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Abstract

Context and motivation. Hydrological design in convective tropical regions requires a reliable
estimate of the design storm duration: the continuous rainfall time that feeds rainfall-runoff trans-
formation models for a given return period. In the Valle del Cauca (Colombia), the Corporacién
Auténoma Regional del Valle del Cauca (CVC) hydrometeorological network provides hourly
pluviographic records, but their direct use for design is hampered by three systematic obsta-
cles: (i) a proprietary block-monthly storage format with mixed missing-data codes; (ii) structural
data availability capped at 64—67 % because the dataloggers operate on a variable duty cycle
(typically 8-16 active hours per day depending on acquisition mode); and (iii) the absence of
a standardised quality-control and frequency-analysis protocol adapted to the bimodal Andean
climate.

Objective. To present and validate a complete methodological framework for processing hourly
rainfall series of the CVC network, from raw data screening through the probabilistic estimation
of design storm durations for return periods of 2-200 years, applied to La Primavera station
(Guadalajara de Buga, 1644 m a.s.l., 1970-2025).

Methods. The framework integrates four complementary stages: (i) quality control and cas-
cade infilling (piecewise linear interpolation for gaps < 6 h; hourly climatology by month for
longer gaps, following Paulhus & Kohler [9] for the climatological stage only); (ii) annual screen-
ing against WMO-No. 168 Criteria C1-C2 [15], adapted to the structural availability of CVC
dataloggers; (iii) identification of independent storm events through the Inter-Event Time Defini-
tion (IETD) criterion of Restrepo-Posada & Eagleson [12], with a physical upper bound of 6 h for
Andean tropical convection [10]; and (iv) frequency analysis of storm durations fitting four prob-
ability distributions (Exponential, Gamma, Log-Normal, Weibull), evaluated by the Kolmogorov-
Smirnov goodness-of-fit test.

Results. Nine years (2016-2025, excluding 2017) pass the WMO-168 screening, yielding a
mean availability of 64 %. With IETD =6 h, 1 027 independent storms are catalogued (rate = 114 storms/yr;
mean depth = 19 mm; mean duration = 5.1 h). The inter-event time coefficient of variation
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(Cvrer = 4.47) reflects bimodal seasonal clustering and confirms a non-Poisson arrival pro-
cess — relevant only to the IETD-based storm definition; the subsequent frequency analysis is
empirical and arrival-process-agnostic. The Log-Normal distribution (p, = 1.352, o1, = 0.743;
Dks = 0.093, lowest among the four candidates) best describes the duration population. De-
sign durations are 3.86 h (T, = 2 yr), 10.0 h (7. = 10 yr), and 21.7 h (7;. = 100 yr), consistent
with the regional hydrometeorological literature for the Colombian Andes.

Conclusions. The proposed framework provides a reproducible, normatively grounded proce-
dure for deriving design storm durations directly from the observed hourly record without requir-
ing neighbouring-station data or regional regression models. The methodology is transferable
to any CVC station by adjusting a minimal set of site-specific parameters.

Keywords: hourly rainfall; quality control; climatological infilling; WMO-168; IETD; Restrepo-
Posada & Eagleson; design storm duration; Log-Normal; Valle del Cauca; Colombian Andes.
Data and code availability: The R implementation and case-study data are provided as sup-
plementary material at https://github.com/MauricioVictoriaN/DesignStormDuration-CVC
under an MIT licence.
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1 Introduction

The design storm duration is the characteristic time of continuous rainfall that is used as the
driving input to rainfall-runoff transformation models for sizing drainage, flood-protection, and
water-supply structures [2, 15]. Unlike the design intensity, which is widely documented through
intensity-duration-frequency (IDF) curves, the design duration is rarely derived from the observed
record and is instead assumed a priori on the basis of engineering judgment or empirical rules [5].
This practice introduces substantial uncertainty in hydrological design, particularly in convective
tropical regimes where storm durations span two orders of magnitude (1-100 h) depending on
the type of meteorological system [10].

In the Valle del Cauca (Colombia), the CVC operates a hydrometeorological network of hourly
tipping-bucket rain gauges. The raw data files use a proprietary block-monthly format that is not
directly readable by standard tabular tools, and the dataloggers operate on a variable duty cycle
(typically 8—16 active hours per day), generating a structurally incomplete series even in fault-free
years, with observed annual availability capped at 64—67 %. The WMO Guide to Hydrological
Practices [15] recommends an 80 % annual availability threshold before a year is admitted to
frequency analysis, but this criterion indiscriminately rejects all years from CVC stations oper-
ating under this duty cycle. No published adaptation of WMO-168 to this type of datalogger is
known.

The Inter-Event Time Definition (IETD) method of Restrepo-Posada & Eagleson [12] identifies in-
dependent storm events by selecting the minimum dry-period threshold that makes the inter-event
time series consistent with a Poisson arrival process (coefficient of variation Cv = 1). This crite-
rion has been widely applied in urban hydrology [1, 4] and forms the foundation for probabilistic
storm catalogues. However, its application to bimodal climates, where long inter-seasonal dry
periods coexist with intra-seasonal bursts of activity, has received limited attention [4].

1.1 Research objectives

1. Develop a step-by-step methodological framework for quality control, cascade infilling, and
WMO-168 annual screening of hourly rainfall series from CVC dataloggers, with normative
justification for threshold adaptations.

2. Apply the IETD criterion of Restrepo-Posada & Eagleson [12] with a physically motivated
upper bound for Andean tropical convection, and characterise the non-Poisson behaviour of
storm arrival in the bimodal Valle del Cauca climate.

3. Fit and compare four probability distributions to the empirical population of independent
storm durations — regardless of the arrival-process model — and derive design durations
with explicit 95 % bootstrap confidence intervals for return periods within and beyond the
observed range, with explicit validity limits based on record length.

4. Provide transferable guidance for applying the methodology to any CVC station.
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2 Materials and Methods

2.1 Study area and data

The Valle del Cauca inter-Andean valley (Colombia, 3—5°N, 76—=77°W) exhibits a bimodal rainfall
regime driven by the semi-annual migration of the Intertropical Convergence Zone, with two wet
seasons (March—May, September—November) and two dry seasons (June—August, December—
February) [10, 5]. Convective precipitation dominates, with storm depths of 1—200 mm, typical
intensities of 5-50 mm/h, and isolated maxima exceeding 100 mm/h [5]. Mean annual precipita-
tion ranges from 1500 to 2500 mm in the inter-Andean plain.

La Primavera station (Guadalajara de Buga; 1644 m a.s.l.; ~ 3.9°N, 76.3°W; CVC network) was
chosen as the case study because it represents the Andean-Centre hydroclimatic sub-region of
the Cauca system [6] and has the longest available digital record among CVC hourly stations in
the region. Table 1 summarises the station metadata and key results.

Table 1: Metadata of La Primavera station and main results of the analysis. nyaiia = number of
hourly records passing quality control.

Attribute Value

Station name La Primavera
Municipality Guadalajara de Buga
Department Valle del Cauca, Colombia
Network CvC

Elevation 1644 ma.s.l.
Nominal record period 1970-2025

Effective data period 2014-2025

Valid years after WMO-168 screening 9 (2016, 2018-2025)
Mean annual availability (valid years) 64.0%

nvania (hourly records) 56 384

Maximum recorded hourly intensity 123.2 mm/h

Mean annual rainfall (valid years) 2189 mm

Month of maximum rainfall

Hour of maximum convective activity
IETD adopted

N independent storms catalogued
Mean storm rate

April (88 mm/month)
15:00-16:00 local time
6h

1027

114 storms/yr

The raw data file supplied by CVC is an Excel workbook with a non-standard block-monthly layout:
data for each month occupy a group of rows preceded by a month-year label row and a header row
containing the text DIA\HORA followed by the hour identifiers 00—23 in non-contiguous columns.
Missing values are encoded as *xx*<, NA, or empty cells. All analyses were implemented in R 4.3
[11]; the implementation is available as supplementary material [14].

2.2 Quality control and cascade infilling

Each hourly record is classified into one of four categories based on its numerical value and
missing-data code:

1. Valid: 0 < P < P,.x, NOt a missing-data code.

2. Missing: **x<, NA, or empty cell.
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3. Negative: P < 0 (instrument error).

4. Extreme: P > P,.. = 130 mm/h. This threshold corresponds to the upper envelope
of recorded hourly intensities in the Valle del Cauca inter-Andean plain: IDEAM [5] reports
absolute maxima in the 80—130 mm/h range for stations in this region, and values exceeding
130 mm/h are physically implausible for the prevailing convective mechanism and tipping-
bucket resolution.

Records in categories 2—4 are imputed through a three-stage cascade:

Stage 1 — Linear interpolation. For gaps of up to At¢,.« = 6 h, piecewise linear interpolation
between the nearest valid records before and after the gap is applied. This standard numerical
method handles intra-event data dropouts where the temporal gradient of precipitation is approxi-
mately linear.

Stage 2 — Climatological infilling. For longer gaps, each missing record at hour h of month m
is replaced by the long-term mean of all valid observations for the same (m, h) combination:

Pon=—o 3 P, (1)

n
m;h tEVm . n

where V,,, , = {t : hour(t) = h, month(¢) = m, P, valid} is the set of temporal indices correspond-
ing to hour h of month m across all years in the record, and n,,, ,, = |Vin 1| is its cardinality [9, 13].
With 192 available (m, h) combinations, this method captures the diurnal and seasonal structure
of precipitation and reduces the systematic overestimation bias introduced by local interpolation
near dry-period boundaries.

Stage 3 — Zero imputation. Residual gaps without sufficient neighbours for climatological es-
timation are set to zero, representing the assumption of a dry period.

Cross-validation (random withdrawal of 5 % of valid records) yields Nash-Sutcliffe Efficiency (NSE)
of 0.005 for the climatological infilling versus NSE = —0.26 for linear interpolation alone. Mori-
asi et al. [8] note that NSE is an unreliable discriminator for time series with a high proportion
of zero or near-zero values (~90% dry hours here), because the denominator > (Qops — Q)?
is dominated by the dry-period variance and small absolute errors in rainy-hour predictions can
drive the statistic strongly negative. PBIAS and RMSE are therefore the preferred skill metrics
for this application: the percent bias of 22.4 % for climatological infilling versus 22.9 % for linear
interpolation confirms the superiority of Stage 2 in reducing systematic bias over long gaps.

2.3 Annual data screening: WMO-168 adaptation

Section 5.4 of WMO No. 168 [15] recommends a minimum annual data availability of 80 % for
admitting a year to frequency analysis. This threshold implicitly assumes continuously recording
instruments. CVC dataloggers, however, operate on a variable duty cycle: the acquisition mode
alternates between active periods (8—16 h/day depending on the season and configuration) and
standby, generating structurally incomplete records even in fault-free years.! Applying the 80 %

"The variable duty cycle explains the observed annual availability of 64—67 % (Table 1). A fixed 8-h/day cycle would
imply a maximum of 8/24 ~ 33 %; the higher observed values confirm that a fraction of days have continuous or extended
recording, likely during wet-season active deployment periods.
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threshold unconditionally would exclude all available years, which contradicts the spirit of the
guideline.

The WMO-168 §5.4 footnote explicitly permits threshold reduction for isolated stations without
regional filling alternatives. The IDEAM national protocol [5] similarly allows adjusted thresholds
for semi-automatic recorders. The following adapted criteria are applied:

Criterion C1 (WMO-168 §5.4): Annual availability > 60 % = year admitted (VALID-C1).

Criterion C2 (WMO-168 §5.7): Availability in the wet season (March—May, September—November,
bimodal CVC regime [10]) > 50 %, even if C1 is not met = year admitted (VALID-C2).

Criterion C3 (WMO-168 §5.7): Maximum within-month gap in a wet-season month — deacti-
vated. Internal monthly gaps of ~30 days are structural artefacts of the datalogger duty
cycle (not measurement failures) and must not invalidate a year for IETD analysis.

Only years from ANIO_INICIO_UTIL = 2014 onward are evaluated; the nominal 1970-2013 period
contains zero valid records, as confirmed by the raw availability diagnostic.

2.4 Identification of independent storms (IETD)

Storm properties and inter-event time. An hour is classified as rainy if P > I,;, = 0.1 mm/h.
A new independent storm event j is initiated when the cumulative dry period since the last rainy
hour equals or exceeds the IETD threshold h. For event j, three properties are recorded: start
time t;, duration D; (number of rainy and bridging hours within the event boundary), and total
depth P; = Y P,. Events with P; < P, = 1.0 mm are discarded as instrumental traces. The
inter-event times between successive storm initiations are:

TBTy = tjq —tr, k=1,...,N—1, )

where ¢, is the start time of the k-th storm and IV is the total number of events.

The Cv =1 criterion and its physical interpretation. Restrepo-Posada & Eagleson [12] showed
that if storm arrivals follow a stationary Poisson process, inter-event times are exponentially dis-
tributed, and therefore their coefficient of variation equals exactly unity:
orsr(h)
Cvrpr(h) = P 1. (3)
The interpretation of departures from unity is physically meaningful. Cv < 1 (under-dispersion)
indicates sub-separation: the chosen IETD is too short and artificially fragments multi-cellular con-
vective systems into multiple spurious events, compressing the TBT distribution and biasing du-
ration estimates downward. Cv > 1 (over-dispersion) indicates over-aggregation: the IETD is too
long and merges meteorologically distinct storms — or, in bimodal climates, entire intra-season
and inter-season periods — into pseudo-events that do not correspond to any real atmospheric
mechanism, inflating duration estimates [1, 4]. Both biases propagate directly into the frequency-
analysis quantiles and therefore into the design storm duration: sub-separation underestimates
design durations; over-aggregation overestimates them.
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Optimal IETD and physical upper bound. The optimal IETD minimises |Cvrpr(h) — 1| over a
discrete set of candidate values #:

; (4)

h* = arg min ‘CVTBT(h) -1
heH

subject to the physical constraint h* < hPYS. This upper bound prevents over-aggregation by
limiting the IETD to the characteristic life-cycle of the dominant precipitation-generating mecha-
nism. For organised convection over the Colombian Andes, hP'Y* = 6 h is consistent with the

typical duration of individual convective cells and the atmospheric recovery time between events
[10].

Theoretical link between IETD result and expected distribution. A key internal consistency
check follows directly from the criterion: if CvrgT &~ 1 (Poisson process confirmed), the theoretical
distribution of storm durations is Exponential, since durations and inter-event times arise from the
same memoryless process. If Cvrgr > 1 (over-dispersed, clustered arrivals), the Exponential
systematically underestimates the right tail of the duration distribution; Gamma or Log-Normal
distributions, which accommodate heavier tails, are then theoretically expected. This link provides
an a priori prediction for the goodness-of-fit stage that is independent of the empirical data.

2.5 Population-based frequency analysis: rationale

The frequency analysis of storm durations presented here operates on the complete population of
independent storm events, not on the annual maxima of duration. This choice is a direct extension
of the Restrepo-Posada & Eagleson [12] framework and differs fundamentally from the annual-
maxima approach used for IDF curves. The distinction has three consequences:

1. Sample size. For ny, = 9 valid years, an annual-maxima series would yield n = 9 ob-
servations — insufficient for reliable parameter estimation. The population approach yields
n = 1027 observations, enabling robust distributional fitting and narrow bootstrap confidence
intervals within the observed data range.

2. Information content. The annual maximum filters out all events except the single longest
storm of each year, discarding ~ 99 % of the available climatological information. Each in-
dependent storm is a physically complete event governed by the same atmospheric mech-
anism; its duration is intrinsically informative about the regional storm climate regardless of
whether it is an annual maximum.

3. Design interpretation. A quantile D, obtained from the population distribution is interpreted
as: “a randomly selected independent storm has a probability P = p of lasting < D,, hours,’
or equivalently, “the design storm duration for a recurrence of one eventinevery T, = 1/(1—
p) storms is D,, h.” This is the appropriate formulation for selecting the driving storm duration
in rainfall-runoff models, where the analyst specifies a design storm that is exceeded by only
a given fraction of all real events.

2.6 Frequency analysis of storm durations

Empirical non-exceedance probabilities are assigned using the Weibull plotting position [15]:

3

P, = , m=1,...,n, (5)
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which is unbiased for all distributions. Four parametric families appropriate for positive right-
skewed duration data are fitted by the method of moments (Exponential, Gamma, Log-Normal)
and maximum likelihood (Weibull):

Exponential: F(z;A\) =1—e, \=1/z, (6)
N L L) N AR

Gamma: F(z;k,0) = ORI k:_(s) 0=— (7)

Log-Normal: Inz ~ N (pm,02), fin =Inz, 61 = S e, (8)

Weibull:  F(z;c,u) =1 — exp[—(z/u)], ¢ @by MLE (Newton-Raphson([7]). 9)

Goodness of fit is evaluated through three complementary criteria:

1. Kolmogorov-Smirnov statistic Dxs = sup,, |F,,(z) — F(z)| at « = 5 %. This statistic is most
sensitive to deviations near the distribution centre. For large samples (n > 200), the critical
value D,—o.05 ~ 1.36/4/n becomes very small and the test detects statistically significant
but hydraulically negligible deviations; in this case the distribution with the smallest Dkg is
retained as the best relative fit [2].

2. Anderson-Darling statistic 42 = —n— 13" | (2i — 1) [In F(z;) + In(1 — F(2,41-,))]. The
Anderson-Darling test weights discrepancies in the distribution tails more heavily than the
KS statistic [17], making it the preferred criterion for evaluating the accuracy of high-return-
period quantiles that drive design decisions.

3. IETD-distribution coherence check. As established in Section 2.4, if Cvrgr &~ 1 the
Exponential is the theoretically expected distribution; if Cvrgt > 1 (over-dispersion due to
seasonal clustering), the Exponential is expected to underestimate the right tail and heavier-
tailed distributions (Gamma, Log-Normal) are preferred a priori. This internal coherence
check provides an independent line of evidence for distribution selection that does not de-
pend on the sample data.

The final recommended distribution is that with the lowest A2 (tail behaviour) and Dkg (bulk be-
haviour), consistent with the IETD coherence check. The Akaike Information Criterion AIC =

—20(0) + 2k, where ¢ is the log-likelihood and k the number of parameters, is reported as an
additional parsimony measure [2].

Design duration quantiles D, = F~1(p) are computed for 7, € {2, 5, 10, 25, 50, 100, 200} yr.
95 % confidence intervals are obtained by non-parametric bootstrap with B = 1000 resamples
(2.5th and 97.5th percentiles of the replicate quantile distribution), which requires no distributional
assumptions about parameter uncertainty and is robust for skewed populations [16].

3 Results

3.1 Data availability and quality-control diagnostics

Figure 1 shows the annual rainfall totals and linear trend over the full 1970-2025 record. Effective
data are restricted to 2014-2025, confirming the datalogger installation date. The monthly heat
map (Figure 2) reveals intense rainfall concentrated in the March—May and September—October
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windows, with complete absence of data in November—February, consistent with the datalogger
duty cycle. Figure 3 summarises the annual availability against the adopted 60 % threshold; years
2014, 2015, and 2017 are rejected (34 %, 35 %, and 40 % availability, respectively).

Precipitacion Anual — La Primavera
Totales acumulados con tendencia lineal

3000

2000

mm/afio

1000

-1000

Afo
Figure 1: Annual rainfall totals at La Primavera station (1970-2025). Blue bars: annual accu-
mulated depth; red line: linear trend with 95 % confidence band. Absence of data in 1970-2013
reflects the datalogger installation date, not a precipitation-free period. The apparent positive
trend over 2014-2025 is not statistically significant at n = 12.

Precipitacion Mensual
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Mes

Figure 2: Monthly rainfall heat map (mm/month) for 1970-2025. Colour intensity represents total
monthly depth. White cells indicate zero data coverage (datalogger off or not yet installed), not
zero rainfall — all white cells before 2014 and November—February cells of 2016—2025 fall in this
category. Data are confined to the humid seasons of 2016—2025.
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Disponibilidad de Datos por Afio
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=
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3

a

Figure 3: Annual data availability (fraction of valid original records). Dashed line: adopted Crite-
rion C1 threshold of 60 %. Green bars: years passing C1; red bars: rejected years. The structural
maximum availability of ~ 67 % is a hardware characteristic of the CVC datalogger, not a data-
quality deficiency (see footnote in Section 2.3).

The seasonal cycle and diurnal cycle (Figures 4 and 5) confirm the expected bimodal regime.
Monthly means peak in April (88 mm/month) and October (57 mm/month), with minima in July
(17 mm/month). The diurnal cycle shows two intensity maxima: a nocturnal peak at 07:00 and
an afternoon peak at 15:00-16:00 local time, consistent with the radiative-convective cycle docu-
mented by Poveda et al. [10] for the Valle del Cauca.

Ciclo Anual de Precipitacion
Promedio mensual multianual (mm/mes)

Apr May Jun Jul Aug Sep

Mes

| I
0
Jan Feb Mar

Figure 4: Multi-annual monthly mean rainfall (mm/month) computed from 56 384 valid hourly
records (2016—2025). The bimodal pattern is clearly expressed, with primary wet season in
March—May and secondary in September—October. Months with zero bars (February, Septem-
ber, November, December) lack data coverage in the available record.
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Ciclo Diurno de Precipitacion

30

% | mm/hx5

== Intensidad media (x5) Fraccion lluvia (%)

Figure 5: Diurnal precipitation cycle. Light-blue bars: fraction of rainy hours per hour of day (%);
red line: mean intensity of rainy hours (x5 for scale). Two convective maxima are identified: a
nocturnal peak at 07:00 and an afternoon peak at 15:00-16:00, consistent with the thermally
driven convection cycle of the Cauca Valley inter-Andean plain [10].

The log-log histogram of hourly intensities (Figure 6) shows the characteristic heavy right tail of
convective tropical rainfall, extending to 123.2 mm/h. The 99th percentile of 9.8 mm/h is within the
range reported for the Valley by IDEAM [5].

Distribucion de Intensidades (horas con lluvia)
Escala log-log | umbral: 0.1 mm/h

1000

100

Frecuencia

0.1 1.0 10.0 100.0
Intensidad (mm/h)

Figure 6: Log-log frequency distribution of hourly rainfall intensity for the 5902 rainy hours
(P > 0.1 mm/h). The heavy right tail extends to 123.2 mm/h, confirming the convective nature of
precipitation. P95 = 1.0 mm/h; P99 = 9.8 mm/h.

3.2 WMO-168 annual screening

Figure 7 shows the outcome of the adapted WMO-168 screening. Of the 12 years evaluated
(2014-2025), nine pass: eight via Criterion C1 (> 60% annual availability) and one via Cri-
terion C2 (year 2019: 60.3 % annual, 67.2% wet-season availability). The variable duty-cycle

11
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ceiling of 64—67 % is visible in Figure 7 as the near-flat ceiling of the green bars.

Depuracién Hidrolégica — OMM N°168
C1>=60% | C2>=50% hum | C3 desactivado (gaps estructurales)

100%

75%

50%

Disponibilidad (%)

25%

S S
=2
|
'
|

0%
2016 2019 2022 2025
Afio

Decision [Jf] Rechazado [ vaiido c1 Valido G2

Figure 7: WMO-168 annual screening results. Green: Valid-C1 (> 60 % annual availability);
yellow: Valid-C2 (> 50 % wet-season availability, year 2019); red: rejected years. Dashed blue
line: Criterion C1 threshold (60 %). All valid years approach but do not exceed 64-67 %, the
variable duty-cycle ceiling of the CVC datalogger. Criterion C3 is deactivated because within-
month gaps are duty-cycle artefacts, not measurement failures.

3.3 IETD selection

Figure 8 shows Cvrpr as a function of the candidate IETD. The curve is monotonically decreasing
over 1-24 h and does not reach unity within the physically admissible range. The minimum within
the physical bound (< 6 h) is Cvrgr = 4.47 at IETD = 6 h, which is adopted.

Criterio Cv = 1 para Seleccién de IETD
Restrepo-Posada & Eagleson (1982) | Punto rojo = IETD éptimo

: IETD=6h
Cv=4.467

Coeficiente de Variacion (Cv)

12
IETD candidato (horas)

Figure 8: Coefficient of variation of inter-event times (Cvrgr) versus candidate IETD [12]. Hori-
zontal dashed line: Poisson criterion Cv = 1; vertical dotted line: physical upper bound of 6 h for
Andean tropical convection. Red dot: adopted IETD = 6 h (Cv = 4.47). The monotonic decreas-
ing trend without reaching unity indicates a non-Poisson storm-arrival process, attributed to the
strong bimodal seasonal clustering of the Valle del Cauca climate.
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With IETD = 6 h, 1027 independent storms are identified over the nine-year depurated series.
Table 2 summarises the descriptive statistics of the storm catalogue.

Table 2: Descriptive statistics of the independent storm catalogue (IETD = 6 h, n = 1027 events,
2016—2025).

Statistic Duration (h) Depth (mm)
Minimum 1.0 1.0
Quartile 25 2.0 3.5
Median 4.0 9.8
Mean 5.1 19.0
Quartile 75 6.0 21.8
Percentile 90 10.4 52.8
Percentile 95 14.0 82.1
Maximum 35.0 513.1
Standard deviation 4.3 34.6
Cv 0.848 1.82
C; (skewness) 2.40 7.43

The depth distribution (Figure 9) is approximately log-normal with a heavy right tail extending to
513 mm (persistent meso-scale systems). The inter-event time distribution (Figure 10) shows a
strong concentration below 200 h (intra-season events) and a heavy tail beyond 1000 h (inter-
season dry periods), which directly explains the high Cvrpr.

Distribucion de Profundidades por Tormenta (IETD=6h)

N=1027 tormentas | P_min=1.0 mm

1 10 100

Profundidad (mm)

Frecuencia
@ N
5] 3

N
S

3

0

Figure 9: Log-scale histogram of storm depths (rn = 1027, IETD = 6 h; minimum depth = 1.0 mm).
The approximately log-normal shape with mode ~ 10 mm and a heavy tail to 513 mm is charac-
teristic of convective tropical storm populations.
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Distribucion de Tiempos Entre Tormentas (IETD=6h)
Linea roja = media | Cv~1 valida independencia de eventos

'
Media=s2.0h
Cy=& 467

Frecuencia

'
0 2500 5000 7500 10000
Tiempo entre tormentas (horas)

Figure 10: Distribution of inter-event times (TBT) for IETD = 6 h. Most events are separated by
fewer than 200 h (intra-season clustering), but a heavy tail extends beyond 5000 h (inter-season
dry periods up to =~ 10000 h). This bimodal structure produces Cvrgr = 4.47, confirming the
non-Poisson character of storm arrivals in the bimodal Valle del Cauca climate.

3.4 Frequency analysis of storm durations

Table 3 presents the Kolmogorov-Smirnov (Dkg) and Anderson-Darling (A?) goodness-of-fit statis-
tics for all four distributions. All are formally rejected at o = 5%, a result expected at n = 1027
where D,—q.05 =~ 0.042 detects deviations of < 3 % in cumulative probability that are hydraulically
negligible [2]. The Log-Normal is selected on the basis of the lowest Dxgs = 0.093 and the lowest
A? = 7.1 — both criteria pointing to the same distribution, consistent with the IETD-coherence
prediction (Section 2.4).

Table 3: Goodness-of-fit statistics for the four candidate distributions (n = 1027, a = 5%).
Dt (KS) ~ 0.042; A% (AD) ~ 2.50 at « = 5%. Bold: selected distribution (lowest Dxs and
A?).

Distribution = Parameters Dxs A?  p-value® Selection
Exponential A =0.196 h~! (mean=5.11h) 0.227 483 < 0.001
Gamma k=1.39,60=367h 0.159 18.7 < 0.001
Log-Normal  fi, = 1.35, 61, = 0.743 0.093 7.1 <0.001 Selected
Weibull ¢=134,4=5.62h 0.123 129 < 0.001

¢ Both KS and AD p-values < 0.001 for all distributions at n = 1 027; large-sample effect (Section 2.6).

Figures 11 and 12 display the probability paper and the histogram with fitted densities, respec-
tively. The Log-Normal density captures the observed asymmetry (C, = 2.40) substantially better
than the Exponential, which overestimates the frequency of 1-3 h events and underestimates the
right tail. The Q-Q plot (Figure 13) shows excellent alignment for durations of 1-20 h, with modest
deviations in the tail (> 25 h) attributable to the small number of long meso-scale events.
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Analisis de Frecuencia — Duracién de Tormentas Independientes
Estacién La Primavera | IETD=6h | n=1027 tormentas | Cv=0.848 | Diamantes rojos: disefio

Recomendada: Log-Normal

=1027 as
30 n=1027 tormentas

20

Duracién de tormenta (horas)

Tr=1.05a Tr=1.25a Tr=2a Tr=5a Tr=10a  Tr=Z5@5080a
(P=0.05) (P=0.2) (P=0.5) (P=0.8) (P=0.9) (P=QPpEFOH9)
Probabilidad de no excedencia (Periodo de retorno)

Distribucion = Exponencial = Gamma Log-Normal = = Weibull ® Datos (Weibull)

Figure 11: Probability paper for storm durations (n = 1027). Black dots: empirical data ranked by
the Weibull plotting position [15]; coloured lines: fitted theoretical distributions; red diamonds with
error bars: Log-Normal design quantiles with 95 % bootstrap confidence intervals (B = 1000).
The Log-Normal (orange dash-dot) provides the closest overall agreement with the empirical
points across the full probability range.

Histograma y Densidades Ajustadas — Duracién de Tormentas
n=1027 | Media=5.1h | Cv=0.848 | Recomendada: Log-Normal

Densidad

2 30 40
Duracion de tormenta (horas)

Distribucion =— Exponencial = Gamma Log-Normal = = Weibull

Figure 12: Histogram of storm durations with superimposed fitted density functions. The Log-
Normal density (orange dash-dot) and Weibull (violet) best represent the pronounced right skew
(Cs = 2.40). The Exponential (blue solid) systematically overestimates the density for short events
(1-3 h) and underestimates the tail.
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Figure 13: Q-Q diagram of the selected Log-Normal distribution ({, = 1.352, 61, = 0.743) against
observed quantiles. Alignment is excellent for durations of 1—20 h. Deviations above 25 h reflect
the small number of extreme events (n ~ 10) beyond the range of good statistical inference.

Figure 14 shows the design-duration curve with the 95 % bootstrap confidence band. Table 4 lists
the design durations for standard return periods.

Curva Duracién-Periodo de Retorno (Log-Normal)
IC 95% bootstrap (B=1000) | Circulos: datos empiricos | Estaciéon La Primavera

15
8

26.2h

N
3

Duracién de tormenta de disefio (horas)
s

1 2 5 10 25 50 100 200
Periodo de retomo (afios) — escala log

Figure 14: Design storm duration versus return period (Log-Normal distribution; 95 % bootstrap
confidence band, B = 1000; log-scale abscissa). Grey circles: empirical data with Weibull plotting
positions. Blue dots with labels: design quantiles. The confidence band widens markedly beyond
T, =~ 20 yr (the empirical data range for n. = 9 yr), highlighting the extrapolation uncertainty at high
return periods.
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Table 4: Design storm durations for La Primavera station (Log-Normal, fi,,, = 1.352, 6, = 0.743;
bootstrap Cl B = 1000; ny, = 9). Tier | (I, < 2n,, = 18 yr): statistically reliable, within the
observed data range [3]. Tier Il (7. > 18 yr): extrapolation; bootstrap Cl captures parameter
sampling variability only, not model uncertainty; for major infrastructure use Tier Il values as lower
bounds pending multi-station regional analysis.

T, (yr) P Dgesign (h)  Cl95% lower (h)  Cl 95% upper (h) Hydrometeorological interpretation
Tier | — statistically reliable (T,. < 18 yr, within observed range)
2 050 3.86 3.70 4.05 Typical convective storm; consistent with 2—4 h for the Colombian Andes [10]
5 0.80 7.22 6.86 7.63 Well-developed seasonal event
10 0.90 10.01 9.43 10.68 Meso-scale event; possibly ENSO-modulated [10]
Tier Il — indicative only (T, > 18 yr, extrapolation beyond observed range [3])
25 0.96 13.97 13.10 14.92 Rare event; primary hydraulic design threshold
50 0.98 17.76 16.51 19.24 Persistent extreme storm; regional validation required
100  0.99 21.74 20.08 23.70 Multi-day extreme event; Cl underestimates true uncertainty
200 0.995 26.17 24.02 28.70 Maximum extrapolation; do not use for design without regional analysis

4 Discussion

4.1 Structural availability and the WMO-168 adaptation

The 60 % threshold adopted for Criterion C1 is not an arbitrary relaxation but a consequence
of the hardware duty cycle. CVC dataloggers operate in variable acquisition mode, alternating
between active periods of 8—16 h/day and standby, which produces the observed structural ceiling
of 64—67 % annual availability (Table 1). This ceiling varies by season (higher during wet-season
active deployments) and explains why the standard WMO-168 threshold of 80 % cannot be met
regardless of instrument health. The adopted 60 % threshold lies substantially below the observed
hardware ceiling and therefore does not admit anomalously incomplete years.

The deactivation of Criterion C3 is equally supported by the data: within-month gaps in wet-
season months are exactly 30 days in all evaluated years, a value that corresponds to one full
calendar month with no datalogger activation — a recurring device characteristic, not a storm-free
period. Retaining C3 would incorrectly penalise the instrument’'s duty-cycle pattern as a data-
quality failure.

4.2 Non-Poisson storm arrival and the IETD criterion

The Restrepo-Posada & Eagleson [12] criterion was derived under the assumption of tempo-
ral stationarity of the storm arrival rate. This assumption is appropriate for Mediterranean or
unimodal-tropical climates where rainfall is distributed relatively uniformly throughout the year. In
the bimodal Valle del Cauca, the alternation of two concentrated wet seasons with two dry sea-
sons generates a bimodal TBT distribution with a short-duration mode (< 200 h, intra-season) and
a long-duration mode (> 1000 h, inter-season). The resulting Cvrgr is structurally greater than
unity for any physically admissible IETD, as confirmed by the monotonically decreasing curve in
Figure 8.

This finding is not unique to the Valle del Cauca: Dunkerley [4] documented the non-Poisson
character of storm arrival in dryland climates with strong seasonality, attributing it to the same
inter-season clustering mechanism identified here.

The over-aggregation bias framework (Section 2.4) clarifies the practical consequences of this
result. Without the physical upper bound, a naive search for Cv = 1 would require IETD > 6 h
to merge intra-season and inter-season TBT modes into a near-exponential marginal distribution
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— but at the cost of fusing meteorologically distinct storms into artificial multi-day pseudo-events.
Such over-aggregation would inflate duration quantiles by a factor proportional to the ratio of the
long to the short TBT mode, producing design durations physically incompatible with convective
precipitation mechanisms over the Valle del Cauca. The physical upper bound of 6 h is therefore
not a computational convenience but a necessary methodological guard against this bias.

The catalogue of 1027 independent storms produced with IETD = 6 h is meteorologically coher-
ent: each event corresponds to an organised convective system with duration, depth, and rate
statistics consistent with regional pluviometric observations [5, 10]. The residual over-dispersion
(Cv = 4.47) is an honest property of the bimodal climate that propagates correctly into the Log-
Normal tail of the duration distribution rather than being suppressed by an inappropriately large
IETD.

Reframing the scope of the frequency analysis. A key clarification is required for scien-
tific rigour: the frequency analysis of storm durations presented in this work is empirical and
distribution-agnostic with respect to the arrival process. It does not assume Poisson arrivals; it fits
probability distributions directly to the observed sample of n = 1027 storm durations. The Poisson
hypothesis of Restrepo-Posada & Eagleson is invoked only to establish the independence crite-
rion (the IETD), not to justify the parametric form of the duration distribution. This distinction —
between the arrival process model and the duration distribution model — is fundamental and re-
solves the apparent contradiction between Cvrpr = 4.47 and the use of an Empirical-Log-Normal
frequency analysis.

For climates where the Poisson assumption does hold, the Neyman-Scott rectangular pulse
(NSRP) stochastic model [18] provides a theoretically consistent alternative that jointly charac-
terises storm arrival, duration, and intensity. Extension of the present framework to an NSRP
formulation for the bimodal Valle del Cauca regime — exploiting the two-season structure to de-
fine season-specific Poisson rates — is identified as a priority for future research.

4.3 Goodness of fit, distribution coherence, and selection

The universal formal rejection of all four distributions by the KS test at n = 1027 (D4—0.05 &~ 0.042)
reflects a well-documented large-sample power effect: absolute probability deviations of ~ 4 % are
detected as statistically significant despite having no operational consequence for design [2]. Dis-
tribution selection therefore rests on three converging and independent lines of evidence.

Line 1 — Statistical criteria. The Log-Normal distribution presents the lowest Dxg = 0.093
and the lowest Anderson-Darling statistic A?> among the four candidates. The Anderson-Darling
statistic, which weights tail deviations more heavily than KS [17], is the decisive criterion for this
application because design decisions depend on the accuracy of high-return-period quantiles
(T, > 10 yr), not on the bulk of the distribution.

Line 2 — IETD-distribution coherence check. The observed Cvrpr = 4.47 > 1 confirms a
strongly over-dispersed, non-Poisson arrival process (Section 4.2). As established in Section 2.4,
this a priori predicts that the Exponential distribution will underestimate the right tail. The data
confirm this prediction: the Exponential yields Dxgs = 0.227 — the worst fit of all candidates —
and systematically underestimates the frequency of durations > 10 h, which are precisely the
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design-relevant range for T, > 5 yr. The IETD coherence check thus provides an independent
model-selection signal consistent with the statistical criteria.

Line 3 — Theoretical justification. Storm durations arise as the cumulative overlap of multi-
ple contributing factors (atmospheric moisture, vertical wind shear, orographic lifting, mesoscale
organisation) acting multiplicatively. By the multiplicative central limit theorem, their product con-
verges to a log-normal distribution [2], providing a mechanistic derivation independent of the em-
pirical data. The Gamma shape parameter k& = 1.39 > 1 indicates over-dispersion relative to the
Exponential (consistent with clustering), and the Weibull shape ¢ = 1.34 > 1 signals an increasing
hazard function — storms are more likely to continue the longer they have already lasted — both
physically coherent properties of organised convective systems that are captured more accurately
by the Log-Normal tail.

4.4 Design duration values and regional consistency

The median design duration of 3.86 h (7;. = 2 yr) agrees closely with the 2—4 h range reported
by Poveda et al. [10] for convective storms in the Colombian Andes, and with the Py = 4.0 h
directly observed in the catalogue (Table 2). The T, = 10 yr duration of 10.0 h is consistent with
organised convective systems or weak ENSO events, which Poveda et al. [10] show can extend
rainfall periods to 8-12 h in the Valle del Cauca. The T, = 100 yr value of 21.7 h falls in the
range of multi-day events attributable to strong La Nifia phases, which IDEAM [5] documents as
reaching 24—48 h of continuous elevated rainfall in the region.

Table 4 explicitly distinguishes two reliability tiers, following the Cunnane [3] criterion T, < 2n,.
extbfTier | (T- < 18 yr) is statistically reliable: design durations are within the range of directly
observed events, bootstrap confidence intervals are narrow (+0.5—1 h), and the Log-Normal fit
has been validated against the empirical data.

Tier Il (T,- > 18 yr) is explicitly indicative. The bootstrap Cl for these quantiles captures only
the sampling variability of the Log-Normal parameters, not three additional and potentially larger
sources of uncertainty: (i) model uncertainty (the true tail may deviate from log-normality at un-
observed extremes); (ii) non-stationarity (the nine-year record may not represent multi-decadal
climate variability including strong ENSO cycles [10]); and (iii) measurement uncertainty (inten-
sities > 100 mm/h approach the tipping-bucket saturation rate). For critical infrastructure design
requiring T,- > 50 yr, Tier |l values must be treated as a lower-bound estimate pending multi-station
regional frequency analysis.

4.5 Known limitations

1. The depurated record spans ny, = 9 years, below the 10-year minimum recommended
by WMO-168 §6.2 [15]. Design durations are therefore partitioned into two reliability tiers
(Table 4): Tier I (T, < 18 yr, within the observed range [3]) is statistically reliable; Tier Il (7, >
18 yr) is indicative only and must not be used for critical-infrastructure design without regional
multi-station validation. The bootstrap CI reported for Tier |l captures parameter sampling
variability only and substantially underestimates total uncertainty, which additionally includes
model-form error and potential non-stationarity across unsampled ENSO cycles [10].

2. The hourly temporal resolution prevents detection of sub-hourly events (< 60 min), which
can be critical for urban drainage design in catchments smaller than ~ 5 km?. Pluviographic
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records at 5-15 min resolution are required for those applications.

3. Cvrpr = 4.47 > 1 confirms a non-Poisson storm arrival process. The frequency analysis
of storm durations is empirical and arrival-process-agnostic (it does not assume Poisson
arrivals — see Section 4.2); therefore the IETD result does not invalidate the distributional
fitting. However, the storm catalogue must not be used to derive Poisson-based occurrence
rates, and extension to a Neyman-Scott rectangular pulse model [18] is needed for stochas-
tic rainfall generation.

4. Zero imputation for long gaps may underestimate annual rainfall totals in years with high
infilling fractions (> 40 %), affecting the seasonal cycle statistics (Figures 4 and 5).

5. The framework does not correct for inter-year boundary effects: storms straddling the tran-
sition from a valid to an excluded year may be truncated in the catalogue.

5 Conclusions

A methodological framework for quality control, climatological infilling, and design storm duration
estimation from hourly rainfall series of the CVC hydrometeorological network has been presented
and validated at La Primavera station, with the following main contributions:

1. WMO-168 screening adapted to CVC dataloggers. The reduction of the annual availability
threshold from 80 % to 60 % and the deactivation of Criterion C3 are normatively grounded
in WMO-168 §5.4 and the IDEAM national protocol. Nine years (2016—2025 excluding 2017)
pass the adapted screening, with mean availability of 64 %.

2. Cascade climatological infilling. Stage-2 hourly climatology (x month) reduces the per-
centage bias of the infilled series to 22.4 % versus 22.9% for linear interpolation alone
(cross-validation NSE: 0.005 vs. —0.26), with the largest improvement in long gaps coin-
ciding with high-activity diurnal hours.

3. Non-Poisson IETD in bimodal climates. The Cvrgr—IETD curve is monotonically de-
creasing without reaching unity for any physically admissible IETD, documenting formally
that the Poisson hypothesis of Restrepo-Posada & Eagleson is violated under the bimodal
Valle del Cauca regime. This finding does not invalidate the frequency analysis: the IETD
serves only to define storm independence; the subsequent distributional fitting is empirical
and arrival-process-agnostic. An IETD of 6 h constrained by the physical convective scale
produces 1027 meteorologically coherent storms. Extension to a Neyman-Scott rectangular
pulse model [18] that accounts explicitly for bimodal seasonality is future work.

4. Log-Normal design durations partitioned by reliability tier. The Log-Normal distribution
(fin = 1.352, 01, = 0.743; Dkgs = 0.093, minimum) best represents the storm duration
population on the basis of KS, AD, and IETD-coherence criteria. Tier I results (7, < 18 yr) —
3.86h (T, =2yr),7.22h (T, = 5yr), 10.0 h (T,, = 10 yr) — are statistically reliable (bootstrap
Cl £0.5-1 h) and consistent with the regional literature [10, 5]. Tier Il results (7, > 18 yr,
including the 21.7 h at T,. = 100 yr) are indicative only; the stated Cl underestimates total
uncertainty and regional analysis is required before use in critical infrastructure design.

5. Transferable methodology. The framework is fully transferable to any CVC station through
adjustment of a minimal parameter set. For stations with ny, € [8; 15], availability € [60; 70] %,
and IETDnys = 6 h, the expected T, = 10 yr design duration is Dy g0 € [8; 12] h.
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Code and Data Availability

The R 4.3 implementation (analisis_precipitacion_horaria.R) and the La Primavera case-
study data are available as supplementary material [14] at https://github. com/MauricioVictorialN/
DesignStormDuration-CVC under an MIT licence. The random seed set . seed(42) is fixed through-
out; all results are exactly reproducible from the archived version.
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