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Abstract 17 

For a few decades the local rainfall measurements are generally obtained by tipping bucket 
18 

sensors, that allow to record each tipping time corresponding to a well-known rain depth. 
19 

However, a considerable part of rainfall data to be used in the hydrological practice is 
20 

available in aggregated form within constant time intervals. This can produce undesirable 
21 

effects, like the underestimation of the annual maximum rainfall depth, Hd, associated with a 
22 

given duration, d, that is the basic quantity in the development of rainfall depth-duration-
23 

frequency relationships. The errors in the evaluation of Hd from data characterized by a coarse 
24 

temporal aggregation, ta, and a procedure to reduce the non-homogeneity of the Hd series are 
25 

here investigated. Our results show that for ta=1 minute the underestimation is practically 
26 

negligible, whereas for larger temporal aggregations with d=ta the error in a single Hd can 
27 

reach values up to 50% and in a series of Hd in the average up to 17%. Relationships between 
28 
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the non-dimensional ratio ta/d and the average underestimation of Hd, derived through 
29 

continuous rainfall data observed in many stations of Central Italy, are presented to overcome 
30 

this issue. These equations allow to improve the Hd estimates and the associated depth-
31 

duration-frequency curves at least in areas with similar climatic conditions. The effect of the 
32 

correction of the Hd series on the rainfall depth-duration-frequency curves is quantified. Our 
33 

results indicate that the improvements obtained by the proposed procedure are of the order of 
34 

10%. 
35 

 36 
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 39 

 40 

1. Introduction 41 

Rainfall data with relatively high time resolution are essential for many hydrologic studies, 42 

including the development of rainfall modeling (Corradini and Melone, 1989; Haile et al., 43 

2011a), simulation of infiltration (Melone et al., 2008), representation of the mechanisms of 44 

runoff generation (Govindaraju et al., 1999), description of soil erosion (e.g. Angel et al., 45 

2005) and even design of hydraulic infrastructure systems (Adamowski et al., 2010; Notaro et 46 

al., 2015). The last topic relies upon the determination of rainfall depth-duration-frequency 47 

relationships (Willems, 2000; Overeem et al., 2008) which require the knowledge of the 48 

annual maximum rainfall depths, Hd, accumulated over different durations, d (Koutsoyiannis 49 

et al., 1998). The time resolution of rainfall data can play a significant role, particularly in the 50 

estimation of extreme rainfalls with short duration that are of primary importance in the 51 

design of widespread hydraulic and drainage infrastructure systems (Du Plessis and Burger, 52 

2015). 53 
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Historical rainfall data may be available with different temporal aggregations (or time 
54 

resolutions), ta, linked to the progress of recording systems through time. Currently, through 
55 

tipping bucket sensors, rainfall amounts are recorded in a data-logger for each tip time 
56 

associated with a fixed rainfall depth (usually 0.1 or 0.2 mm). The rain event properties are 
57 

then summarized by aggregating the number of tips over a selected ta, that can vary from 1 
58 

minute to much longer time intervals.  
59 

After this aggregation procedure, rainfall analyses at temporal scales smaller than the adopted 
60 

ta cannot be derived, while for d≥ta they can be affected by significant errors (Haile et al., 
61 

2011b). 
62 

This occurs because often in hydrological practice there is no access to basic metadata 
63 

collected by hydrological agencies, particularly in the case of historical data derived from 
64 

potentially inaccurate long-standing recording systems (e.g. paper rolls). The quantification of 
65 

the errors in extreme rainfall amount caused by different values of d for a fixed ta have been 
66 

analyzed in several studies. It is well known that for d comparable with ta the actual maximum 
67 

accumulations may be underestimated (Hershfield, 1961; Weiss, 1964; Young and McEnroe, 
68 

2003; Yoo et al., 2015). Hershfield (1961) observed that for d=ta the results obtained from an 
69 

analysis based on actual maxima were closely approximated through a frequency analysis of 
70 

Hd with values multiplied by 1.13. Weiss (1964), on probabilistic grounds, under the 
71 

assumption of a uniform rainfall throughout the duration of interest, developed a relationship 
72 

between the sampling ratio, ta/d, and the average ratio of the real maximum rainfall 
73 

accumulation for a given d to the maximum one deduced by a fixed recording interval, 
74 

henceforth designated as sampling adjustment factor (SAF). Young and McEnroe (2003) used 
75 

high temporal resolution data from 15 rain gauges located in the Kansas City metropolitan 
76 

area to derive a single empirical relationship between SAF and sampling ratio. This relation 
77 

was found to provide adjustments consistent with other empirical studies (Miller et al., 1973; 
78 
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Frederick et al., 1977; Huff and Angel, 1992). However, the length of the considered rainfall 
79 

series (in the range 5.3-14.9 years, with average value of 9.6 years) was too limited to draw a 
80 

conclusion of general validity. Yoo et al. (2015) extended the probabilistic approach 
81 

presented by Weiss (1964) considering several not uniform rainfall temporal distributions that 
82 

were found significantly related with the SAF. Overall, previous studies suggest that the SAF 
83 

is dependent on both sampling ratio and d, with the latter that is involved because the shape of 
84 

the  rainfall temporal distribution is linked to it.   
85 

The first objective of this paper is to define, for a given duration, the length of a Hd series, 
86 

observed with a given aggregation time, that is required to derive an average adjustment 
87 

factor to be applied to each series element to reduce the involved original errors. Considering 
88 

the random nature of Hd this is an important point, but sometimes it has not been considered 
89 

in depth. We note, for example, that Young and McEnroe (2003) used series with fairly short 
90 

length and did not examine the problem of their reliability in the determination of the 
91 

adjustment factors. In this study we use, as a benchmark, rainfall data observed for many 
92 

years with an aggregation time of 1 minute. Furthermore, in the analysis performed for ta and 
93 

d of interest the series  incorporate rainfall temporal distributions with a variety of shapes that 
94 

included the different theoretical distributions supposed by Yoo et al. (2015). The second 
95 

objective of this paper is to define a methodology to obtain homogeneous series of annual 
96 

maximum rainfall depths from data derived through different temporal aggregations. This is a 
97 

crucial issue because many rain gauge stations were installed in the first half of the twentieth 
98 

century and their series of annual maximum rainfall depths are not homogeneous 
99 

(Alexandersson, 1986; Hanssen-Bauer and Forland, 1994) as a result of many values derived 
100 

from rainfall data with a coarse ta (e.g. when a recording system on rolling paper was adopted) 
101 

and the remaining ones with ta=1 minute. The third objective of this paper is to estimate the 
102 
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sensitivity of the rainfall depth-duration-frequency curves to the corrections of the Hd series 
103 

performed by the proposed methodology. 
104 

 105 

 106 

2. Methods 107 

Following Burlando and Rosso (1996) and Boni et al. (2006) we provide the definition of 108 

annual maximum rainfall depth through the rainfall rate at time t, x(t), measured at a specific 109 

location. The accumulated rainfall recorded over a time interval d, xd(t), is given by:  110 

 111 

     


dxtx
dt

t
d          (1) 112 

 113 

The annual maximum rainfall depth over a duration d, Hd, is therefore expressed as: 114 

 115 

   year1dttt:txmaxH 00dd        (2) 116 

 117 

where t0 is the starting time of each year.  118 

To determine Hd for a specific year, the knowledge of rainfall data characterized by any ta ≤ d 119 

is necessary. When d=ta, independently of the rainfall pulse shape, the Hd value is sometimes 120 

correctly estimated (Fig. 1a) but can also be underestimated (Figs. 1b-c) with errors up to 121 

50% (Fig. 1c). The underestimation error adopted here is directly related to both the SAF 122 

introduced by Young and McEnroe (2003) and the correction factor of Yoo et al. (2015). 123 

 124 

 125 

insert here Fig. 1  126 
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127 

 
128 

Despite the inability to correctly quantify the accuracy of a given Hd value, a representation of 
129 

the average error for a time series containing a large number of elements can be established. 
130 

It is well-know that for each duration d, a long Hd series is affected by an average error 131 

depending on both ta and the shape of the rainfall pulses. In the case of rectangular pulses, the 132 

average underestimation is equal to 25%, because each error assumes with the same 133 

probability of occurrence a value in the range 0-50%. This is consistent with the theoretical 134 

results by Yoo et al. (2015). However, it is widely recognized that the Hd values are 135 

determined by heavy rainfalls of erratic shape (Balme et al., 2006; Al-Rawas and Valeo, 136 

2009; Coutinho et al., 2014). For example, Fig. 2 shows a few sample hyetographs associated 137 

with the annual maximum rainfall rates for d=60 minutes that were recorded by a rain gauge 138 

station located in Central Italy. The hyetographs exhibit irregular shapes that can be roughly 139 

considered of triangular type.  140 

 141 

 142 

insert here Fig. 2  143 

 144 

 145 

Under the assumption of a triangular rainfall pulse characterized by a duration d, the total 146 

rainfall depth, Rpd, is (Fig. 3a): 147 

 148 

2

hd
R pd            (3) 149 

 150 

with h equal to the rainfall intensity peak. 151 
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When ta=d, also with a triangular pulse the underestimation error of a single Hd is within the 152 

range 0-50%. The error associated with the possible pulse positions (Fig. 3b) is displayed in 153 

Fig. 3c. Its average value, Ea, obtained by integration through the pulse duration (see also Yoo 154 

et al., 2015) is given by:  155 

 156 

 ht
12

1
E aa            (4) 157 

 158 

This quantity may be expressed in terms of percentage of the rainfall pulse depth as: 159 

 160 

 161 

 
pd

a
%a

R

E
100E           (5) 162 

 163 

For ta=d, Ea% assumes the value 16.67% that agrees with the conclusions by Yoo et al. (2015). 164 

 165 

insert here Fig. 3  166 

 167 

 168 

However, an analysis of a considerable number of measured hyetographs performed for 169 

different rain gauge stations and d values highlights that in many cases before and after the 170 

peak the rainfall depth exhibits a steeper trend (Fig. 4). Therefore the actual value of Ea% 171 

should be less than 16.67%.  172 

 173 

 174 

insert here Fig. 4  175 
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 176 

 177 

We note that, in principle, underestimation errors in determining the Hd values cannot be 178 

eliminated, independently of the adopted ta. Moreover, the average error Ea% decreases when 179 

the ratio ta/d decreases. For example, from eqs. (3) and (5) it follows that: 180 

 181 

    ...,2,1ntdE
n

1
tndE a%aa%a       (6) 182 

 183 

which implies that for ta/d sufficiently small Ea% becomes negligible. 184 

On the basis of the aforementioned analysis, if d=ta=1 minute for an extreme rainfall event of 185 

intensity equal to 300 mm/h the underestimation error becomes less than 1 mm. Further, 186 

considering that from a practical point of view the durations of interest for Hd are always ≥5 187 

minutes, rainfall data with ta=1 minute may be considered with negligible error as continuous 188 

data.      189 

 190 

3. Experimental system 191 

Rainfall data used in this study were mainly recorded in the Umbria Region (8456 km
2
), 192 

located in Central Italy. This Region is characterized by a complex orography of mountainous 193 

type along the eastern side, where the Apennine Mountains exceed 2000 m a.s.l., and of hilly 194 

type with elevation ranging from 100 to 800 m a.s.l., in the central and western areas. 195 

Mean annual rainfall, for 1921-2015, is about 900 mm but varies spatially from 650 mm to 196 

1450 mm. Higher monthly rainfall values generally occur during the autumn-winter period, 197 

when floods caused by widespread rainfall are frequently observed.  198 
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A wide part of the study area is included in the Tiber River basin, which crosses the Region 199 

from North to South-West, receiving water from many tributaries mainly located on the 200 

hydrographic left side. 201 

The study area is currently monitored through a dense rain gauge network (about 1 rain gauge 202 

every 90 km
2
) mostly with a continuous (ta=1 minute) connection to a central unit by a radio 203 

link. Before 1992 a reduced rain gauge network (18 devices) was in operation with ta=30 204 

minutes. 205 

In this study only the rain gauge stations characterized by continuous rainfall data for at least 206 

20 years (16 out of 93), are considered. Their geographic position, together with the main 207 

characteristics of the selected time series, are summarized in Fig. 5. 208 

The selected rain gauge stations were divided into two groups: one with 12 stations used 209 

during a first phase to develop a methodology of data analysis and the other with 4 stations 210 

preserved for validation purposes. 211 

Rainfall data from the Fabra Observatory of Barcelona (Spain) (Burgueño et al., 1994; Casas 212 

et al., 2004), with elevation 411 m a.s.l. are also considered for the validation stage. Due to 213 

the location on the northeast coast of the Iberian Peninsula, rainfall in Barcelona is rather 214 

limited with an average annual depth less than 640 mm distributed in few rainy days (55 per 215 

year), usually in late summer and autumn when advection of warm and humid air from the 216 

Mediterranean Sea can cause heavy rainfall events of convective type (Rodríguez-Solà et al., 217 

2017). Rainfall data from Barcelona were recorded in the period 1951 – 1981 with ta=1 218 

minute. 219 

  220 

 221 

insert here Fig. 5  222 

 223 
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 224 

4. Results 225 

4.1 Development of average error relationship 226 

Starting from the continuous rainfall data of all selected stations, aggregated data with the 227 

following ta were obtained: 1 minute, henceforth denoted as “Observed”; 10, 15, 30, 60, 180, 228 

360, 720 and 1440 minutes, henceforth denoted as “Generated”. An example of this procedure 229 

is shown in Table I for rainfall data recorded at the Petrelle station. 230 

For each selected station and considering some typical values of d (≤1440 minutes), all Hd 231 

values may be easily determined by using both the “Observed” and “Generated” data. For 232 

each set of rainfall data, Hd can be deduced only for d≥ta.  233 

 234 

 235 

insert here Tab. I  236 

 
237 

 238 

Assuming each Hd value obtained from the observed data as a benchmark, the Hd 239 

underestimation caused by the use of rainfall data with a coarse ta (“Generated”) can be 240 

quantified. As representative cases, Tables II and III highlight the underestimation errors for 241 

the Bastia Umbria station considering temporal aggregations equal to 30 and 15 minutes, 242 

respectively. It can be seen that, for fixed ta and d, errors can randomly vary with years. The 243 

minimum underestimation error in Table II is practically negligible (0.32% in 1992) for 244 

ta=d=30 minutes, whereas the error increases to about 34% in 1997. It may be observed that 245 

more significant errors occur when ta=d, while they become less than 1% when ta/d≤0.1. A 246 

comparison of Tables II and III shows that the error magnitude, particularly in terms of the 247 

average value for all years, is mainly related to the ratio ta/d. For example, values in the third 248 
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column of Table II (where d=60 minutes and ta/d=0.5) are comparable with those in the 249 

second column of Table III (where d=30 minutes and ta/d=0.5), with a difference in terms of 250 

average values less than 1%. However, Table IV shows that in some cases these differences 251 

become significant because the average underestimation errors depend also on d. For equal 252 

ratios of ta/d a smaller average error is obtained when d is longer because the probability to 253 

have a dry period is higher. 254 

 255 

 256 

insert here Tab. II  257 

 258 

insert here Tab. III  259 

 260 

insert here Tab. IV  261 

 262 

 263 

Additional information on our results are given in Fig. 6, that indicates the absence of a link 264 

between the rain gauge location and the error magnitude.  265 

 266 

 267 

insert here Fig. 6  268 

 269 

 270 

Finally, the dependence of the average error on the length of the data series has been 271 

investigated. Figure 7 shows the error variability with increasing the measurement period that 272 

precedes the last Hd value. The results of this analysis, performed using series with a length of 273 

at least 20 years, are synthesized through a few representative cases referred to ta/d=1 and 274 
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d>>ta, which determine extreme values of the average error. From Figs. 7a-f it can be seen 275 

that increasing the series dimension the average error trend is rather irregular, independently 276 

of the ratio ta/d. This is an expected result considering that Hd is a random variable. However, 277 

it is possible to deduce the data series length required to obtain a reliable estimation of the 278 

average error. In most cases it should be approximately greater than 15-20 years (Figs. 7a-e), 279 

but for d>>ta (Fig. 7e) the average error magnitude is of minor importance even though much 280 

shorter lengths are used. These results highlight a possible critical point in the earlier study by 281 

Young and McEnroe (2003) who examined data series with average length less than 10 years. 282 

However, a partial support to their study is given by the results we have obtained in a limited 283 

number of historical series for which a length approximately greater than 7 years (Fig. 7f) 284 

seems to be appropriate for the average error estimation.  285 

 286 

 287 

insert here Fig. 7  288 

 
289 

 290 

An overall analysis of our results suggests that: 291 

 the developments presented in Sect. 2 for the evaluation of errors on Hd are 292 

substantially well-founded; 293 

 in any case an average error becomes reliable if its estimation is carried out on the 294 

basis of at least 15-20 years of observed rainfall data; 295 

 the largest average error occurs for d=ta and does not exceed 16.67%; 296 

 for d=nta the average error is less than or equal to (1/n)16.67%; 297 

 the average error depends on both ta/d and d; 298 
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 for each specific year the error is a random quantity with value in any case less than or 299 

equal to 50%; 300 

 the average errors are independent of the considered rain gauge location. 301 

 302 

4.2 Correction of Hd 303 

The aforementioned results account for the effect of temporal aggregation on Hd values, either 304 

for a specific year or for a long time series. Therefore, on this basis we can define a 305 

methodology to improve the homogeneity of Hd series obtained from rainfall data with very 306 

different temporal aggregations. 307 

Considering only rainfall data observed in the stations selected for the first phase of this work, 
308 

Fig. 8 displays all average underestimation errors for different values of ta/d, including those 
309 

obtained from daily rainfall data. The best interpolation function can be expressed as: 
310 

 311 

 
d

t
94.6

d

t
01.4E a

2

a
%a 








   [%]      (7) 312 

 313 

From Fig. 8 it can be deduced the uncertainty associated to the results obtained by eq. (7). 314 

This should be useful in hydrological practice because the users could decide, particularly for 315 

ta/d=1, which estimation to adopt depending on the level of risk they want to assume. 316 

 317 

 318 

insert here Fig. 8  319 

 
320 

   
321 
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Furthermore, Fig. 8 shows that our results are very close to those obtained by Young and 322 

McEnroe (2003) even though, as above discussed, in general terms they considered too short 323 

series of Hd with lengths in the range 5.3-14.9 years while lengths larger than 15-20 years 324 

could be in principle more appropriate considering also the random nature of the investigated 325 

variable. The reliable curve of Fig. 8 obtained by Young and McEnroe (2003) could be 326 

therefore ascribed to a use, for ta/d=1, of a significant number of series with lengths close to 327 

15 years and to stations with rainfall temporal structure similar to that characterizing our 328 

representative station of Fig. 6f. In any case, the stations to implement to obtain acceptable 329 

data corrections through shorter series lengths cannot be identified a priori, therefore the good 330 

relation proposed by Young and McEnroe (2003) does not justify the adoption of series with 331 

too short duration. In addition, Fig. 8 highlights a significant difference between our 332 

representation of the average error by eq. (7) and that proposed by Weiss (1964), who in his 333 

probabilistic approach assumed a uniform rainfall rate through the accumulation period. In the 334 

light of our analysis on the rainfall patterns observed in the study stations, this assumption 335 

does not appear fully justified even though the adjustment factor was applied as an average 336 

quantity to the series of annual maximum rainfall depths with a given duration. From our 337 

experimental data we deduced that the assessment of Ea% could be further improved by 338 

splitting eq. (7) on the basis of the duration of interest because of its link with the shape of the 339 

rainfall temporal distribution that influences the error magnitude (Yoo et al., 2015). 340 

Rectangular rainfall pulses were typically observed for d up to 30 minutes, triangular pulses 341 

for greater values of d up to 180 minutes and pulses representable by quadratic functions 342 

(Yoo et al., 2015) for larger values of d. On this basis the following three relations, plotted in 343 

Fig. 9, were derived: 344 

 345 
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d

t
96.5

d

t
14.6E a

2

a
%a 








   [%]  d≤30 minutes  346 

 
d

t
72.4

d

t
7.6E a

2

a
%a 








   [%]  30 minutes<d<180 minutes (8) 347 

d

t
57.5

d

t
2.5E a

2

a
%a 








   [%]  d≥180 minutes   348 

 349 

 350 

insert here Fig. 9  351 

 352 

 353 

For each value of ta/d and d, eq. (8) can be used to quantify the correction to be apply to the 
354 

Hd series obtained from data with a coarse ta. Through a sensitivity analysis it was checked 
355 

that the number of stations adopted was sufficiently high to assure the robustness of the 
356 

proposed methodology. This methodology was validated using rainfall data from the 2
nd

 
357 

group of stations located in the study area and from the Barcelona station (Burgueño et al., 
358 

1994). Each series of Hd values obtained with coarse ta (10, 15, 30, ... minutes) was corrected 
359 

by adding the quantity given by eq. (8) and then compared with the “Observed” series (ta=1 
360 

minute). Figure 10 shows the corrected average Hd values, for all the examined combinations 
361 

of ta and d,  against the benchmark values obtained from the rainfall data characterized by ta=1 
362 

minute. The proposed methodology provides an accurate representation of the actual average 
363 

Hd values, with determination coefficients in respect to the bisecting line higher than 0.99.    
364 

 
365 

 366 

insert here Fig. 10 367 

 
368 
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 369 

The improvements obtained through the application of the developed methodology can also 
370 

be deduced from Table V, where positive and negative values of the residual average error 
371 

after the correction by eq. (8) indicate underestimation and overestimation, respectively, and 
372 

from Fig. 11, referred to cases with ta/d=1. In many cases the residual average errors become 
373 

of minor interest.  
374 

 375 

 376 

insert here Tab. V  377 

 378 

insert here Fig. 11  379 

 380 

Finally, the effect of the correction of Hd on the rainfall depth-duration frequency curves was 381 

quantified. This issue is addressed below through the description of both the adopted 382 

procedure and the results obtained for the representative rain gauge station of Gubbio. For 383 

each duration, in addition to 24 values of Hd appropriately observed with ta=1 minute (see also 384 

Fig. 5), 20 values obtained from data recorded earlier than 1992 with ta=30 minutes were 385 

used. This Hd series represents the uncorrected one, while a series including the 24 values of 386 

Hd observed with ta=1 minute and the remaining 20 values modified by the proposed 387 

methodology is denoted as the corrected series. The statistical analysis of each random 388 

variable, Hd, was performed using the Generalized Extreme Value (Jenkinson, 1955; Coles, 389 

2001) distribution function. Figure 12 indicates that for durations up to 3 h the error expressed 390 

as a percentage of the annual maximum rainfall depth is slightly variable with both return 391 

period and duration and that the use of uncorrected Hd series determines depth 392 

underestimations between 5% and 10%. Similar results were obtained for durations up to 24 393 
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h. Furthermore, we note that the above errors would experience an appreciable increase in the 394 

case the uncorrected series involving only data deduced through ta>>1 minute. 395 

 396 

insert here Fig. 12  397 

 398 

  399 

 400 

5. Conclusions 401 

The evaluation of rainfall depth-duration-frequency curves should be made by using Hd 402 

values derived from continuously recorded rainfall depths but until few decades ago these 403 

were available only with coarse temporal aggregations. Therefore, a correction of the Hd 404 

values deduced from data recorded with a significant temporal aggregation is required for 405 

hydrological applications. 406 

In this paper we have first examined in depth a few critical points already remarked in 407 

previous works. Our study, developed through the use of a large number of rain gauge 408 

stations operative for many years with ta=1 minute, emphasizes the following elements: 409 

 Hd values derived from rainfall data characterized by every ta involves underestimation 410 

errors, that for ta>≈10 minutes can become important; 411 

 in the worst conditions, that occur for d=ta, a single Hd value can be affected by an 412 

underestimation error up to 50%, while the average underestimation error for a series 413 

of appropriate length is less than or equal to 16.7%; 414 

 each Hd series usually contains many values significantly underestimated. In our study 415 

area, equipped with 93 rain gauge stations, the percentage of Hd values determined by 416 

rainfall data recorded with ta≥30 minutes is equal to 34.7%, with a value of 100% for a 417 

few series. 418 
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On this basis we have shown that: 419 

 to develop reliable relationships between the average underestimation error, Ea%, and 420 

values of ta and d, data series with a length of at least 15-20 years have to be available; 421 

 a relationship between Ea% and ta/d split up into three expressions associated with 422 

different duration ranges enables us to obtain very reliable Hd series; 423 

 the use of uncorrected Hd series for the determination of rainfall depth-duration-424 

frequency curves can lead to underestimations of the order of 10%. 425 

 426 

 427 
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Figure Captions 547 

 548 

Fig. 1 – Schematic representation of a rectangular rainfall pulse with duration, d, equal to the 549 

measurement aggregation time, ta: (a) condition where a correct evaluation of the annual 550 

maximum rainfall rate of duration d, Hd, is possible; (b) condition for a generic 551 

underestimation of Hd; (c) condition for the maximum underestimation of Hd (equal to 50%).  552 

 553 

Fig. 2 – Sample hyetographs recorded at the Bastardo station (Umbria Region, Central Italy) 554 

involving annual maximum rainfall depths for d=60 minutes. From top to bottom, moving 555 

windows starting on October 18, 2007 (2:17 p.m.), July 23, 2008 (4:28 a.m.) and June 26, 556 

2009 (3:10 p.m.). 557 

 558 

Fig. 3 – Error in the evaluation of the annual maximum rainfall depth of duration d in the case 559 

of a triangular rainfall pulse and d equal to the measurement aggregation time, ta: (a) rainfall 560 

pulse details; (b) different rainfall pulse positions and (c) corresponding errors. 561 

 562 

Fig. 4 – Sample hyetograph recorded at the Bastardo station (Umbria Region, Central Italy) 563 

producing an annual maximum rainfall depth of duration equal to 180 minutes in 2008. 564 

Temporal window starting on July 23, 2008 (4:18 a.m.). A dashed line representing the 565 

approximate temporal behavior of the rainfall pulse is also shown. 566 

 567 

Fig. 5 – Main characteristics of the rain gauge network selected to develop the methodology 568 

for the correction of the annual maximum rainfall depth. The geographic position is in 569 

Universal Transvers Mercator (UTM) coordinates determined by the WGS84 ellipsoid model. 570 

All the stations are in operation in the Umbria Region (Central Italy).  571 

 572 

Fig. 6 – Average underestimation error of the annual maximum rainfall depth as a function of 573 

the aggregation time, ta, for two different durations: (a) d=30 minutes; (b) d=60 minutes. 574 

Rainfall stations used during the first phase of this work. 575 

 576 

Fig. 7 – Average errors in the evaluation of annual maximum rainfall depth, Hd, as a function 577 

of the number of years preceding the last Hd value for different combinations of aggregation 578 

time, ta (in minutes), and duration, d (in minutes): (a) Bastardo station, ta=30, d=30; (b) 579 

Cerbara station, ta=30, d=30; (c) Ponte Santa Maria station, ta=60, d=60; (d) Ripalvella 580 

station, ta=60, d=60; (e) Nocera Umbra station, ta=30, d=180; (f) Nocera Umbra station, ta=30, 581 

d=30.  582 

 583 

Fig. 8 – Average underestimation error of the annual maximum rainfall depth (♦) as a 584 

function of the ratio between temporal aggregation, ta, and duration, d, for 12 rainfall stations 585 

used in the first phase of this work and all the combinations of ta and d examined here. The 586 

best interpolating function together with the relations suggested by Weiss (1964) and Young 587 

and McEnroe (2003) are also plotted.  588 
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Fig. 9 - Average underestimation error of the annual maximum rainfall depth obtained by eq. 591 

(8) as a function of the ratio between aggregation time, ta, and duration, d.  592 

 593 

Fig. 10 – “Corrected” average annual maximum rainfall depths, μ(Hd)
c
, as a function of the 594 

corresponding values derived from rainfall data with ta=1 minute, μ(Hd)
ta=1

. Results from rain 595 

gauge stations selected for the validation phase.  596 

 597 

 598 

Fig. 11 – Average annual maximum rainfall depths, μ(Hd), versus the corresponding values 599 

derived from rainfall data with ta=1 minute, μ(Hd)
ta=1

. “Uncorrected” and “Corrected” stand 600 

for the values obtained before and after the application of the proposed methodology, 601 

respectively. Rainfall data from the stations used in the validation phase. Only cases with 602 

duration equal to the aggregation time are shown. 603 

 604 

 605 

Fig. 12 – Rainfall depth-duration curves for different return periods, Tr. Comparison of curves 606 

obtained by uncorrected Hd series and corresponding series corrected by the proposed 607 

methodology. Sample rain gauge station of Gubbio. 608 

 609 
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 613 

 614 

Table I – “Observed” and “Generated” rainfall data characterized by different temporal 615 

aggregations, ta, starting from January 1, 2006 at 0:00 a.m. at the Petrelle station (Umbria 616 

Region, Central Italy). 617 

 618 

“Observed” 

 rainfall depth 

(mm) 

“Generated” 

rainfall depth 

(mm) 

ta 

1’ 10’ 15’ 30’ 60’ 180’ 360’ 720’ 1440’ 

0.0 0.6 0.6 0.7 2.2 12.8 20.5 23.8 32.1 

0.1 0.1 0.1 1.5 4.8 7.7 3.3 8.3 2.6 

0.1 0.0 0.6 1.3 5.8 2.7 7.1 0.1 5.5 

0.1 0.2 0.9 3.5 6.7 0.6 1.2 2.5 0.0 

0.1 0.5 0.4 3.9 0.8 5.9 0.1 5.5 0.0 

0.1 0.8 0.9 1.9 0.2 1.2 0.0 0.0 0.0 

0.1 0.2 1.2 5.7 0.2 1.1 0.0 0.0 0.0 

0.0 0.5 2.3 1.0 1.9 0.1 2.5 0.0 0.0 

0.0 0.6 2.2 0.6 0.6 0.1 5.2 0.0 0.0 

0.0 0.6 1.7 0.2 0.2 0.0 0.3 0.0 0.0 

0.0 1.3 0.8 0.1 0.1 0.0 0.0 0.0 0.0 

0.0 1.6 1.1 0.1 0.3 0.0 0.0 0.0 0.0 

0.0 1.7 2.6 0.1 0.9 0.0 0.0 0.0 0.0 

0.0 1.4 3.1 0.1 1.1 0.0 0.0 0.0 0.0 

0.0 0.8 0.4 1.8 3.9 0.0 0.0 0.0 0.0 

0.0 0.5 0.6 0.1 0.2 2.5 0.0 0.0 0.1 

0.0 0.7 0.5 0.3 0.4 4.7 0.0 0.0 0.2 

0.1 0.7 0.1 0.3 0.6 0.5 0.0 0.0 0.9 

0.0 1.2 0.1 0.1 0.6 0.3 0.0 0.0 0.0 

0.0 2.3 0.1 0.1 0.3 0.0 0.0 0.0 0.0 

 619 

 620 

 621 

622 
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  623 

Table II – Underestimation errors (in %) in the evaluation of the annual maximum rainfall 624 

depth considering rainfall data with time of aggregation of 30 minutes and different durations, 625 

d, at the Bastia Umbra station (Umbria Region, Central Italy). 626 

 d (minutes) 

year 30 60 180 360 720 1440 

1992 0.32 0 0.41 0 0 0 

1993 16.22 2.22 1.54 0.02 0.89 0.08 

1994 0.76 1.26 0 0 0.03 0.03 

1995 23.72 3.07 3.61 0.05 0 0 

1996 9.70 8.85 0 1.48 0.81 0.02 

1997 34.23 0.62 6.89 0.84 0 0 

1998 30.32 5.28 2.54 0.99 0.29 0.02 

1999 5.02 5.26 0 0 0 0 

2000 10.95 4.90 0 0.08 0.21 0 

2001 1.13 0 0.66 0 0 0 

2002 7.51 12.79 1.67 1.17 0.53 0 

2003 21.12 7.21 1.17 0.02 0 0 

2004 11.27 4.95 0.17 0.24 0 0 

2005 9.66 14.76 1.44 0.02 0.73 0 

2006 14.09 7.70 0.51 4.19 0.01 0 

2007 21.77 1.19 1.75 0.06 0.03 0.17 

2008 2.21 4.14 4.94 0 0 0.09 

2009 12.18 0.61 0.67 0 0 0 

2010 5.16 0 0 0 2.03 0 

2012 8.62 0 0 0 2.86 0.99 

2013 1.55 1.14 0.18 0 0.18 0.13 

2014 14.61 9.86 2.71 0.89 0 0.12 

2015 3.95 21.74 1.60 0 0 0 

average 11.57 5.11 1.41 0.44 0.37 0.07 

 627 

 628 

629 
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  630 

Table III – Underestimation errors (in %) in the evaluation of the annual maximum rainfall 631 

depth considering rainfall data with time of aggregation of 15 minutes and different durations, 632 

d, at the Bastia Umbra station (Umbria Region, Central Italy). 633 

 d (minutes) 

year 30 60 180 360 720 1440 

1992 0.32 0 0.41 0 0 0 

1993 4.27 2.22 0.09 0.02 0.89 0.03 

1994 0.76 1.26 0 0 0.03 0.03 

1995 0.99 3.07 3.61 0.05 0 0 

1996 1.39 0.33 0 0 0.27 0.02 

1997 6.64 0.62 0.33 0.84 0 0 

1998 5.16 5.03 0.58 0.46 0.01 0 

1999 5.02 5.26 0 0 0 0 

2000 10.95 0.63 0 0.08 0.14 0 

2001 1.13 0 0.13 0 0 0 

2002 7.51 9.66 0 0.86 0.53 0 

2003 0.41 1.03 1.17 0.02 0 0 

2004 0.12 3.69 0.03 0.03 0 0 

2005 9.66 1.56 1.44 0.02 0.73 0 

2006 6.19 0 0.31 1.70 0.01 0 

2007 5.44 1.19 0.45 0.06 0.03 0.17 

2008 2.21 0.45 4.94 0 0 0.09 

2009 12.18 0.61 0.07 0 0 0 

2010 5.16 0 0 0 0 0 

2012 8.62 0 0 0 1.15 0.44 

2013 1.55 1.14 0 0 0.18 0.13 

2014 1.37 0.35 1.81 0.89 0 0.12 

2015 0 0 0.53 0 0 0 

average 4.22 1.66 0.69 0.22 0.17 0.04 

 634 

635 
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  636 

Table IV – Average underestimation errors (in %) in the evaluation of the annual maximum 637 

rainfall depth for the rainfall stations used during the first phase of this work. Different values 638 

of duration, d, are considered. The symbol ta denotes the aggregation time. In the last line the 639 

average values representative of each duration are shown.  640 

 d (minutes) 

Rain gauge 

station 
30 60 180 360 720 1440 

 ta/d=1 

Bastardo 12.47 8.28 8.39 12.70 10.14 12.71 

Bastia Umbra 11.57 13.30 13.95 12.70 11.74 7.50 

Casa Castalda 12.81 8.72 10.00 15.26 12.05 11.13 

Cerbara 13.18 10.61 10.93 10.49 10.47 11.11 

Compignano 11.13 15.58 12.99 9.06 13.58 9.00 

Forsivo 12.83 10.68 7.66 4.19 8.53 12.28 

Gubbio 8.50 7.15 8.41 10.91 11.65 8.29 

Montelovesco 14.25 13.98 9.00 6.70 9.14 10.63 

Nocera Umbra 12.73 10.26 11.97 11.57 10.72 10.97 

Petrelle 15.45 11.45 14.03 12.11 10.31 12.03 

Ripalvella 10.74 12.77 13.11 14.03 11.26 10.87 

San Silvestro 9.64 13.10 8.76 10.04 8.66 8.70 

 12.11 11.32 10.77 10.81 10.69 10.43 

  641 

642 
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643 

Tab. V – Errors (in %) associated with the determination of the average annual maximum 
644 

rainfall depth from data with aggregation time of 30 minutes for two different durations, d. 
645 

Rainfall data from the stations used in the validation phase. Positive and negative values 
646 

represent underestimation and overestimation, respectively. “Uncorrected” and “Corrected” 
647 

stand for the errors before and after the application of the proposed procedure, respectively.  
648 

 
649 

 
650 

Rain gauge station “Uncorrected” “Corrected” 

d=30 min d=60 min d=30 min d=60 min 

Monte Cucco 9.33 6.44 -2.81 3.29 

Narni Scalo 11.81 6.02 0.61 2.18 

Ponte Santa Maria 17.16 5.96 5.15 2.78 

San Biagio della Valle 14.08 3.74 1.75 -0.21 

Barcelona (Spain) 15.85 3.34 6.40 -0.13 

 
651 

652 
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Fig. 1 – Schematic representation of a rectangular rainfall pulse with duration, d, equal to the 

measurement aggregation time, ta: (a) condition where a correct evaluation of the annual 

maximum rainfall rate of duration d, Hd, is possible; (b) condition for a generic 

underestimation of Hd; (c) condition for the maximum underestimation of Hd (equal to 50%).  

 

Figure 1



  

 

 

0.0

1.0

2.0

3.0

4.0

1 6 11 16 21 26 31 36 41 46 51 56R
ai

n
fa

ll 
d

ep
th

 (
m

m
)

Time (minutes)  

0.0

1.0

2.0

3.0

4.0

1 6 11 16 21 26 31 36 41 46 51 56R
ai

n
fa

ll 
d

ep
th

 (
m

m
)

Time (minutes)  

0

0.5

1

1.5

2

2.5

1 6 11 16 21 26 31 36 41 46 51 56

R
ai

n
fa

ll 
d

ep
th

 (
m

m
)

Time (minutes)  

Fig. 2 – Sample hyetographs recorded at the Bastardo station (Umbria Region, Central Italy) 

involving annual maximum rainfall depths for d=60 minutes. From top to bottom, moving 

windows starting on October 18, 2007 (2:17 p.m.), July 23, 2008 (4:28 a.m.) and June 26, 

2009 (3:10 p.m.). 
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Fig. 3 – Error in the evaluation of the annual maximum rainfall depth of duration d in the case 

of a triangular rainfall pulse and d equal to the measurement aggregation time, ta: (a) rainfall 

pulse details; (b) different rainfall pulse positions and (c) corresponding errors. 
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Fig. 4 – Sample hyetograph recorded at the Bastardo station (Umbria Region, Central Italy) 

producing an annual maximum rainfall depth of duration equal to 180 minutes in 2008. 

Temporal window starting on July 23, 2008 (4:18 a.m.). A dashed line representing the 

approximate temporal behavior of the rainfall pulse is also shown. 
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Raingauge  

station 

Altitude     

(m a.s.l.) 

UTM33 X    

(m) 

UTM33 Y   

(m) 

Mean annual 

rainfall (mm) 

Available 

data period 

Bastardo 331 300489 4748742 803.8 1992-2015  

Bastia Umbra 203 301377 4769716 753.0 1992-2015 

Cerbara 310 275092 4821081 834.3 1992-2015 

Casa Castalda 730 309715 4783398 971.0 1992-2015 

Compignano 240 278394 4758593 756.8 1992-2015 

Forsivo 963 337588 4740488 867.0 1992-2015 

Gubbio 471 302789 4802329 946.5 1992-2015 

Monte Cucco 1087 316046 4804934 1344.4 1996-2015 

Montelovesco 634 290484 4798142 833.0 1992-2015 

Narni Scalo 109 298381 4713916 907.5 1992-2015 

Nocera Umbra 534 320281 4776405 937.6 1992-2015 

Petrelle 342 269830 4803553 897.7 1992-2015 

Ponte Santa Maria 240 256802 4753550 790.1 1992-2015 

Ripalvella 453 279329 4746964 879.1 1992-2015 

San Biagio della Valle 257 278380 4766281 707.2 1993-2015 

San Silvestro 381 309649 4736325 897.9 1992-2015 

 

Fig. 5 – Main characteristics of the rain gauge network selected to develop the methodology 

for the correction of the annual maximum rainfall depth. The geographic position is in 

Universal Transvers Mercator (UTM) coordinates determined by the WGS84 ellipsoid model. 

All the stations are in operation in the Umbria Region (Central Italy).  

 

Figure 5



  

 

 



  

 

 

(a) 

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25 30 35

A
ve

ra
ge

 e
rr

o
r 

(%
)

ta (minutes)

Bastardo

Bastia Umbra

Casa Castalda

Cerbara

Compignano

Forsivo

Gubbio

Montelovesco

Nocera Umbra

Petrelle

Ripalvella

San Silvestro
 

 

(b) 
 

 

0

1

2

3

4

5

6

0 5 10 15 20 25 30 35

A
ve

ra
ge

 e
rr

o
r 

(%
)

ta (minutes)

Bastardo

Bastia Umbra

Casa Castalda

Cerbara

Compignano

Forsivo

Gubbio

Montelovesco

NoceraUmbra

Petrelle

Ripalvella

San Silvestro

 
 

 

Fig. 6 – Average underestimation error of the annual maximum rainfall depth as a function of 

the aggregation time, ta, for two different durations: (a) d=30 minutes; (b) d=60 minutes. 

Rainfall stations used during the first phase of this work. 
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Fig. 7 – Average errors in the evaluation of annual maximum rainfall depth, Hd, as a function 

of the number of years preceding the last Hd value for different combinations of aggregation 

time, ta (in minutes), and duration, d (in minutes): (a) Bastardo station, ta=30, d=30; (b) 

Cerbara station, ta=30, d=30; (c) Ponte Santa Maria station, ta=60, d=60; (d) Ripalvella 

station, ta=60, d=60; (e) Nocera Umbra station, ta=30, d=180; (f) Nocera Umbra station, ta=30, 

d=30.  
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Fig. 8 – Average underestimation error of the annual maximum rainfall depth (♦) as a 

function of the ratio between temporal aggregation, ta, and duration, d, for 12 rainfall stations 

used in the first phase of this work and all the combinations of ta and d examined here. The 

best interpolating function together with the relations suggested by Weiss (1964) and Young 

and McEnroe (2003) are also plotted.  
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Fig. 9 - Average underestimation error of the annual maximum rainfall depth obtained by eq. 

(8) as a function of the ratio between aggregation time, ta, and duration, d.  
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Fig. 10 – “Corrected” average annual maximum rainfall depths, μ(Hd)
c
, as a function of the 

corresponding values derived from rainfall data with ta=1 minute, μ(Hd)
ta=1

. Results from rain 

gauge stations selected for the validation phase.  
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Fig. 11 – Average annual maximum rainfall depths, μ(Hd), versus the corresponding values 

derived from rainfall data with ta=1 minute, μ(Hd)
ta=1

. “Uncorrected” and “Corrected” stand 

for the values obtained before and after the application of the proposed methodology, 

respectively. Rainfall data from the stations used in the validation phase. Only cases with 

duration equal to the aggregation time are shown. 
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Fig. 12 – Rainfall depth-duration curves for different return periods, Tr. Comparison of curves 

obtained by uncorrected Hd series and corresponding series corrected by the proposed 

methodology. Sample rain gauge station of Gubbio. 
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Highlights 653 
 654 

Rainfall data to be used in the hydrological practice is available in aggregated form 655 

 656 

Aggregated form produce the underestimate of annual maximum rainfall depth (Hd) 657 
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Errors in the Hd evaluation from data with coarse time aggregations are investigated 
659 

 660 

Relationships to overcome the underestimate of Hd are presented 661 
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