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Abstract 16 

The 1800–2016 monthly precipitation record for the upper Adda river basin is presented. It 17 

is computed by applying the anomaly method to a quality-checked and homogenized 18 

observation database. The reconstruction accuracy and its evolution over the study period is 19 

evaluated at both station and grid-cell levels. The anomaly-based interpolation provides 20 

rather robust estimates even for the early years of sparse station coverage with basin 21 

precipitation reconstruction errors around 10%. The Theil-Sen trend analysis on the basin 22 

precipitation series shows significant (Mann-Kendall p-value < 0.05) long-term tendencies 23 

of -3.8 ± 1.9 % and -9.3 ± 3.8 % century-1 for annual and autumn precipitation, respectively, 24 

even though the annual trend is not significant by excluding the first decades from the 25 

evaluation. As the basin precipitation record is expected to be underestimated due to the rain-26 

gauge snow undercatch, the monthly precipitation fields are subjected to a correction 27 

procedure which allows to derive the multiplicative correcting constant to be applied to the 28 
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basin annual precipitation series. The comparison between 1845–2016 yearly corrected 29 

precipitation and runoff records highlights current annual water losses of about 400 mm while 30 

the annual runoff coefficients exhibit a long-term significant decrease of -6.4 ± 1.0 % century-31 

1. This change in the hydrological cycle is mostly to be ascribed to the strong long-term 32 

reduction in annual runoff values (-11.8 ± 3.2 % century-1) driven by increasing 33 

evapotranspiration due to both temperature increase and, likely, land-use changes. 34 

1. Introduction 35 

Alpine region is particularly prone to global warming, showing a significantly higher 36 

temperature trend than the Earth’s average one. Indeed, the HISTALP database, one of the 37 

best archive of secular meteorological series in the world (e.g. Auer et al., 2007) gives 38 

evidence of a temperature increase of about 1.5 °C in the last 150 years, recorded both at low 39 

and high-elevation areas (Böhm et al., 2001; Brunetti et al., 2009). Beside temperature trend, 40 

also precipitation variability and changes in its seasonality over the Alpine region were 41 

documented in the scientific literature (e.g. Schmidli et al., 2002; Casty et al., 2005; Brunetti 42 

et al., 2006a). 43 

The climate change poses a severe threat to the Alpine hydrological system, causing a 44 

significant pressure on the key role that Alps have for water storage and supply with potential 45 

impacts on economic activities, such as agriculture, energy and industrial production, also on 46 

downstream regions (Viviroli et al., 2006; Schaefli et al., 2007; EEA, 2009, Beniston, 2012; 47 

Fatichi et al., 2014). 48 

To face this problem, it is crucial i) to investigate the spatio-temporal evolution of 49 

precipitation over Alpine areas on secular time scales, ii) to assess long-term areal 50 

precipitation records for the main Alpine catchments and iii) to compare them with the 51 

corresponding runoff records. The latter allows in fact to highlight the effect of temperature 52 

induced changes in the occurrence of solid and liquid precipitation and its seasonality, in the 53 

snow water equivalent, as well as in the contributions of evapotranspiration and melting 54 

glaciers on the water disposal.  55 

High-resolution datasets of monthly precipitation have been recently produced over the 56 

Alpine region for example by Efthymiadis at al. (2006) for the period 1800–2003 at 10-min 57 

spatial resolution and by Masson and Frei (2016) for the period 1901–2008 at 5 km 58 



resolution, while Isotta et al. (2014) provided a 1971–2008 daily dataset at 5 km grid spacing. 59 

High-resolution analyses of precipitation were also provided over smaller Alpine domains, 60 

such as by Brugnara et al. (2012) and Golzio et al. (2018) for the central European Alps, by 61 

Gyalistras (2003) for Switzerland and by Durand et al. (2009) for the French Alps. Among 62 

the gridding methods which have been proposed so far, the so-called “anomaly method” is 63 

one of the most applied approaches (e.g. New et al., 2000; Mitchell and Jones, 2005). All the 64 

gridding procedures aim at projecting the in-situ observations onto the cells of a regular grid, 65 

allowing to evaluate the climatic signal for a number of points which can be of several orders 66 

of magnitude larger than the number of the available rain-gauges. The long-term analyses 67 

performed on both monthly and daily scales revealed spatially heterogeneous trends in total 68 

precipitation and in statistical indexes over the Alps (e.g. Brunetti et al., 2006a; Scherrer et 69 

al., 2016; Pavan et al., 2018). Besides to spatial variability, trend slope and  significance were 70 

found to be dependent also on the examined period, suggesting the need of continuous update 71 

for both present and past years (see e.g. Brugnara et al., 2012).  72 

In this framework, we applied the anomaly method to reconstruct a 30-arc second resolution 73 

dataset of 1800–2016 monthly precipitation records for an area centred over the upper part 74 

of Adda river basin, an important water reservoir in the Central Alps for a wide portion of 75 

Northern Italy. This area is covered by a relevant number of long meteorological observations 76 

and it has one of the longest daily runoff records in Italy which has been recently recovered 77 

over the period 1845–2016. This record is presented and analysed (Ranzi et al., this issue) in 78 

the second part of the multi-century meteo-hydrological analysis for the Adda river basin of 79 

which this paper is the first part. The upper part of Adda river basin represents therefore a 80 

very interesting region to better investigate the response of Alpine water resources to climate 81 

variability and change. 82 

The computed precipitation dataset constitutes an improvement to the state of the art for this 83 

area: it is based on a very dense observation database spanning more than two centuries and 84 

containing quality-checked and homogenized series retrieved from both national and extra-85 

national sources, from new digitization activities and from the recent automatic station 86 

records, which allow to extend the reconstruction up to date and to improve the data coverage, 87 

especially at higher elevations. In the last decades in fact a relevant number of rain-gauges 88 



was established in mountainous areas where observations are requested for both hydropower 89 

production and activities of prevention of natural hazards. The availability of new records 90 

allows to reduce the general difficulty in reconstructing the precipitation signal over 91 

mountainous regions which is mainly due to the uneven coverage of observations decreasing 92 

towards higher elevations, the low availability of secular station records and the 93 

heterogeneity of precipitation gradients due to the complex interactions between atmospheric 94 

circulation and the roughness of the surface (Haylock et al., 2008). Another relevant issue to 95 

be considered is the well-known rain-gauge undercatch, especially of solid precipitation, 96 

which could lead to significant precipitation underestimations in mountainous domains 97 

(Sevruk, 2009). 98 

The paper aims at presenting the dataset, at assessing the robustness of the gridding method 99 

in relation to the development of the station network and at describing the multi-century 100 

record of areal precipitation extracted from the monthly gridded fields for the upper Adda 101 

river basin. This record is then analysed to investigate the trends and variability in 102 

precipitation regime over the basin and to perform the comparison with the 1845–2016 runoff 103 

coefficient. The monthly database allowed to extend the precipitation reconstruction back to 104 

1800 and the availability of total areal precipitation values for the basin over the first half of 105 

the 19th century could represent a helpful proxy-data to estimate runoff even when this 106 

information was not yet collected. All the analyses were performed on monthly resolution 107 

due to the low availability of daily precipitation data before 1951, which are still stored in 108 

hardcopy yearbooks. 109 

2. Materials and Methods 110 

2.1 The study area 111 

This study focuses on an area centred on the upper part of the Adda river catchment (45.6°–112 

46.7°N and 8.8°–10.7°E, Figure 1b). This area will be called thereafter “study domain”, while 113 

the word “study basin” will be used to refer to the upper basin of the Adda river (the region 114 

bordered by the yellow line in Figure 1b), which is one of the main tributaries of Po river. 115 

The study basin includes an area of 4508 km2 mostly located over the southern Alpine ridge 116 

in Lombardy, from the Rhaetian Alps to the Lake Como outlet in Lecco. The region is 117 

characterized by a very heterogeneous orography, which is predominated by the mountain 118 



environment and includes some of the main glaciers of the Central Alps contributing, to 119 

limited extent, to the annual hydrological cycle of the study basin. A more detailed 120 

description of the study basin and of the water uptake regulation is provided in the companion 121 

paper (Ranzi et al., this issue).  122 

2.2 The observation database 123 

The database used to compute the study domain gridded dataset of 1800–2016 monthly 124 

precipitation series was set up by starting from the collection of monthly precipitation records 125 

performed by Crespi et al. (2018) which is mainly based on the archive of the former Italian 126 

Hydrographic Service (Servizio Idrografico, SI). Two different data collection approaches 127 

were used for the study domain (Figure 1b and red bordered region in Figure 1a) and for the 128 

outer area (Figure 1a). 129 

The data availability over the study domain was improved by: 130 

- including the Trentino-Alto Adige/Südtirol monthly records provided by the 131 

digitization project “Before 1921” (https://before1921.wordpress.com). These new 132 

data allowed to extend into the past 37 series previously available only from 1921 133 

and to add two new records; 134 

- digitizing new data from the yearbooks of the former SI (Servizio Idrografico, 1920; 135 

1925; 1957). 28 series previously available only from 1951 were extended in the past. 136 

The records to digitize were selected by prioritizing the stations of the study domain 137 

with the longest time coverage and located at the highest elevations; 138 

- performing a new download of all the precipitation records available for the study 139 

domain from Meteotrentino (updated to April 2017) and from MeteoSwiss (updated 140 

to September 2017). In case of available homogenized Swiss station series, they were 141 

preferred to the original versions; 142 

- collecting all precipitation records provided by the mechanical and automatic stations 143 

of the Regional Environmental Protection Agency (ARPA) and the Geological 144 

Monitoring Centre (CMG) of Lombardy. The records of automatic stations were 145 

merged with those of the mechanical ones allowing to overcome the general 146 

fragmentation of records occurring at most Italian sites since the 1980s, due to the 147 



transition from manual to automatic monitoring systems as well as the transition of 148 

the national rain-gauge network from SI to the Italian regions.  149 

The precipitation station records inside the study domain are indeed the most relevant ones 150 

for the present work. However, no data are available over this area before the 1860s and the 151 

station coverage remains quite sparse over the following decades too. In order to improve the 152 

observation availability and to get reliable information about the climate evolution also for 153 

the ancient years, it was necessary to include in the data collection activities a wider region 154 

around the domain. For this region, all the longest series available from the monthly 155 

homogenized archives of MeteoSwiss and HISTALP (Auer et al. 2007) were considered 156 

together with the homogenized versions of some of the longest Italian precipitation records 157 

starting in the 18th century or in the first half of the 19th century (Brunetti et al., 2006b). These 158 

stations allow the evaluation of the precipitation signal for the study domain in the earliest 159 

period, while they provide a marginal contribution to the reconstruction in the following 160 

decades when the station coverage over the study domain increases. 161 

The collected series were checked for quality and homogeneity, except for the ones derived 162 

from already quality-controlled and homogenized archives. The quality-check procedure was 163 

performed, as described in Crespi et al. (2018), by comparing each measured series with a 164 

simulated one by means of neighbouring observations. High errors in the comparison allowed 165 

to remove gross errors such as outliers, spurious sequences of null values and digitization 166 

oversights. The series showing high deviations from the reconstructions and those with less 167 

than 10 years of data were definitely discarded from the database. When more than one source 168 

was available for the same site, the record with the longest time coverage and/or the highest 169 

quality was retained. 170 

The homogeneity was then evaluated by applying the Craddock test (Craddock, 1979) on 171 

more than 400 monthly series with at least 20 years of data and, in case of relevant breaks, 172 

the homogenization was performed. 125 series containing on average 85 years of data were 173 

homogenized by identifying more than 300 breaks. 174 

The final monthly database contains 338 precipitation series inside the study domain and 102 175 

inside the study basin, while the stations outside the study domain with data before 1861 are 176 

54, with 10 stations having data before 1811, represented as black points in Figure 1a. 120 177 



series contain more than 120 years of data and 14 out of them are located within the study 178 

domain. The time evolution of the data availability for the study domain and study basin is 179 

shown in Figure 2. The first stations operating inside the study domain started in 1861 and 180 

in 1873 inside the study basin. The station density increased significantly from the beginning 181 

of the 20th century thanks to the contribution of the new meteorological network managed by 182 

SI. After the difficulties due to the World War II, the greatest station availability is reached, 183 

especially from 1951 to the end of the century when SI was closed and the Italian national 184 

network was fragmented into regional and sub-regional Agencies with the concurrent 185 

transition from the mechanical to automatic monitoring systems.  186 

The inter-station distance, i.e. the mean distance between each station and the closest one, 187 

over the whole area spanned by the database decreases gradually from about 150 km in the 188 

first decade, when less than 10 stations are available, to about 60 km in 1860 when 53 rain-189 

gauges were operating and to 25 km in 1900 with more than 250 records. During the 20th 190 

century this value reduces further reaching about 8 km within the study domain in the decades 191 

of maximum data availability (1951–2000). 192 

The rain-gauge density varies significantly over the years also on altitude ranges. Most of the 193 

ancient sites are located at low elevations and the distribution gradually becomes more 194 

homogeneous over all the elevation bands in the 20th century. Despite of the increment of 195 

data availability for the highest elevations, the coverage of in-situ data is still low or even 196 

missing for a relevant fraction of the grid cells located above 2000 m a.s.l. which are about 197 

30% of study area grid cells. 198 

2.3 The interpolation scheme: from rain-gauge network to gridded records 199 

The gridded dataset of 1800–2016 monthly precipitation records over the study domain was 200 

reconstructed on a 30-arc second resolution digital elevation model (DEM) by means of the 201 

anomaly method. In this scheme the precipitation signal is reconstructed by superimposing 202 

the spatial fields of monthly climatologies and the spatio-temporal fields of relative 203 

anomalies. The two fields are computed separately and the final monthly estimate is obtained 204 

by their product.  205 

The monthly precipitation climatologies were constructed over the 1961–1990 period 206 

corresponding to the 30 years of maximum data availability. The station monthly normals 207 



were computed after completing the gaps of the series over the reference period and the 208 

resulting data density is on average one station per 53 km2. They were then interpolated onto 209 

the DEM by means of a Local Weighted Linear precipitation-elevation Regression (LWLR) 210 

as described in Crespi et al. (2018). In LWLR the precipitation‐elevation relationship is 211 

allowed to change for each grid cell. In fact, precipitation‐elevation relationship is estimated 212 

for each 30 arc-second grid cell of the domain by choosing the most appropriate set of stations 213 

taking into account the topographic similarities between the stations and the grid cell itself, 214 

in terms of radial distance (rad), vertical distance (h), slope steepness (st), slope orientation 215 

(facet) and distance from the sea. In order to take into account the actual spatial scales at 216 

which the interactions between atmospheric circulation and orography are expected to occur, 217 

a smoothed DEM version was used where the terrain details are reduced but retaining the 218 

original horizontal step of 30 arc-second (Daly et al., 2002; Foresti et al., 2018; Crespi et al., 219 

2018).  220 

To compute the anomaly fields the station monthly records over the period 1800–2016 were 221 

converted into monthly relative anomalies, i.e. the ratio to their corresponding 1961–1990 222 

normals, and they were interpolated over the DEM by means of a weighted averaging 223 

scheme. In this method, the relative anomaly for a certain month and grid cell is defined by 224 

the weighted average of the surrounding station anomalies whose weights are expressed as 225 

the product of Gaussian functions depending on radial and vertical distance from the target 226 

point (Brunetti et al., 2012). The halving distance of the radial weight was defined year-by-227 

year according to the evolution of data availability over the whole period. In particular, it 228 

corresponds to the mean radius of the circle centred on the grid cells and containing at least 229 

three stations with valid observations. The value rapidly decreases from about 200 km during 230 

the earliest years to about 20 km in 1900 and further to 10 km after 1951 up to present. This 231 

approach allowed to exploit the fine-scale information provided by the period of dense data 232 

coverage and to include the available records on a larger area when stations are sparser 233 

(Brunetti et al., 2012). The halving factor for the weight of elevation difference was set to 234 

2250 m over the whole period on the basis of a minimization error procedure. Since it is 235 

relatively high, the station weights are mainly defined by the nearness to the considered cell.  236 



The 1800–2016 monthly precipitation records in absolute values over the grid were finally 237 

obtained as the product of the 1961–1990 monthly climatologies and the interpolated series 238 

of monthly anomalies. As examples of the resulting fields, in Figure 3 the precipitation 239 

distribution for the months featuring the highest total areal monthly precipitation sum on the 240 

study basin over each 40-year subperiods from 1861 to present are reported together with the 241 

available station records. The figure highlights also the gradual increase of data coverage 242 

over the study domain which passes from 8 stations for September 1882 to almost 200 243 

stations in October 1960. 244 

The 1800–2016 monthly areal precipitation record of the upper part Adda river basin was 245 

obtained as follows:  246 

𝑞𝑡 = ∑ 𝑝𝑗,𝑡 ∙ 𝑆𝑗 ∙ 𝑓𝑗𝑗     (1) 247 

where 𝑞𝑡 is the areal precipitation for the time step 𝑡, 𝑝𝑗,𝑡 is the precipitation reconstructed 248 

for the time step 𝑡 at the grid cell 𝑗 and 𝑆𝑗 and 𝑓𝑗  are the cell area and the fraction of cell 249 

belonging to the basin, respectively. In order to express the precipitation record in 250 

millimeters, the computed values were finally normalized by the basin total surface. 251 

2.4 Validation of gridded data and basin precipitation series 252 

The accuracy of the climatologies was assessed by reconstructing in leave-one-out (LOO) 253 

approach the 1961–1990 monthly normals of the 338 stations inside the study domain, i.e. 254 

by excluding the observation under reconstruction in order to avoid self-influence. The same 255 

LOO reconstruction was also applied on the monthly anomaly series of the 338 stations 256 

within the study domain in order to evaluate the agreement between the modelled anomalies 257 

and the observed ones. The errors were evaluated in terms of mean error (BIAS), mean 258 

absolute error (MAE), mean absolute percentage error (MAPE) and root mean square error 259 

(RMSE). 260 

However, the reconstruction errors of monthly records could be computed only from 1864, 261 

because no record is available for the study domain until 1861 and the data coverage before 262 

1864, when most Swiss rain-gauges started operating, is not enough to provide a significant 263 

evaluation of the reconstruction ability at station sites. In order to evaluate the reconstruction 264 

accuracy of the anomaly gridding procedure also over the early years, an iterative procedure 265 

was performed. The period 1801–1950 was divided in 30 consecutive 5-year intervals and 266 



the 1951–2000 monthly anomalies of all the stations in the study domain were iteratively 267 

reconstructed in LOO approach by considering only the records of the stations operating in 268 

each 5-year subperiod. The 1951–2000 period was chosen as reference as it corresponds to 269 

the years of best station coverage. The same halving distance coefficient, already computed 270 

for each year whose data availability is considered (see section 2.3), was used and whenever 271 

a station record selected for the reconstruction did not cover the period 1951–2000 the 272 

anomalies of the nearest available station were used in order to prevent the reconstruction 273 

from being biased by the missing data. The reconstruction errors were computed by 274 

comparing the measured 1951–2000 monthly anomalies of each station in the study domain 275 

with the corresponding simulated series obtained by varying the data coverage. 276 

The same procedure was applied also to evaluate the uncertainty evolution of the monthly 277 

basin precipitation record in relation to the rain-gauge coverage variation over the study 278 

period. Since the actual monthly total precipitation series over the basin is unknown, the 279 

estimated values over the 1951–2000 period of best data availability were considered as 280 

reference since they are expected to be characterized by the highest robustness. The 1951–281 

2000 monthly basin precipitation record was then iteratively reconstructed by computing the 282 

monthly anomaly fields only from the data of the available stations in each 5-year subperiod 283 

from 1801 to 1950. At each iteration, the gridded dataset was rescaled to absolute values by 284 

means of the 1961–1990 climatologies and Eq. 1 was applied to get the areal precipitation 285 

estimates which were compared to the reference one. In particular, MAPE values were 286 

computed for each iteration as follows: 287 

𝑀𝐴𝑃𝐸𝑖 =  
1

𝑇
∙ ∑

|𝑞̃𝑡,𝑖−𝑞𝑡|

𝑞𝑡

𝑇
𝑡=1 ∙ 100                   (2) 288 

where 𝑞̃𝑡,𝑖 is the simulated basin precipitation for time step 𝑡 by considering the station 289 

availability in subperiod 𝑖, 𝑞𝑡 is the reference precipitation value at time 𝑡, T is the total 290 

length of the series and 𝑡 runs from January 1951 to December 2000. 291 

3. Results and Discussion 292 

3.1 Climatologies, anomalies and precipitation records 293 

The error values of 1961–1990 monthly climatology reconstruction are listed in Table 1. 294 

BIAS is almost null in all months with a slight underestimation in summer. Despite the lowest 295 



MAE values, which are mainly due to the drier conditions, the model is affected by the 296 

greatest uncertainty in winter, when MAPE reaches the maximum in January (16%). The 297 

greater MAPE in winter could be partly ascribed to the difficulties in measuring the 298 

contribution from solid precipitation in high-elevated areas. The wind-induced undercatch is 299 

in fact one of the main causes of precipitation underestimation at mountain sites, which are 300 

mostly exposed to intense winds and snowfall events (Sevruk et al., 2009). 301 

As regards the annual precipitation climatology (Figure 4), the mean annual precipitation 302 

normals for the study domain and the study basin are 1314 mm and 1296 mm, respectively. 303 

The driest area is located over the North-Eastern part of the study domain along the Venosta 304 

Valley where a rain shadow effect occurs leading to less than 500 mm year-1, while the 305 

highest precipitation values occur over the western portion of the study domain over the 306 

Como Prealps and the Canton of Ticino with annual maxima exceeding 2000 mm, especially 307 

around the San Bernardino Pass. Other wet conditions are evident over the Orobian Alps, 308 

South of the basin, with annual totals ranging between 1600 and 2000 mm, while the 309 

innermost part of Valtellina is characterized by lower precipitation values, especially around 310 

Sondrio, where annual totals are below 800 mm year-1. A similar pattern is also evident along 311 

the course of Oglio river flowing South-East of the Adda basin into Lake Iseo where annual 312 

totals decrease of about 25% with respect to surrounding areas. 313 

The driest conditions occur during winter (DJF) over the entire area, with less than 100 mm 314 

season-1 over wide portions of Valtellina, Grisons and Venosta Valley (Figure 5). Except for 315 

winter, the precipitation regime is almost invariant along the year, with slightly wetter 316 

conditions during summer (JJA) when they are mainly driven by convective phenomena 317 

enhanced by moist and warm Mediterranean air at low levels and drier and colder continental 318 

currents at higher levels. Considering the average over the grid cells of the study basin only, 319 

the precipitation normal is 170 mm in winter, 350 mm in spring (MAM), 410 mm in summer 320 

and 365 mm in autumn (SON), while the yearly cycle of monthly precipitation is 321 

characterized by the highest and rather constant contributions between April and November 322 

(~10% of yearly values), with other months accounting for about 5% of the yearly values. 323 



As regards the accuracy of monthly anomaly reconstruction, by considering all the available 324 

data over the study period for each month, MAE ranges from 0.24 in December to 0.14 in 325 

May, confirming the greater difficulty in capturing winter precipitation.  326 

Figure 6 reports the time evolution along the 1864–2016 period of average annual MAE and 327 

BIAS obtained over all the available station anomalies at each time step. The highest average 328 

MAE values occur at the beginning of the considered interval with maxima around 0.30 when 329 

they are mostly affected by the low data coverage, MAE gradually reduces over the following 330 

decades to about 0.20 and it decreases further to about 0.15 from the second half of the 20th 331 

century during the period of best data availability. A slight increment is evident in the last 332 

years, probably due to the decrease of updated data for the most recent period. The evolution 333 

of average BIAS is more regular and, except for the first two decades, it is almost null over 334 

the whole period. 335 

By applying the iteratively procedure described in Section 2.4 also the influence of station 336 

density on the reconstruction accuracy was evaluated and the results are reported in Figure 337 

7. The errors reduce significantly after 1861, when the first stations started operating inside 338 

the study domain, and the MAE distributions remain almost stable with median values around 339 

0.2 from the beginning of the 20th century. It is worth noting that even if the coverage before 340 

1860 leads to larger errors with medians around 0.4, there is no further decrease in 341 

performances even for the lowest data coverage of the first years, when very few stations 342 

enter in the interpolation.   343 

The rather low reconstruction errors obtained over almost the whole investigated period are 344 

mainly due to the large spatial coherence of anomalies which allow to estimate a reliable 345 

climatic signal even when the data density is lower. The distribution of the correlation 346 

between the anomaly records of all the station pairs within the study domain as function of 347 

their distance shows in fact correlation values above 0.7 even for distances greater than 70 348 

km. 349 

The accuracy in reconstructing the secular monthly precipitation records in absolute values 350 

was also evaluated by converting the LOO station monthly anomalies into millimeters by 351 

means of the product for the corresponding LOO normals. The largest fraction of MAPE 352 



values obtained by the comparison of the station simulations with observations over the 353 

1864–2016 period ranges between 16% and 23% with about 20% as average value. 354 

3.2 The 1800–2016 monthly areal precipitation record of the study basin 355 

The 1800–2016 monthly areal precipitation record of the upper Adda river basin was 356 

computed by means of Eq. 1. The availability of the gridded precipitation dataset allowed to 357 

assess total precipitation falling on the study basin at any time step over the whole considered 358 

period. This information can be retrieved by means of the anomaly method and not directly 359 

from the absolute station records only: if the monthly precipitation fields were estimated by 360 

simply interpolating the monthly records of available stations, the study basin areal 361 

precipitation would be significantly underestimated, at least before 1951. The 362 

underestimation obtained by just interpolating the monthly observations before the 1860s is 363 

about 30% and it reduces to about 10% in the following years until 1900. After that the bias 364 

gradually decreases, even though it remains above 5% until 1951. This outcome reflects the 365 

fact that the station distribution before 1951 is biased towards low-level areas, where also 366 

precipitation normals are generally lower than at higher elevations. The anomaly method 367 

integrates the spatial precipitation gradients contained in the climatological fields allowing 368 

to avoid the bias due to the uneven station coverage in the resulting areal precipitation records 369 

for the study basin. 370 

However, even though unbiased, the accuracy of this record varies over time. The error 371 

evolution, as obtained by means of the method described in the section 2.4, is summarized in 372 

Table 2. The MAPE (Eq. 2) computed on annual scale is about 10% for all the station 373 

coverages before 1855, it decreases to 7% by considering the data density of 1856–1860 and 374 

to 4% with the availability of 1861–1865 when the first stations inside the study domain 375 

started operating. The annual error reduces further to 2% with the station availability from 376 

1881 and to 1% by taking into account the network coverage from 1921. The correlation 377 

coefficients between 1951–2000 simulated and reference precipitation records on annual 378 

scale show the same behaviour as MAPE, with values above 0.90 from 1861 availability 379 

onwards. 380 

It is worth noting that the reconstruction from the few available data of the first decades is 381 

relatively robust and errors are constantly around 10% even when less than ten stations are 382 



used for the interpolation. In order to assess the meaningfulness of the information on the 383 

study basin retrieved from these few stations all located outside the study domain, we 384 

extracted 1000 sets of 50 random values from a normal distribution with the same mean and 385 

standard deviation as the 1951–2000 annual precipitation series and the corresponding 386 

MAPEs were computed. The average error turns out to be about 20%, which proves the 387 

consistency of the estimated accuracy and gives evidence of the ability of the database to 388 

provide a reliable climate signal over the basin even for the most remote years. Very similar 389 

outcomes are depicted also at seasonal scale. The lowest agreement is pointed out for winter 390 

with MAPE of about 30% for the data availability of the first decades, when all the rain-391 

gauges were located at low elevation, and it decreases below 5% only after 1910. For the 392 

other seasons, the reconstruction errors are below 5% already from 1881, when only 4 393 

stations were operating inside the study basin, and they generally reach 2% by using the data 394 

distribution after 1910. 395 

3.3 Variability and trends of the multi-century precipitation record of Adda basin 396 

The 1800–2016 annual and seasonal precipitation records for the study basin (Figure 8) were 397 

analysed for long-term trends by performing the Theil-Sen test (Theil, 1950), while the trend 398 

significance was assessed by the Mann-Kendall test (Kendall, 1975). Considering a 399 

confidence level of 0.05, a significant negative annual trend of -51 ± 25 mm century-1 was 400 

pointed out, while, on seasonal scale, a negative tendency is depicted in all cases even though 401 

it turns out to be significant for autumn precipitation only with a loss of -40 ± 16 mm century-402 

1. These values correspond to a -3.8 ± 1.9 % and -9.3 ± 3.8 % century-1 decrease, respectively. 403 

The 1800–2016 negative trend is likely to be largely driven by the wet conditions 404 

characterizing the beginning of the 19th century. In addition, the earliest values are more 405 

affected by uncertainty which has to be considered in the trend evaluation. In fact, excluding 406 

the first decades the annual trend remains negative, but its p-value is above 0.05.  407 

It is however worth considering that the long-term trend of the basin precipitation record 408 

could be slightly biased because of the changes over time of rain-gauge snow undercatch. A 409 

detailed discussion about this issue is provided in the following section, while trend 410 

estimations are performed without considering it also in order to allow the comparison with 411 



other literature results which do generally not take into account the rain-gauge snow 412 

undercatch. 413 

In order to investigate the variability of precipitation over the basin on a finer time scale, a 414 

running-trend analysis was performed on the 1800–2016 annual and seasonal records. The 415 

Theil-Sen slopes and Mann-Kendall significances were computed on windows of increasing 416 

width from 20 years up to the entire period spanned by the series and running from the 417 

beginning to the end of the record. The running trend on annual values (Figure 9a) confirms 418 

a negative long-term tendency which, however, assumes significance only if almost the 419 

whole period is included in the evaluation. The most frequent trend values range from -10 to 420 

+10 mm decade-1 but only a low fraction of the trends has p-values below 0.05, as shown by 421 

the pixel size. A more relevant variability in precipitation regime is evident at shorter time 422 

scales with a sequence of wetting and drying conditions, especially in the first half of the 20th 423 

century. A high frequency variability was also pointed out for seasonal records (Figure 9b-424 

9e), while only the autumn series shows a significant drying tendency at long-time scale, 425 

which persists even varying the beginning of the considered window. It is interesting to note 426 

the strong negative trend in spring precipitation series starting from the 1910s that is evident 427 

also for time windows longer than 50 years. This trend is due to the rather lower precipitation 428 

values from the 1940s which correspond to a severe hydrological drought and which are 429 

interrupted by a relevant increase in the 1970s (Figure 9c). After this decade, however, spring 430 

precipitation returns to be rather low, with another very severe drought at the beginning of 431 

the 21st century (see also Figure 8), and it shows significant negative trends even over 100-432 

year long periods starting around the 1910s. This spring trend is also highlighted by Brugnara 433 

and Maugeri (2019). 434 

3.4 Comparison of basin precipitation and runoff series 435 

Before comparing the annual precipitation series of the study basin with the corresponding 436 

runoff record (1845–2016), it is necessary to take into account the well-known problem of 437 

rain-gauge snow undercatch, which could account for up to several tens of percents of the 438 

measured values, especially at the high-level sites characterized by higher wind speed 439 

(Sevruk, 1985; Richter, 1995; Frei and Schär, 1998). Ranzi et al. (1999) and Grossi et al. 440 

(2017) showed that the underestimation of snow precipitation for a rain-gauge network in an 441 



area including also the Adda river basin, could range between 30% and 70% depending on 442 

the location, wind velocity and instrument type.  443 

Even though well-known, the problem of snow undercatch is very difficult to address as it is 444 

extremely site-dependent and relevant amount of station metadata and meteorological 445 

information, especially wind speed, are required to punctually provide reasonable evaluations 446 

of the undercatch. For this reason, most climatologies and precipitation analyses are 447 

performed without applying any correction at station level (e.g. Frei and Schär, 1998; Isotta 448 

et al., 2014; Crespi et al., 2018; Pavan et al., 2018): corrections which are not representative 449 

of the specificities of each station location could in fact introduce significant local errors 450 

reducing the accuracy of the interpolated fields. 451 

In order to take anyway into account the rain-gauge snow undercatch at basin scale in the 452 

comparison with the annual runoff series, we tried to evaluate the entity of this systematic 453 

bias on the annual basin precipitation series. To do this, we need to consider the different 454 

issues affecting this evaluation: i) the snow undercatch correction should be applied only to 455 

the solid fraction of precipitation which has to be identified on the basis of the temperature 456 

of each grid cell; ii) the increase of temperature over the past decades caused a reduction of 457 

the snowfall events in some elevation bands and the consequent snow undercatch decrease 458 

along time introduces a spurious positive trend in total measured precipitation amount; iii) 459 

since the stations located at low elevation and in the inner valleys (i.e. where the solid 460 

precipitation amount and/or wind exposure are lower) are less affected by snow undercatch, 461 

its impact on the basin precipitation series varies in time, driven by temporal evolution of the 462 

spatial distribution of available stations: in the early period, for which anomalies are 463 

reconstructed from only low-level stations, the undercatch is less relevant. 464 

In order to take into account all these issues, we firstly applied to each grid-point monthly 465 

precipitation value of the 1951–2000 period, i.e. the period with maximum data availability, 466 

the correcting algorithm proposed by Eccel et al. (2012) and also used by Grossi et al. (2017) 467 

for the Adda river basin. In this scheme, a correction factor of 1.5 is introduced to increase 468 

the precipitation likely occurring in solid form (with monthly average temperature T ≤ 0 °C) 469 

while a linearly temperature-dependent correction is applied for precipitation likely occurring 470 

in mixed form (with monthly average 0 °C < T < 2 °C). The gridded monthly temperature 471 



records we used in this procedure were computed by applying to temperature observations 472 

the same anomaly procedure described for precipitation (Brunetti et al., 2012), exploiting the 473 

high-resolution temperature climatology published by Brunetti et al. (2014) and an improved 474 

version of the temperature time series presented in Brunetti et al. (2006b). The average ratio 475 

between the corrected and uncorrected annual basin precipitation values turned out to be 1.11 476 

which was applied as multiplicative coefficient to correct the latter series over the entire 477 

1800–2016 period. The multiplicative coefficient was calculated over the 1951–2000 interval 478 

even though temperature data are available for the entire study period because the station 479 

network after 1950 provides the best representation of the whole elevation range of the study 480 

domain. Before this year the availability of high-level rain-gauges decreases and, especially 481 

in the first half of the 19th century, the database mainly represents low-level areas. The 482 

precipitation anomalies of high-elevation grid cells for this period are derived from the 483 

anomalies of low-elevation stations which are less affected by the undercatch bias: if we 484 

corrected them directly, the correction would be overestimated since it assumes undercatch 485 

contributions corresponding to high-elevation grid-cell temperatures. 486 

A further limit of the correction procedure is that it was applied at monthly scale, but the 487 

monthly average temperature provides only a rough estimation of the actual temperatures of 488 

the days in which precipitation occurs.  489 

The comparison with the annual runoff series was performed over the 1846–2016 period on 490 

the basis of the hydrological year, i.e. from September to August, in order to take into account 491 

the fraction of precipitation falling as snow during autumn and winter which is released 492 

during the following snowmelt runoff in spring and summer. This is also the 12-month period 493 

providing the highest correlation values between runoff and precipitation series, both with 494 

and without snow correction. The mean annual difference between precipitation and runoff 495 

proves the relevance of the correction: it turns out to range from about 300 mm in the first 496 

years to about 400 mm in recent decades with a mean value over the whole period of 330 497 

mm, which decreases to only 178 mm if the uncorrected precipitation series is considered. 498 

Since the main mechanism explaining the water loss from the basin is evapotranspiration, 499 

annual water losses below 200 mm seem to be strongly lower than expected. In fact, previous 500 

literature studies applying the Penman-Monteith equation at specific sites in Adda basin (e.g. 501 



Ranzi and Bacchi, 1998) and in nearby basins in Switzerland (Gurtz et al., 1999) suggest that 502 

the actual evapotranspiration over the study basin, whose mean elevation is 1591 m a.s.l., is 503 

currently expected to be around 400 mm per year.  504 

Besides systematically underestimating the measured precipitation, the rain-gauge snow 505 

undercatch affects also the long-term precipitation trends due to the strong temperature 506 

increase occurring over the study period. In order to test the sensitivity of the snow 507 

undercatch to temperature, the correction algorithm was applied by both increasing and 508 

decreasing the grid-point temperatures by 1 °C and by comparing the resulting multiplicative 509 

coefficients. The temperature is found to have a small but significant influence on the long-510 

term precipitation trend increasing the precipitation values at basin scale of about 1.5%-2.0% 511 

per °C of temperature increment. The low effect of temperature on the precipitation trend is 512 

also confirmed by deriving the grid-point precipitation anomalies only from the stations that 513 

are less affected by rain-gauge snow undercatch (i.e. stations below 500 m a.s.l. or in the 514 

inner valleys of higher elevation areas) and by comparing the annual basin precipitation series 515 

with the corresponding series obtained from the full database over the 1921–2016 period, 516 

which is the longest period in which high-elevation areas are still represented by a rather 517 

good station coverage. The annual differences between the basin precipitation series retrieved 518 

from all and low-level stations show a positive trend due to a slightly stronger decrease of 519 

the precipitation record obtained from the low-level stations. This positive trend is however 520 

rather small (17 mm century-1, corresponding to slightly more than 1% century-1 of basin 521 

precipitation), even though the temperature trend in this period is rather strong (1.6 °C 522 

century-1). Overall, these results suggest that temperature trend induces a positive bias of 523 

about 1% century-1 in long-term precipitation trend that is within the error of precipitation 524 

trend estimations. 525 

The series of annual runoff coefficients, i.e. the ratios between annual runoff and corrected 526 

precipitation (Figure 10a), was then subjected to trend analysis. A strongly significant 527 

negative trend of -6.4 ± 1.0 % century-1 was pointed out over the whole period, also 528 

confirmed by the running trend graph (Figure 10b), where a significant negative trend is 529 

pointed out for almost all windows at least one century long. On shorter time scales 530 



significant decreases are also evident for windows starting around 1850 and for time intervals 531 

beginning in the 1930s and in the 1980s and spanning 20-30 years.  532 

Moreover, the windows starting at the end of the 19th century and spanning few decades 533 

exhibit an increasing tendency which can be explained by the corresponding positive trend 534 

of precipitation and resulting increased runoff. The negative trend of the annual runoff 535 

coefficient series is due to basin runoff decreasing stronger than basin precipitation. The 536 

basin runoff exhibits in fact a rather relevant reduction of -11.8 ± 3.2 % century-1 (Mann 537 

Kendall p-value strongly below 0.01) that is clearly stronger than the precipitation decrease, 538 

even if the hypothesis of the temperature-induced positive bias in precipitation record is 539 

considered. The TS trends in the 1846–2016 series of annual precipitation, runoff and runoff 540 

coefficient based on the hydrological year are summarized in Table 3, in both absolute and 541 

relative terms.  542 

The decrease of the runoff coefficient series seems to highlight long-term changes in 543 

evapotranspiration probably mainly induced by increasing temperature, as will be discussed 544 

more in detail in the companion paper by Ranzi et al. (this issue), focused on the 172-long 545 

time series of daily runoff. Another contribution to the variation of the evapotranspiration 546 

over the study basin could derive from changes in land use and coverage occurring over the 547 

study period, with the expansion of forests enhanced by the gradual decline of human 548 

communities and pastures over the mountainous areas (Guidi et al., 2014; Ranzi et al., 2017). 549 

It is also worth noting that the recent enhancement of glacier melting could slightly mask the 550 

actual long-term decrease in the runoff coefficient which, without the contribution from 551 

glacier melting, could be even more negative than observed. This effect has however to be 552 

considered together with the positive bias in measured precipitation due to the reduction of 553 

the rain-gauge snow undercatch. 554 

4. Conclusions 555 

The 1800–2016 monthly areal precipitation series for the upper part of the Adda river basin 556 

(Central Alps) was computed by means of the anomaly method and a quality-checked and 557 

homogenized database of monthly station records spanning more than two centuries and 558 

covering a wide area centred on the study basin. More specifically, the record was computed 559 

from a 30-arc second resolution grid of 1800–2016 precipitation series obtained by 560 



superimposing the 1961–1990 Local Weighted Linear precipitation-elevation Regression 561 

climatologies and the corresponding monthly anomalies interpolated by a weighted 562 

averaging approach depending on station distance and elevation difference from the target 563 

cell. 564 

The temporal evolution of the reconstruction accuracy as well as of the robustness of the 565 

areal precipitation estimates in respect to the variability in data coverage was assessed by 566 

means of leave-one-out validation and sensitivity tests. The accuracy rapidly increases after 567 

the first decades and rather low errors are obtained even for the years of sparse data coverage 568 

thanks to the anomaly method which avoids significant underestimations in areal 569 

precipitation occurring if the station values were interpolated directly. 570 

Significant negative trends were found for the 1800–2016 annual (-3.8 ± 1.9 % century-1) 571 

and autumn (-9.3 ± 3.8 % century-1) areal basin precipitation records, even if the p-value of 572 

the annual signal is above 0.05 if the first decades are excluded from the analysis.  573 

The comparison of the annual basin total precipitation series with the corresponding runoff 574 

series over the 1845–2016 period allowed to better investigate both records. For this period, 575 

the negative trend of uncorrected and corrected precipitation is -41±34 mm century-1 and -576 

46±37 mm century-1 respectively, but none of them is significant at 5 % level. 577 

Firstly, it allowed to discuss the contribution of rain-gauge snow undercatch to the annual 578 

basin precipitation series and to apply a suitable correcting procedure which is needed to 579 

explain unrealistic low annual losses (below 200 mm) resulting from the difference between 580 

uncorrected precipitation and runoff. The comparison between runoff and corrected 581 

precipitation provides current annual evapotranspiration estimates over the basin of about 582 

400 mm, a value consistent with the results reported in literature for the Adda river and rather 583 

similar Alpine basins. 584 

Secondly, the precipitation-runoff comparison allowed to highlight a strong decrease in the 585 

runoff coefficient series (-6.4 ± 1.0 % century-1) due to a relevant reduction of annual runoff 586 

of -11.8 ± 3.2% century-1. The runoff variation is expected to be mainly determined by the 587 

increase in evapotranspiration which is probably driven by both warming and changes in land 588 

use and coverage. In addition, a small contribution to runoff could derive from the accelerated 589 



melting of basin Alpine glaciers during the recent decades which could slightly reduce the 590 

actual runoff losses.  591 
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Figures and Tables 768 

Figure 1: Spatial distribution of the available stations over (a) the larger area surrounding 769 

the study 770 

domain and (b) inside it. In panel (a) only the station series starting before 1861 are shown 771 

with series starting before 1811 represented by black points, in panel (b) all the available 772 

records are reported together with the corresponding starting year. 773 

https://doi.org/10.1029/2006WR005653


Figure 2: Availability of monthly records over the study domain (solid line) and the study 774 

basin (dashed line). 775 



Figure 3: Monthly precipitation fields corresponding to the greatest total areal precipitation 

values over the study basin for the subperiods a) 1861–1900, b) 1901–1940, c) 1941–1980, 

d) 1981–2016. The points represent the monthly records at the available station sites. 

 

 

 

 

 

 

 

 

 



MONTH  BIAS MAE MAPE [%] RMSE 

1  0.0 9.1 15.6 12.5 

2  0.4 7.9 14.0 11.0 

3  0.2 9.8 12.4 14.5 

4  -0.1 13.7 12.1 20.5 

5  -0.4 14.8 9.6 20.6 

6  -0.3 12.6 9.3 16.6 

7  -0.3 11.0 9.0 14.1 

8  -0.5 11.1 8.0 14.8 

9  -0.2 11.8 10.0 16.0 

10  0.0 13.0 10.7 18.1 

11  -0.2 13.6 12.3 20.3 

12  0.2 8.0 14.3 11.6 

Table 1: Monthly leave-one-out reconstruction errors of the 1961–1990 normals for the 

338 stations included in the study domain. Except for MAPE, all the values are expressed 

in mm and BIAS is defined as the difference between simulation and observation. 

Figure 4:  1961–1990 annual precipitation climatologies. 776 



Figure 5: 1961–1990 seasonal precipitation climatologies. 777 



Figure 6: Evolution of annual MAE (solid line) and BIAS (dashed line) of leave-one-out 778 

reconstruction of the 1864–2016 station monthly relative anomalies available inside the study 779 

domain. The differences between simulated and measured station anomalies are considered. 780 

Figure 7: MAE distribution obtained from the reconstruction of the 1951–2000 monthly 781 

anomalies of all the stations in the study domain by considering only the records from the 782 



rain-gauges available in each 5-year subperiod from 1801 to 1950. The boxes represent the 783 

inter-quartile range and the median is reported by the bold line; the whiskers represent the 5–784 

95% quantile range. 785 

 

  YEAR    DJF MAM JJA SON 

5-YEAR DATA 

AVAILABILITY 

MAPE 

[%] 
r   MAPE [%] 

1801-1805 9.5 0.72   28.8 23.4 15.5 25.2 

1821-1825 9.9 0.69  29.4 23.9 17.2 25.2 

1841-1845 9.9 0.72  29.2 24.4 16.7 22.8 

1856-1860 7.1 0.87  22.7 18.7 12.3 18.3 

1861-1865 3.8 0.96  16.5 7.1 6.3 7.8 

1881-1885 2.0 0.99  7.4 3.8 3.7 4.2 

1901-1905 2.2 0.99  8.0 3.4 3.7 4.1 

1911-1915 1.6 0.99  4.3 2.3 2.4 2.7 

1921-1925 1.1 >0.99   3.4 1.6 1.7 1.9 

Table 2: Annual and seasonal MAPE values of the reconstructed 1951–2000 total 

precipitation series by considering the data availability in some selected 5-year subperiods 

from 1801. For the annual simulations only, the correlation coefficients are reported too. 



Figure 8: 1800–2016 annual and seasonal series of total precipitation of the upper Adda river 786 

basin (solid black line) together with a 11-year centred Gaussian filter with 3-year standard 787 

deviation (red solid line) and the Theil-Sen linear fit (dotted line). 788 



Figure 9: Running trend of annual and seasonal precipitation series. Trend values are 789 

expressed by colours (green to purple positive and yellow to brown negative) while trend 790 

significance is represented by the pixel size (larger pixels for Mann-Kendall p values <.05). 791 



Figure 10: Temporal evolution of the annual (hydrological year) runoff coefficient: In panel 792 

(a) the 1846–2016 series (black solid line) is shown together with a 11-year centred Gaussian 793 

filter with 3-year standard deviation (red solid line) and the Theil-Sen linear fit (dashed line); 794 

in panel b) the running trend is reported. Trend values are expressed by colours (green to 795 

purple positive and yellow to brown negative) while trend significance is represented by the 796 

pixel sizes (larger pixels for Mann-Kendall p values <.05). 797 

 



  
Annual 

Precipitation 
Annual Runoff 

Annual Runoff 

Coefficient 

Absolute  
- 46 ± 37 

(mm century -1) 

- 136 ± 37 

(mm century -1) 

- 0.064 ± 0.010 

(mm/mm century -1) 

Relative  
- 3.1 ± 2.5 

(% century -1) 

- 11.8 ± 3.2 

(% century -1) 

- 8.3 ± 1.3 

(% century -1) 

 

Table 3: TS trend slopes obtained for the study basin annual precipitation, runoff and 

runoff coefficient over the period 1846–2016. The annual totals are based on the 

hydrological year, i.e. from September to August. 


