM (0.124 m/100y from 5455-9672 BP). In particular, whether the lower or upper end of
the 2 sigma confidence level associated with the dating at 280cm depth (146-14 B.P.) is considered, the frequency of the
coarse grained deposits (Unit 4 and 5 in figure kk), triggered hence by HIP, varies from a minimum of 5 events every 100
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years to a maximu m of 12 events every 100 years, respectively. This observation reinforces the trend of increasing
precipitation intensity (both as daily maximu m and as monthly cumulative values) that is already emerging in the autumn
months from the instrumental data as shown in Fig. 9.
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Figure 8. Comparison of current data and reconstructed July mean temperature at Lake Verdarolo site. The blue
line is the reconstructed temperature and the shaded area is the sample-specific estimated standard error associated with
the temperature reconstruction based on chironomid assemblage from Samartin et al. (2017). The orange line represent
the July mean temperature (1961-2018) retrieved for the grid cell of Lago Verdarolo from Emilia-Ro magna climat e
reanalysis ERACLITO (11 years running average). The shaded orange area is +/ - one standard deviation. On the left the

395

full available period while on the right a zoom on the most recent period from 1600 AD up to now.
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Figure 9. Monthly mean, 2m temperature (a), accumulated precipitation (b), maximu m daily precipitation (c), for 19611990 (blue) and 1991-2018 (green) computed over Lake Moo site grid cell of Eraclito reanalysis (grid cell 258, Ferriere
Municipality). Confidence intervals at 95% significance (black vertical segments) are computed with a bootstrapping
method (1000 iterations) as part of the Seaborn python library.
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5.1 Detailed comparison on two key intervals of the Holocene
In this section, we introduce the pollen data to fully exploit the multidisciplinary approach. As discussed in
section 3.4, we focus on two specific intervals, I1 and I2 , synthesizing all available data for these periods in Fig. 10. The
difference in mean temperature between I1 and I2 , obtained averaging the corresponding samples in the reconstructed
temperature curve from Verdarolo site, is +1.3°C while the maximu m difference reach +3.1°C.

410
The main considerations arising from this comparison are the following:

-

I1 ) the arboreal component is always higher than the herbaceous one, with an average value of 80.1%. The
presence of conifers with a prevalence of pines and silver fir is significant compared to deciduous hardwoods.

415

Conifers reach a maximu m of 95% in P4 sample. The peak occurs during a relative cooling, just before the 8.2
event, in accordance with the bibliography (Allen et al., 2007; Kofler et al., 2005; Matero et al., 2017; Tinner
and Lotter, 2001). Subsequently, samples P5 and P6 (HTM) show a decrease in the presence of conifers,
respectively 64% and 45%, with a corresponding increase in deciduous species, from 1.5% in P4 to 20% in P5
and P6. This occur in response to warmer conditions and pluvial phase, as indicated by Regatieri et al., 2014;

420

Zhornyak et al., 2011; Zanchetta et al., 2011. It should also be noted the absence of species typical of umid
environment (hygro+hydro in Fig.10), which suggests a high stationing of the lake-level. This confirms higher
rainfall accumulation in the period, in accordance with lake-level evidence from Jura Mountains and the centralnorthern Italy Magny et al. (2004, 2009, 2012). In P7 sample, we observe a new increase in conifers (75%) and
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a consequent reduction in deciduous trees (10%). These results, combined with the stratigraphic interpretation

425

of the S1 core, suggest that pluvial phase, in this period, had been characterized by a high component of HIP.
This can be deduced from the characteristics of the basin and the presence of an extensive vegetation cover
which implies the need of even more intense rainfall to able to trigger high flood activity (as recorded in this
interval) in a dense vegetated area, with forest coverage that ranges from 65 to 97%. The thickness of coarse
grained layers range from 30 and 13 cm with pebble-sands, crudely graded characterised by basal and top sharp

430

contact. These coarse grained deposits are expressing of proximal facies (LM4 to LM6, in Fig. 10).

-

I2 instead is characterized by LM7 to LM8 distal facies from hyperpycnal flows, as a result of a low flood activity.
The thickness layers do not exceed 5 cm and they are medium-fine sands. From a bibliographic point of view,
this time interval is characterized by a cooling trend and dry conditions over the Mediterranean region occurred

435

approximately between 4.2 - 3.9 ka BP (Regatieri et al., 2014; Zhornyak et al., 2011; Zanchetta et al., 2011,
2016), recently confirmed by a review paper of Bini et al. (2019). Further supporting these evidences low pluvial
activity, pollen samples highlight a significant reduction of forest, whose coverage falls to a minimum of 30%
(in P10 sample), in favour of a growth of grassland area (with maximu m extension of 31% in P10) and
hygro+hydro species (13.2%).

440

The increase of hygrophilous species, which double their presence, supports the hypothesis of reduction of the
lake level, due to colonization of swampy areas which were forming as the lake level drop. Although the
conditions in I2 interval are favourable for the activation of hyperconcentrated flows (due to the lower vegetation
cover), the low flood activity observed suggests a low frequency of HIP events.

445
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Figura 10. The stratigraphic intervals I1 and I2 from S1 core compared with the original pollinic data and the
relevant climate proxy available from literature for the area of interest. See a larger version of this figure at the
end of the manuscript

450

6. Conclusions
Placing present climate conditions into a geological perspective time, beyond instrumental record, is important
for understanding changes in the hydrological cycle induced by anthropogenic climate warming, complementin g
projections of model climate simulations. Physical reasons and regional climate reconstructions are consistently pointing
to an increase of precipitation intensity when water vapour is not limited (Prein et al., 2017). In the last decade record breaking rainfall events have occurred frequently around the world, this trend is eme rging with different strength in
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different area, and often, on the short timescale of the instrumental series, doesn’t allow yet to draw firm conclusion.
Therefore, in the attempt to consolidate confidence about extreme precipitation trend, we extended our analysis, passing
from the instrumental time scale to the geological time. This choice implies a strong multidisciplinary approach which
includes, in addition to climate and meteorological data, proxy and competences coming from geological,
geomorphological, stratigraphical, paleobotanical area. We acquired original data during a field survey the months of
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June and July 2017.
Here we can summarize the principal results:
1) The matching of instrumental temperature data and the paleoenvironmental data allow us to affirm that recent
temperature trends (over the period 1961-2018), and in particular those of the summer months (July), are in absolute terms
the highest ever recorded in the Northern Apennines with an estimated of +4.3°C/100y (highly statistically significant),
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which is four time higher than the maximu m recorded at the exit of last ice age (Younger Dryas).
2) The recent sedimentation rate (1.27m/100y since 1850) is 10 times higher than that observed during the HTM
(0.124 m/100y from 5455-9672 BP) and therefore higher the previous warmer period. The observed sedimentation
increase, and higher frequency of high flow discharge has to be linked to an increase of HIP over the Lake Moo basin
since we could not attribute it to other changes in physiographic and vegetation factors. The afforestation area for examp le,
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during HTM and in current time persisted on high percentage, a factor which should be detrimental for the mobilizat io n
of debris.
3) HIP increase in response to higher temperature is already detectable in observation series, especially in seasons
when moisture availability is not limited, like in Autumn (Brönnimann et al., 2018; Prein et al., 2017). We found evidences
that this occurred also in the past, especially during HTM testified by higher deposition of large size sediment in to the
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lake. A comparison with the past help understanding future projections on the area, although we are aware that past
evolution cannot be taken as an analogous for future due to the different forcing and consequent response of climat e
system (D’Agostino et al. 2019). As temperature will continue to increase on the Mediterranean area precipitation
intensity would keep increasing over the Northern Apennine. We hypothesize that precipitation intensity increase will be
evident in months with cooler and moist air masses, like in Autumn as it already emerging (see Fig.9), but gradually
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extending towards Winter. In summer, increasing conditions of moisture limitations will induce a decrease in frequency
and intensity of precipitation (Dobrinski et al. 2016a and 2016b)
4) The concept of facies tract (Lowe, 1982; Mutti et al., 1996; Zavala and Pan, 2018) applied here, may represent
an important approach for activity flood reconstruction dynamics and may be applied to other peat -bog deposits to further
strengthen and regionalize the signal.
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Lake Moo site, in the Northern Apennine, was chosen for its strategic geographical position with respect to the dominant
atmospheric flow associated with heavy precipitation events. In addition to this, the site has the right geological,
geomorphological, vegetation characteristics, basin size (< 2 km2 ), to achieve a strong and clear response between high
intensity precipitation and debris flow triggering. For these reasons, Lake Moo basin represents an ideal study area which

490

deserves further investigation on the relation between past climatic conditions and the dynamics of past flood.
Data availability: Original data concerning pollen and radiometric data are available on the open data repository of
ARPAE Emilia-Ro magna (https://arpaeprv.datamb.it/dataset/lake-moo)

Author contribution: SS and FG developed the idea and the research activity planning and execution. SN, MA, MTDN

495

have taken care of the administrative aspects . All authors, except for SN and MTDN, have contributed to field activity.
Granulometric analysis has been conducted by AC. Pollen analysis have been conducted by VR, SM and MM. SS and
FG prepared the manuscript with contributions from all co-authors. FG management and coordination.

Competing interests: The authors declare that they have no conflict of interest.

500
Acknowledgements
This research was funded by Regional Agency of Civil Protection of the Emilia-Ro magna Region and Geological, Seismic
and Soil Survey of Emilia-Ro magna Region in the framework of cooperation agreement with ARPAE-SIMC.

505

References
Ahlborn, M., Armon, M., Ben Dor, Y., Neugebauer, I., Schwab, M.J., Tjallingii, R., Shoqeir, J.H., Morin, E., Enzel, Y.,
and Brauer, A.: Increased frequency of torrential rain storms during a regional late Holocene eastern Mediterranean
drought, Quaternary Research, 89, 425-431, https://doi.org/10.1017/qua.2018.9, 2018.
Allen, J.R.M., Long, A.J., Ottley, C.J., Pearson, D.G. and Huntley, B. 2007.: Holocene climate variability in northernmost

510

Europe. Quaternary Science Reviews , 26, 1432-1453.
Anselmetti, F., Wirth, S.B., Glur, L., and Gilli, A.: Holocene flood frequency as reconstruct ed by lake sediments fro m
multiple archives: A record influenced by solar forcing and atmospheric circulation patterns, in: Late Pleistocene and
Holocene climatic variability in the Carpathian-Balkan region, Abstracts Volume, edited by: Mindrescu, M., and
Gradinaru, I., Special Issue, 24, 1-2, 2014.

515

Antolini, G., Auteri, L. , Pavan, V. , Tomei, F. , Tomozeiu, R. and Marletto, V.: A daily high ‐resolution gridded climat ic
data set for Emilia‐Ro magna, Italy, during 1961–2010. Int. J. Climatol., 36: 1970-1986. doi:10.1002/ joc.4473, 2016.
Antolini, G., Pavan, V., Tomozeiu, R., and Marletto, V. (Eds.): Atlante idroclimatico dell’Emilia -Ro magna 1961-201 5,
Servizio

Idro-Meteo-Clima,

Arpae

Emilia-Ro magna,

Italy,

https://www.arpae.it/dettaglio_generale.asp?id=3811&idlivello=159 1, 2017.

520

Ballesteros-Cánovas, J.A., Stoffel, M., St. George, S., and Hirschboeck, K.: A review of flood records from tree rings,
Progress in Physical Geography, 1-23, doi 10.1177/0309133315608758, 2015.
Berglund, B.E., and Ralska-Jasiewiczowa, M.: Pollen analysis and pollen diagrams, in Handbook of Holocene
Palaeoecology and Palaeohydrology, a cura di B.E. Berglund, Chichester, 455-484, 1986.
Beug, H.J.: Leifaden der Pollenbestimmungen für Mitteleuropa und angrenzende Gebiete, Pfeil, München, 2004.

525

Bini, M., Zanchetta, G., Perşoiu, A., Cartier, R., Català, A., Cacho, I., Dean, J.R., Di Rita, F., Drysdale, R.N., Finnè, M.,
Isola, I., Jalali, B., Lirer, F., Magri, D., Masi, A., Marks, L., Mercuri, A.M., Odile Peyron, O., Sadori, L., Sicre, M.A.,

18

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Welc, F., Zielhofer, C., and Brisset, E.: The 4.2 ka BP Event in the Mediterranean region: an overview, Clim. Past,
15, 555–577. https://doi.org/10.5194/cp-15-555-2019, 2019.
Braggio, G., Guido, M.A., and Montanari, C.: Palaeovegetational evidence in the upper Nure Valley (Ligurian -Emi lian

530

Apennines, Northern Italy), Webbia, 46, 173-185, 1991.
Brönnimann, S., Rajczak, J., Fischer, E. M., Raible, C. C., Rohrer, M., and Schär, C.: Changing seasonality of moderate
and extreme precipitation events in the Alps. Natural Hazards and Earth System Sciences, 18 (7), 2047-205 6.
https://doi.org/10.5194/nhess -18-2047-2018, 2018
Brugnara, Y., and Maugeri, M.: Daily precipitation variability in the southern Alps since the late 19th century. Int J

535

Climatol.; 39: 3492– 3504. https://doi.org/10.1002/joc.6034, 2019
Cacho, I., Grimalt, J.O., Canals, M., Sbaffi, L., Shackleton, N.J., Schönfeld , J., and Zahn, R.: Variability of the western
Mediterranean Sea surface temperature during the last 25,000 years and its connection with the Northern Hemisphere
climatic changes, Paleoceanography, 16, 40-52.
Carton, A. and Panizza, M. (Eds .): Il paesaggio fisico dell’Alto Appennino Emiliano, Grafis Edizioni, Bologna, Italia,

540

1988.
Combourieu-Nebout, N., Peyron, O., Bout-Roumazeilles, V., Goring, S., Dormoy, I., Joannin, S., Sadori, L., Siani, G.,
and Magny, M.: Holocene vegetation and climate changes in the central Mediterranean inferred from a high -resolution
marine pollen record (Adriatic Sea), Clim. Past, 9, 2023-2042. https://doi.org/10.5194/cp-9-2023-2013, 2013.
Corticelli, S., Garberi, M.C., Mariani, M.C., and Masi, S.: Uso del suolo 2008, http://geoportale.regione.emilia -

545

romagna.it/it/download/dati-e-prodotti-cartografici-preconfezionati/pianificazione-e-catasto/uso-del-suolo-1/2008coperture-vettoriali-uso-del-suolo-edizione-2011, 2011.
D'Agostino, R., Bader, J., Bordoni, S., Ferreira, D., & Jungclaus, J.:. Northern Hemisphere monsoon response to mid ‐
Holocene orbital forcing and greenhouse gas ‐induced global warming. Geophysical Research Letters, 46, 1591– 1601.
https://doi.org/10.1029/2018GL081589, 2019

550

Drobinski, P., Alonzo B., Bastin S., Da Silva N., and Muller C.J.: Scaling of precipitation extremes with temperature in
the French Mediterranean region: what explains the hook shape? J Geophys Res. doi:10.1002/ 20 15JD023497, 2016a.
Drobinski, P., Silva, N.D., Panthou, G., Bastin, S., Muller, C., Ahrens, B., Borga, M., Conte, D., Fosser, G., Giorgi, F.,
Guttler, I., Kotroni, I., Li, L., Morin, E., Onol, B., Quintana-Segui, P., Romera, R., and Torma, C.Z.: Scaling
precipitation extremes with temperature in the Mediterranean: past climate assessment and projection in anthropogenic

555

scenarios, Climate Dynamics, 51, 1237-1257, doi:10.1007/s00382-016-3083-x, 2016b.
Elter, P., Ghiselli, F., Marroni, M., and Ottria, G. (Eds.): Note illustrative del Foglio 198 “Bobbio” della Carta Geologica
d’Italia alla scala 1:50.000. Istituto Poligrafico e Zecca dello Stato, Roma, Italia, 1997.
Faegri, K., and Iversen, J.: Textbook of Pollen analysis, 4° edizione a cura di K. Faegri, P.E. Kaland, K. Krzywins ki,
Chichester, 1989.

560

Frei, C. and Schär, C.: A precipitation climatology of the Alps from high‐resolution rain‐gauge observations. Int. J.
Climatol., 18: 873-900. doi:10.1002/(SICI)1097-0088(19980630)18:8<873::AID-JOC255>3.0.CO;2-9, 1998.
Giannecchini, R., Galanti, Y., and D’Amato Avanzi, G.: Critical rainfall thresholds for triggering shallow landslides in
the Serchio River Valley (Tuscany, Italy), Nat. Hazards Earth Syst. Sci.,12, 829–842, https://doi.org/10.5194/nhess 12-829-2012, 2012.

565

Giannecchini, R., and D’Amato Avanzi, G.: Historical research as a tool in estimating hydrogeological hazard in a typical
small alpine-like area: the example of the Versilia River basin (Apuan Alps, Italy), Physics and Chemistry of the
Earth, 49, 32-43, doi 10.1016/j.pce.2011.12.005, 2012.

19

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Giguet-Covex, C., Arnaud, F., Dirk, E., Jérôme, P., Laurent, M., Pierre, F., Fernand, D., Pierre-Jérôme, R., Bruno, W.,
and Jean-Jacques, D.: Frequency and intensity of high-altitude floods over the last 3.5ka in northwestern French Alps

570

(Lake Anterne), Quaternary Research, 77, 12-22, https://doi.org/10.1016/j.yqres.2011.11.003, 2012.
Gilli, A., Anselmetti, F.S., Glur, L., and Wirth S.B.: Lake Sediments as Archives of Recurrence Rates and Intensities of
Past Flood Events, in: Dating Torrential Processes on Fans and Cones, Advances in Global Change Research, edited
by: Schneuwly-Bollschweiler, M., Stoffel, M., and Rudolf-Miklau, F., Springer Science Business Media, Dordrecht,
Holland, 225-242, doi 10.1007/978-94-007-4336-6_15, 2013.

575

Giraudi, C.: Coarse sediments in Northern Apennine peat bogs and lakes: New data for the record of Holocene alluvial
phases in peninsular Italy, The Holocene, 24, 932-943, https://doi.org/10.1177/0959683614534738, 2014.
Glur, L., Wirth, S.B., Büntgen, U., Gilli, A., Haug, G.H., Schär, C., Beer, J., and Anselmetti, F.S.: Frequent floods in the
European Alps coincide with cooler periods of the past 2500 years, Nature Scientific Reports, 3, doi
10.1038/srep02770, 2013.

580

Grazzini, F., Craig, J.G., Keil, C., Antolini, G., and Pavan V.: Extreme precipitation events over Northern Italy: Part (I)
a

systematic

classification

with

machine

learning

techniques,

QJR

Meteorol

Soc.

2019;1– 17.

https://doi.org/10.1002/qj.3635, 2019.
Grazzini, F., Segadelli, S., and Fornasiero, A.: Precipitazioni estreme e effetti al suolo sul reticolo minore: il caso del 14
Settembre

585

2015.

Technical

report

ARPAE-SIMC/SGSS

Emilia-Ro magna,

27pp,

Available

in

Italian

https://www.arpae.it/dettaglio_notizia.asp?id=8017&idlivello=32, 2016.
Grazzini, F., Pratizzoli, W. and Tomei, F.: Drought and big snow, are extreme events the new normal? Ecoscienza, 1,
Available in Italian https://www.arpae.it/dettaglio_documento.asp?id=3674&idlivello =1171 , 2012.
Gunderson, K.L., Pazzaglia, F.J., Picotti, V., Anastasio, D.A., Kodama, K.P., Rittenour, T., Frankel, K.F., Ponza, A.,
Berti, C., Negri, A., and Sabbatini, A.: Unraveling tectonic and climatic controls on synorogenic grawth strata

590

(Northern Apennines, Italy), GSA Bulletin, 126, 532-552, doi 10.1130/B30902.1, 2014.
Heiri, O., S.J., Brooks, H.J.B., Birks, and A.F.Lotter.: A 274-lake calibration data-set and interference model for
chironomid-based summer air temperature reconstruction in Europe, Quaternary Science Reviews 30, 3445-345 6,
2011.
Hussain, M., and Mahmud, I.: pyMannKendall: a python package for non parametric Mann Kendall family of trend tests,

595

Journal of Open Source Software, 4, (39), 1556, https://doi.org/10.21105/joss.01556, 2019.
Kofler, W., Krapf, V., Oberhuber, W., Bortenschlager, S.: Vegetation responses to the 8200 cal. BP cold event and to
long-term climatic changes in the Eastern Alps: Possible influence of solar activity and North Atlantic freshwater
pulses. The Holocene, 15, 779-788, 2005.
Isotta, F., Frei, C., Weilguni, V., Percec Tadic, M., Lassègues, P., Rudolf, B., Pavan, V., Cacciamani, C., Antolini, G.,

600

Ratto, S.M., Munari, M., Micheletti, S., Bonati, V., Lussana, C., Ronchi, C., Panettieri, E., Marigo, G., and Vartacnik,
G.: The climate of daily precipitation in the Alps: development and analysis of a high -resolution grid dataset from
pan-Alpine rain-gauge data, International Journal of Climatology, 34, 1657-1675, doi 10.1002/joc.3794, 2014.
Lehmann, J., Coumou, D., and Frieler, K.: Increased record-breaking precipitation events under global warming, Climat ic
Change 132: 501. https://doi.org/10.1007/s10584-015-1434-y, 2015.

605

Longman, J., Ersek, V., Veres, D., and Salzmann, U.: Detritical events and hydroclimate variability in the Romanian
Carpathians during the mid-to-late Holocene, Quaternary Science Reviews, 167, 78-95, 2017.
Lowe, D.R.: Sediment gravity flows; Depositional models with special reference to the deposits of high -density turbidity
currents, Journal of Sedimentary Petrology, 52, 279-297, 1982.

20

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Magny, M.: Holocene climate variability as reflected by mid-European lake-level fluctuations and its probable impact on

610

prehistoric human settlements , Quaternary International, 113, 65-79, 2004.
Magny, M., Galop, D., Bellintani, P., Desmet, M., Didier, J., Hass , J.N., Martinelli, N., Pedrotti, A., Scandolari, S., Stock,
A., and Vannière, B.: Late-Holocene climatic variability south of the Alps as recorded by lake-level fluctuations at
Lake Ledro, Trentino, Italy. Holocene, 19, 575-589, 2009.
Magny, M., S. Joannin, D. Galop, B. Vanniere, J. N. Haas, M. Bassetti, P. Bellintani, R. Scandolari, and M. Desmet.

615

2012. Holocene palaeohydrological changes in the northern Mediterranean borderlands as reflected by the lake -lev el
record of Lake Ledro, northeastern Italy. Quaternary Research, 77, 382-396, 2012.
Marchetti, G., and Fraccia, R.: Carta geomorfologica dell’alta Val Nure, Appennino piacentino. Scala 1:25.000, in: Il
paesaggio fisico dell’Alto Appennino Emiliano. Regione Emilia-Ro magna, edited by: Carton, A., and Panizza, M.,
Grafis Edizioni, Bologna, Italia, 1988.

620

Marcott, S., Shakun, J., Clark, P.U., and Mix, A.C.: A Reconstruction of Regional and Global Temperature for the Past
11,300 Years, Science, 339, 1198-1201, doi 10.1126/science.1228026, 2013.
Marroni, M., Meneghini, F., and Pandolfi, L.: Anatomy of the Ligure-Piemontese subduction system: evidence from Late
Cretaceous-middle Eocene convergent margin deposits in the Northern Apennines, Italy, International Geology
Review, iFirst article, 1-33, 2010.

625

Matero, I.S.O., Gregoire, L.J., Ivanovic, R.F., Tindall, J.C., and Haywood, A.M.: The 8.2 ka cooling event caused by
Laurentide ice saddle collapse. Earth and Planetary Science Letters, 473, 205-214, 2017.
Milliman, J.D. and Syvitski, J.P.M.: Geomorphic/Tectonic Control of Sediment Discharge to the Ocean: The Importance
of Small Mountainous Rivers, The Journal of Geology, 100, 525-544, http://dx.doi.org/10.1086/629606, 1992.
Moore, P.D., and Webb, J.A., and Collinson, M.E.: Pollen Analysis, 2a edizione, Oxford, 1991.

630
Mulder, T. and Syvitski, J.P.M.: Turbidity Currents Generated at River Mouths during Exceptional Discharges to the
World Oceans, Journal of Geology, 103, 285-299, http://dx.doi.org/10.1086/629747, 1995.
Mutti, E.: Turbidite Sandstones. San Donato Milanese, Agip -Istituto di Geologia, Università di Parma, 275 pp, 1982.
Mutti, E., Davoli, G., Tinterri, R., and Zavala, C.: The importance of ancient fluvio-deltaic systems dominated by

635

catastrophic flooding in tectonically active basins, Memorie di Scienze Geologiche, Università di Padova, 48, 233 291, 1996.
Nesje, A., Dahl, O., Matthews, J.A., and Berrisdorf, M.S.: A 4500 years of river floods obtained from a sediment core in
Lake Atnsjoen, eastern Norway, Journal of Paleolimnology, 25, 329-342, 2001.
Nistor, M.M.: Spatial distribution of climate indices in the Emilia‐Ro magna region, Meteorological Applications, 23,

640

304-313, doi 10.1002/met.1555, 2016.
Papalexiou, S. M. and Montanari, A.: Global and regional increase of precipitation extremes under global warming. Water
Resources Research, 55, 4901– 4914. https://doi.org/10.1029/2018WR02406, 2019.
Pavan, V., Antolini, G., Barbiero, R., Berni, N., Brunier, F., Cacciamani, C., Cagnati, A., Cazzuli, O., Cicogna, A., De
Luigi, C., Di Carlo, E., Francioni, M., Maraldo, L., Marigo, G., Micheletti, S.,Onorato, L., Panettieri, E., Pellegrin i,

645

U., Pelosini, R., Piccinini, D.,Ratto, S., Ronchi, C., Rusca, L., Sofia, S., Stelluti, M., Tomozeiu,R. and Malaspina,
T.T. : High resolution climate precipitation analysis for north -central Italy, 1961–2015. Climate Dynamics, 52 3435–
3453, https://doi.org/10.1007/s00382-018-4337-6, 2019

21

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Peyron, O., Goring, S., Dormoy, I., Kotthoff, U., Pross, J., de Beaulieu, J.-L. and Magny, M.: Holocene seasonality
changes in the central Mediterranean region reconstructed from the pollen sequences of Lake Accesa (Italy) and

650

Tenaghi Philippon (Greece), The Holocene, 21, 131–146. https://doi.org/10.1177/0959683610384162, 2011.
Pignatti, S.: Flora d'Italia, Edagricole-New Business Media, Milano, 2017-2019.
Prein, A.F., Liu, C., Ikeda, K., Trier, S.B., Rasmussen, R.M., Holland, G.J., and Clark, M.P.: Increased rainfall volume
from future convective storms in the US, Nature Climate Change, 7, 880-884, doi:10.1038/s41558-017-0007-7, 2017a.
Prein, A.F., Rasmussen, R.M., Ikeda, K., Liu, C., Clark, M.P., and Holland, G.J.: Th e future intensification of hourly

655

precipitation extremes, Nature Climate Change, 7, 48-52, doi:10.1038/nclimate3168, 2017b.
Regattieri, E., Zanchetta, G., Drysdale, R.N., Isola. I., Hellstrom, J.C., and Dallai, L.: Lateglacial to Holocene trace
element record (Ba, Mg, Sr) from Corchia Cave (Apuan Alps, central Italy): paleoenvironmental implications, Journal
of Quaternary Science, 29, 381-392, https://doi.org/10.1002/jqs.2712, 2014.
Reimer, P.J., Bayliss, A., Warren Beck, J., Blackwell, P.G., Ramsey, C.B., Buck, C.E., Cheng, H., Edwards, R.L.,

660

Friedrich, M., Grootes, P.M., Guilderson, T.P., Haflidason, H., Hajdas, I., Hatté, C., Heaton, T.J., Hoffmann, D.L.,
Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W., Richards, D.A., Scott,
E.M., Southon, J.R., Staff, R.A., Turney, CSM., van der Plicht, J.: IntCal13 and Marine13 Radiocarbon Age
Calibration Curves 0–50,000 Years cal BP, Radiocarbon, 55, 1869-1887, https://doi.org/10.2458/azu_js_rc.55.169 4 7,
2013.

665

Sabatier, P., Wilhelm, B., Ficetola, G.F., Moiroux, F., Poulenard, J., Develle, A.L., Bichet, A., Chen, W., Pignol, C.,
Reyss, J.L., Gielly, L., Bajard, M., Perrette, Yves., Malet, E., Taberlet, P. and Arnaud, F.: 6-kyr record of flood
frequency and intensity in the western Mediterranean Alps - Interplay of solar and temperature forcing, Quaternary
Science Reviews, 170, 121-135, https://doi.org/10.1016/j.quascirev.2017.06.019, 2017.
Samartin, S., Heiri, O., Joos, F., Renssen, H., Franke, J., Brönnimann, S., and Tinner, W.: Warm Mediterranean mid -

670

Holocene

summers

inferred

from

fossil midge

assemblages, Nature

Geoscience,

10,

207-212.

doi:

10.1038/NGEO2891, 2017.
Scherrer, S. C., Fischer, E.M., Posselt, R., Liniger, M.A., Croci-Maspoli, M., and Knutti, R.: Emerging trends in heavy
precipitation

and

hot

temperature

extremes

in

Switzerland,

J.

Geophys.

Res.

Atmos.,

121,

doi:10.1002/2015JD024634, 2016

675

Schillereff, D., Chiverrell, R.C., Macdonald, N., and Hooke, J.M.: Flood stratigraphies in lake sediments: A review, Earth Science Reviews, 135, 17-37, doi 10.1016/j.earscirev.2014.03.011, 2014.
Schneuwly-Bollschweiler, M., Stoffel, M., and Rudolf-Miklau, F. (Eds.): Dating Torrential Processes on Fans and Cones.
Methods and Their Application for Hazard and Risk Assessment. Springer, doi 10.1007/978-94-007-4336-6, 2013.
Skinner, C. B., and C. J. Poulsen: The role of fall season tropical plumes in enhancing Saharan rainfall during the African

680

Humid Period, Geophys. Res. Lett., 43, 349–358, doi:10.1002/2015GL066318, 2016.
Stoffel, M., Butler, D.R., and Corona, C.: Mass movements and tree rings: A guide to dendrogeomorphic field sampling
and dating, Geomorphology, 200, 106-120, https://doi.org/10.1016/j.geomorph.2012.12.017, 2013.
Stoffel, M., Wyzga, B., and Marston, R.A.: Floods in mountain environments: A synthesis, Geomorphology, 272, 1-9,
https://doi.org/10.1016/j.geomorph.2016.07.008, 2016.

685

Swierczynski, T., Ionita, M., and Pino, D.: Using archives of past floods to estimate future flood hazards, Eos 98,
https://doi.org/10.1029/2017EO066221, 2017.
Tinner, W., and Lotter, A.F.: Central European vegetation response to abrupt climate change at 8.2 ka. Geology, 29, 551 –
554, 2001

22

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Tinner, W., Colombaroli D., Heiri, O., Henne, P., Steinacher, M., Untenecker, J., Vescovi, E., Allen, J., Carraro, G.,

690

Conedera, M., Joos, F., Lotter, A., Luterbacher, J., Samartin, S., and Valsecchi, V.: The past ecology of Abies alba
provides new perspectives on future responses of silver fir forests to global warming. Ecological Monographs 83(4):
419-439, 2013.
Tutin, T.G., Heywood, V.H., Burges, N.A., Valentine, D.H.: Flora Europaea, Cambridge University Press, 1964.
Utsumi, N., Seto, S., Kanae, E., Maeda, E., and Oki T.: Does higher surface temperature intensify extreme precipitation?,

695

Geophys. Res. Lett., 38, L16708, doi:10.1029/2011GL048426, 2011.
Vescovi, P. (Ed.): Note illustrative della Carta Geologica d’Italia alla scala 1:50.000, Foglio n° 216 Borgo Val di Taro.
Sheet n° 216 Borgo Val di Taro, Servizio Geologico della Regione Emilia-Ro magna, Servizio, ISPRA, Rome,
http://www.isprambiente.gov.it/Media/carg/note_illustrative/216_Borgo_Val_di_Taro.pdf, 2002.
Walker, M.J.C., Berkelhammer, M., Björck, S., Cwynar, L.C., Fisher, D.A., Long, A.J., Lowe, J.J., Newnham, R.M.,

700

Rasmussen, S.O., and Weiss, H.: Formal subdivision of the Holocene series/Epoch: A discussion paper by a workin g
group of INTIMATE (Integration of ice-core marine and terrestrial records) and the subcommission on quaternary
stratigraphy (International commission on stratigraphy), Journal of Quaternary Science, 27, 649–659, 2012.
Westra, S., Fowler, H.J., Evans J.P., Alexander, L.V., Berg, P., Johnson, F., Kendon, E.J., Lenderink, G., and Roberts,
N.M.: Future changes to the intensity and frequency of short duration extreme rainfall, Reviews of Geophysics, 52,

705

522-555, doi:10.1002/ 2014RG000464, 2014.
Wilhelm, B., Arnaud, F., Sabatier, P., Crouzet, C., Brisset, E., Chaumillon, E., Disnar, J.R., Guiter, F., Malet, E., Reyss,
J.L., Tachikawa, K., Bard, E., and Delannoy, J.J.: 1400 years of extreme precipitation patterns over the Mediterrane an
French Alps and possible forcing mechanism, Quaternary Research, 78, 1-12, doi 10.1016/j.yqres.2012.03.003, 2012.
Wilhelm, B., Ballesteros-Cànovas, J.A., Macdonald, N., Toonen, W.H.J., Baker, V., Barriendos, M., Benito, G., Brauer,

710

A., Corella, J.P., Denniston, R., Glaser, R., Ionita, M., Kahle, M., Liu, T., Luetscher, M., Macklin, M., Mudelsee, M.,
Muṅoz, S., Schulte, L., George, S.St., Stoffel, M., and Wetter, O.: Interpreting historical, botanical, and geological
evidence to aid preparations for future floods, WIREs Water, 1-22, https://doi.org/10.1002/wat2.1318, 2018.
Wirth, S.B.: The Holocene Flood History of the Central Alps Reconstructed from Lacustrine Sediments: Frequency,
Intensity and Controlling Climate Factors. Ph.D. thesis, ETH

715

Zürich Bibliography, Switzerland, 179pp, doi

10.3929/ethz-a-009775044, 2013.
Wirth, S.B., Glur, L., Gilli, A., and Anselmetti, F.S.: Holocene flood frequency across the Central Alps – solar forcing
and evidence for variations in North Atlantic atmospheric circulation, Quaternary Science Reviews , 80, 112-128,
https://doi.org/10.1016/j.quascirev.2013.09.002, 2013.
Zanchetta, G., Isola, I., Piccini, L., and Dini, A., 2011. The Corchia Cave (Alpi Apuane) a 2 Ma long temporal window

720

on the earth climate, Technical Periodicals of National Geological Survey of Italy - ISPRA , Geological Field Trips,
3, 55pp, doi 10.3301/ GFT.2011.02, 2011.
Zavala, C. and Pan, S.: Hyperpycnal flows and hyperpycnites: Origin and distinctive characteristics. Lithologic
Reservoirs, 30, 1-27, doi 10.3969/j.issn.1673-8926.2018.01.001, 2018.
Zavala, C., Ponce, J.J., Arcuri, M., Drittanti, D., Freije, H., and Asensio, M.: Ancient Lacustrine Hyperpycnites: A

725

Depositional Model from a Case Study in the Rayoso Formation (Cretaceous) of West-Central Argentina. Journal of
Sedimentary Research, 76, 41-59, https://doi.org/10.2110/jsr.2006.12, 2006.
Zavala, C., Arcuri, M., Di Meglio, M., Gamero Diaz, H., and Contreras, C.: A Genetic Facies Tract for the Analysis of
Sustained Hyperpycnal Flow Deposits. in: Sediment transfer from shelf to deep water - Revisiting the delivery system,
edited by: Slatt, R.M. and Zavala, C., AAPG Studies in Geology, 61, 31-51, 2011.

23

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

730

Zhornyak, L.V., Zanchetta, G., Drysdale, R.N., Hellstrom, J.C., Isola, I., Regattieri, E., Piccini, L., Baneschi, I., and
Couchoud, I.: Stratigraphic evidence for a "pluvial phase" between ca 8200-7100 ka from Renella cave (Central Italy),
Quaternary Science Reviews, 30, 409-417 doi 10.1016/j.quascirev.2010.12.003, 2011.

24

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

735

Figure 2

25

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

Figure 3

26

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

740

Figure 7

27

https://doi.org/10.5194/cp-2019-135
Preprint. Discussion started: 13 December 2019
c Author(s) 2019. CC BY 4.0 License.

745

Figure 10

28

