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Abstract: Precipitation is a component of the hydrological cycle, knowing its spatial distribution is vital for the
management of hydrographic basins, the territory and the development of fundamental activities for society. That is
why the present study shows the spatial variability of rainfall in Cartagena de Indias city with a network of rain gauges,
made up of nine pieces of equipment, separated from each other by 0.9-27 km. After a year of recording (2019), using
historical series of data, it was found that the maximum rainfall occurs in the trimester between September and
November, with interpolated maps made by the Ordinary Kriging (OK) method it was found that the maximum
rainfall is focused on the north, centre and west of the territory, instead, the maximum intensities are presented in the
centre and west, the minimums for both variables are presented to the east and south. The 70 and 90% of the rain
events have a duration of less than 30 min and 1 h, respectively. Three-parameter exponential function was fitted to the
paired correlation distances, and presented correlations lower than 0.8, 0.5 and 0.2 from distances of 1, 3 and 7 km,
respectively, in 30 min rain integration. It was also found that with a pluviometric network conformed by at least six
pieces of equipment and separated by a 5 km distance from each other in the urban area, a correlation of 0.5 and
compliance with the WMO recommendations would be obtained.

Keywords: coastal city, rainfall duration, rainfall intensity, spatial correlation, spatial variability

INTRODUCTION

Knowing the spatial and temporal variations in precipitation is of
great importance for the planning of the territory, classification of
land use and development activities such as agriculture [Privan
2015], production of electrical energy, and prevention of natural
disasters among other activities that can be considered funda-
mental for the well-being of humanity [ALroNso, SCHNABEL 2017].
That is why at national and international levels studies have been
carried out in different regions such as Manizales (Colombia)
[CortEs 2010], Algeria [MErNIZ et al. 2019], North Pacific region
of Mexico [GArcia, Cruz 2009], Delmarva Peninsula (USA)
[Tokay et al. 2014], India [DEy, MujuMDAR 2019; WARWADE et al.
2018] and Greece [MARKONIS et al. 2017], where the importance
and implications of studying and knowing the variability of
rainfall have been pointed out.

To study the spatial variability of rainfall, there is a wide
variety of literature and different methodologies used to under-
stand or establish a distribution pattern, authors such as GARRIDO-
ArevaLo et al. [2020], with historical records, have applied
concepts from information entropy and artificial neural networks
(ANNs) model for assessment of the rainfall station distribution.
In that study, meteorological stations were classified for the first
time using two-dimensional self-organising maps, raising three
scenarios by adjusting the number of neurons in the output layer,
then evaluated the performance of the ANNs by applying
concepts of information entropy. The methods were tested by
experimental datasets, where both the number of groups and their
members were previously known. MiTra et al. [2018] studied the
variation of rainfall during the monsoon season, constructing
a Markov random field (MRF) model.
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Toxay et al. [2014] and Tokay and Ozrurk [2012] used
a three-parameter stretched exponential model to determine the
inter-gauge correlations, establishing a relationship between
correlation and distance. For this, 5-year rainfall data were
analysed, grouping them by different seasons of the year and
periods of event duration. The results were tested by the root-
mean-square error (RMSE), which shows the goodness of the fit.

Arronso and ScHNABEL [2017] studied the spatial variability
of 7 years of rainfall record, comparing the average precipitation
methods of the arithmetic mean and the Thiessen polygon, for
annual, monthly, daily and seasonal scales, applying the concepts
of standard deviation and coefficient of variation between rain
gauges. However, the isohyets method was rejected because the
study area did not present strong topography contrasts.

Although in many pieces of research the equipment network
is already installed or belongs to national institutes, so it is
impossible to relocate them, there are equipment location
methodologies to select the optimal distribution. Gyasi-AGyE
[2020] identified the optimum rain gauge network density, using
scaling laws and bias-corrected 1 km x 1 km grid radar rainfall
records. Other authors such as ADHIKARY et al. [2015] studied the
optimal positioning of additional stations as well as optimal
relocating of existing redundant ones, reducing the kriging error
as an indicator for optimal spatial positioning. The previous
methods require prior information which is a disadvantage for
a network that will be newly installed, so it is feasible and
common to initially use the density per station recommended by
the WMO, which then can be optimised by complementing with
new pieces of equipment or relocating of the existing ones.

Currently, the city has only one rainfall station that has
a historical series of information of more than 30 years, it is
located at the Rafael Nuiez International Airport. Therefore,
there are no other stations that allow a comparison of rainfall at
different points of the urban perimeter. In addition, in the
absence of studies concerning the spatial variability of rain, it is
common to assume that rain occurs uniformly throughout the
urban perimeter and in neighbouring areas, which causes
solutions to the problems generated by climate change to be
incorrectly addressed, with repercussions in the physical-natural,
physical-spatial and even socio-economic fields. On the
other hand, having a historical record of this natural phe-
nomenon would help in the realisation of plans both for the use
of this resource and to prevent landslides, floods, and other
natural disasters that may occur within the urban area.

Cartagena de Indias is one of the most important cities in
the Colombian Caribbean that suffers from the consequences of
climate change and the intensity of extreme phenomena [IPCC
1997]. By 2040 flooding is projected to affect 201108 people as
a result of extreme precipitation events [INVEMAR ... 2012],
which have intensified to almost 50% more rainfall than the
upper range of the normal variation of the wettest month
[INVEMAR ... 2014].

The importance of this work lies in the fact that studies have
never been carried out to find out the spatial variability of
precipitation in the city, its knowledge would contribute to the
correct decision-making, in the economic fields, the social and
environmental aspects of planning, since all these must contain
a significant climatic component that will provide solutions to the
requirement of new parameters for the design of protection,
control and evacuation work, as well as to the requirement of

clear policies for the occupation and protection of the territory; all
these approaches are obeying the current climate conditions. The
contribution of this material would also serve to promote the
increase of the number of meteorological stations that include
rainfall collection in the network of national institutions, as well
as promote similar research and methodological guidance for
places near Ecuador, the Caribbean or any other place that is of
interest to investigate. Thus, the following questions arise.
1. Is there any spatial variation of rainfall in the urban basins of
Cartagena de Indias city?
2. How many rainfall stations are required in a tropical coastal
zone to counteract the effect generated by the spatial variability
of rainfall?

MATERIAL AND METHODS

STUDY AREA

Cartagena de Indias city is located in Colombia in the north of the
department of Bolivar on the shore of the Caribbean Sea. It is
located at 10°25'30" N and 75°32'25" W with respect to the
Greenwich meridian, in a typical, rugged and irregular coastal
area, formed by geological processes related to the sea [CIOH
2011], as seen in Figure 1. Cartagena has an area of 609.1 km?, of
which the urban area makes about 80 km? (12.8%) [Alcaldia ...
2001; EPA Cartagena 2019]. Its maximum, average and minimum
temperatures are 31.5, 27.7 and 24.2°C, respectively, according to
the multiannual average for the period of 2001-2007; winds range
between 2.57 and 5.14 m-s~* in the dry season, in the wet season -
between 1.03 and 2.57 m-s™', and in transition season - between
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Fig. 1. Cartagena de Indias; source: own elaboration
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3.08 and 5.14 m-s~'. During the wet season, from April to
November, rainfall ranges from 29 to 244 mm-mo~, with the
highest rates of rainfall occurring in October [CIOH 2011].

Table 1 compares the pluviometric network used, place and
relief for different studies carried out. The majority are observed
to have a station density of around 100 km?, and it is due to the
mountainous area in which they are located to comply with the
WMO recommendations (1 station per 250 km?), which are
generally taken as a reference to verify the network of equipment,
despite this, it is difficult to comply with these requirements in
a large study area.

ANALYSIS OF EQUIPMENT AND TECHNIQUES

Applying the WMO [2008] recommended minimum station
density for urban areas, a network of nine rain gauges, made up
of equipment from different entities distributed over the
territory and neighbouring areas at distances between 0.9 and
27 km was used, as shown in Figure 2. Six pieces of equipment
belonging to the University of Cartagena (Sp.: Universidad de
Cartagena - UDC): UDC (G1) installed 1.5 m above the ground
and six months of data recording (Jul-Dec), Turbaco (G2) at
2.0 m above the ground and four months of data recording
(Sep-Dec), Technological University of Bolivar (Sp.: Universi-
dad Tecnolégica de Bolivar — UTB) (G3) at 2.0 m above the
ground and three months of data recording (Oct-Dec), Tierra
Bomba (G4) installed 2.0 m off the ground and four months of
data recording (Sep-Dec), Mamonal (G5) at 1.5 m above the
ground and three months of data recording (Oct-Dec) and
Vivarium (G6) at 4.0 m above the ground and four months of
data recording (Sep-Dec), are tipping bucket type, of reference
HOBO RG3-M (0.2 mm per tip) and installed according to
WMO [2008] and Onset [2010] recommendations, as shown in
Figure 2. One piece of equipment belonging to General
Maritime and Port Directorate (Sp.: Direccion General Maritima

y Portuaria - DIMAR): Oceanographic and Hydrographic
Research Center (Sp.: Centro de Investigaciones Oceanograficas
e Hidrogréficas - CIOH) (G7) installed 1.5 m above the ground
and a year of data recording, two pieces of equipment belonging
to Institute of Hydrology, Meteorology and Environmental
Studies (Sp.: Instituto de Hidrologia, Meteorologia y Estudios
Ambientales - IDEAM): National Open and Distance University
(Sp.: Universidad Nacional Abierta y a Distancia - UNAD) (G8)
with a year of data recording and equipment of Rafael Nufiez
International Airport (Sp.: Aeropuerto Rafael Nuiiez) (G9) and
eleven years of data recording, were also used. The last month of
recording for nine rain gauges is December 2019 and the
minimum time aggregation is 10 min. The input data for
analysis depend on the temporal aggregation, for 10 min, these
are between 56 for the case of G5 and 1767 for G7. The
distribution of the indicated points is due to their topographic
representation, considering those already existing and estab-
lished by other entities, it was not homogeneous to be able to
evaluate the largest number of cases.

This study uses a methodology similar to those used by
TokaY et al. [2014], Tokay and Ozrurk [2012], where they use
a three-parameter stretched exponential model to determine the
inter-gauge correlations. The objective is to find a function to
describe the spatial variability between the Pearson’s correlation
coefficient r and rain gauge distance d. This model has been
widely used by Tessema et al. [2020], SunmIN and FOELSCHE
[2019], Mascaro [2017], Tokay et al. [2017], DE Vos et al. [2017],
JAMESON [2017], HYuN et al. [2016], SUNILKUMAR et al. [2016],
TokAY et al. [2016], SHASTRI et al. [2015], SvoBopa et al. [2015],
PELEG et al. [2013], MaNDaPakA and QIN [2013], Ha et al. [2007] to
investigate the spatial variability of rainfall. The methodology is
complemented with that used by Arronso and ScHNABEL [2017],
by the characterisation and analysis of rainfall. These methodo-
logies were also selected by analysing the spatial variability of

Table 1. Comparison of study area characteristics and network equipment composition for different researches

Geographical A
Coastal location . Area Recording rea P er
Study place Relief > . recoding Reference
zone (km~) point int (km?
latitude | longitude point (km)
K .
Erbil, Iraq no | 36°N | 44°E | mountainous | 330.0 9 110.0 A‘[‘% 1‘:;] al
) . MERNIZ et al.
Northeastern Algeria yes 35° N 6°E mountainous | 82,372.0 22 3,744.0 [2019]
Arizona, USA no 33° N 112° W | mountainous | 29,600.0 240 123.0 Mascaro [2018]
Eastern Mediterranean, Israel ORIANI ef al.
1° °E i 15,500. ,167.
and Palestine yes 31° N 35 mountainous 5,500.0 3 5,167.0 [2017]
. o o . RODRIGUEZ GON-
Zacatecas, Mexico no 22°N 102° W | mountainous | 75,284.0 760 99.0 )
ZALEZ et al. [2018]
high - -ARE
Cundinamarca, Colombia no N | 7aew | BN TOUNT 6150 182 1020 | GARRIPO-AREVALO
tain et al. [2020]
. . . Girons Lorez
Thur basin, Switzerland no 47° N 9° E mountainous 1,700.0 21 81.0
et al. [2015]
Kohkiloye?h—Bouyerahmad and Khouze- yes 31°N 50° B flat 25,0000 34 735.0 SHAGHAGHIAN and
stan provinces, Iran ABEDINI [2013]

Source: own elaboration based on researches from different countries.
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Fig. 2. Network of rain gauges and rain gauge installed in Mamonal (G5);
d = distance between the two gauge sites; source: own elaboration

rainfall in and near the coastal zone, as well as conditions that
resemble the needs and location of this study.

The characterisation of the precipitations was carried out
using the historical series of data from the G9 station, on an annual
and monthly scale, using the total and average data, respectively.
On a daily scale, it was carried out by means of frequencies of the
average number of days with rain, classified by month and the
amount of daily precipitation. The relative frequency corresponds
to the quotient between the absolute frequency of certain data and
the total data [ALrONSO, SCHNABEL 2017].

The spatial variation of rainfall was studied by comparing
precipitation data from different rain gauges for 2019, its
standard deviation and coefficient of variation were also
calculated in monthly periods. Average ranges per month and
standard deviation were calculated for the daily periods. To
analyse the intensities, spatial distribution maps of maximum
intensities during 10 min for the months of October and
November were drawn using the Ordinary Kriging (OK)
interpolation method. The average intensity during 10 min and
daily precipitation were also related, and boxplots were used to
group the data into four groups as a function of precipitation
between 0.1 and [0.1-5 mm), [5-10 mm), [10-30 mm), and
>30 mm. An important rain event (rainfall event of October 30,
2019) was also analysed where most of the equipment recorded
information using rainfall mass curves (cumulative rainfall
curve), graphically representing the behaviour of the rainfall
[ALFONSO, SCHNABEL 2017].

For the spatial correlation analysis, the relative frequency of
duration of rain events was obtained for each station, considering
the characteristics that define a rain event [LozaNo-Rivas 2018].

Then, Pearson’s correlation coefficient was applied to 36 pairs of
gauge records for 8 different rain accumulation periods ranging
from 10 min to 12 h. Rain/no-rain thresholds were considered to
exceed a trip (0.2 mm), and were based on 30 min rain
accumulation period. A three-parameter exponential function
was then applied to the correlation r and distance d pairs for each
integration period and expressed as in Equation (1):

@]

where: ry = nugget parameter, d = distance between the two gauge
sites, d, = correlation distance, s = shape parameter.

Despite not having a dual- or triple-tipping-bucket rain
gauge network, a correlation of 0.95 was used for a distance d = 0,
according to the results obtained by Tokay et al. [2014].

Finally, a relationship was established between the density of
equipment necessary for a network of rain gauges in the urban area
of Cartagena de Indias based on the WMO recommendations, the
correlation of data and the distance between pieces of equipment,
assuming that the afferent area per rain gauge is circular.

The information used from the stations installed by the Uni-
versity of Cartagena can be found on the website of the Envir-
onmental Modeling Research Group (GIMA for its acronym in
Spanish) [https://www.gimaunicartagena.org/]. On the other hand,
the information of the Rafael Nufiez International Airport and
UNAD stations can be requested on the IDEAM website [http://
www.ideam.gov.co/], and the CIOH station can be requested
directly on DIMAR website [https://www.dimar.mil.co/].

RESULTS AND DISCUSSION

CHARACTERISATION OF RAINFALL IN CARTAGENA DE INDIAS

Annual and monthly rainfall

Although the average annual precipitation of the 2009 to 2019
series is 1052 mm, as shown in Figure 3a, the rainiest years were
2010 with 2469 mm and 2011 with 2130.2 mm, and the least rainy
year was 2015 with 376 mm, followed by 2019 with 501 mm. The
variability in the different hydrological years is notable due to the
phenomena associated with the El Nifio-Southern Oscillation
(ENSO), there are periods with high rainfall followed by low one
(2011 to 2012, for example) and vice versa (2009 to 2010, for
example), in turn, series of years that behave in a similar way are
presented, such as 2012-2015 with a mean of 711 mm, a standard
deviation of 268 mm and a coefficient of variation of 38%. For the
time series from 2016 to 2019, a mean of 868 mm, a standard
deviation of 324 mm, and a coefficient of variation of 37% were
obtained. For these time series, the coefficients of variation were
very similar. For the time series from 2009 to 2019, a standard
deviation of 667.4 mm, and a coefficient of variation of 63% were
obtained, indicating high data variation.

Figure 3b represents the average monthly rainfall of the
studied series, where it is observed that the hydrological year
opens in the month of April (or March in 45% of cases) and the
maximum amount of rainfall occurs in the quarter between
September and November, where 55% of the annual average
rainfall is concentrated, with October being the wettest month of
the whole year with 259 mm (25% of the annual average rainfall).
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Fig. 3. Average rainfall in Cartagena de Indias for eleven years between 2009 and 2019; a) annual, b) monthly; source: own study

Table 2. Average annual and monthly distribution of daily precipitation frequencies between 2009 and 2019

[0.1-1) [1-10) [10-30) [30-50) 250
Month Month R-Fre (%)
mm
January 1 0 0 0 0 1 1
February 1 1 0 0 0 2 1
March 1 1 1 0 0 3 2
April 3 2 1 1 0 7 5
May 4 4 2 1 1 12 9
June 5 6 3 1 1 16 12
July 4 6 2 1 1 14 10
August 4 7 2 1 1 15 11
September 6 7 3 2 1 19 14
October 6 7 4 2 2 21 16
November 6 5 3 2 1 17 13
December 2 3 1 1 1 8 6
Year 43 49 22 12 9 135 100
R-Fre (%) 32 36 16 9 7 100

Explanations: R-Fre = relative frequency.
Source: own study.

October was the month with the highest standard deviation of
176.9 mm and a coefficient of variation of 68%, the third lowest
after August and May with coefficients of variation of 53% and
64%, respectively. On the other hand, January has the lowest
standard deviation of 0.4 mm, however, its coefficient of variation
is 307%, the second highest after February with 332%, which is
clear from the months without rain in the data series.

Daily rainfall

Table 2 presents the rainfall frequencies as a function of the
average number of days in the annual series of the assigned
intervals, it shows that on average 32% of the days of the year
represent a rain event less than or equal to 1 mm, 68% of the rains
are less than 10 mm, and 43% of the days with rain make up 55%
of the average annual rainfall. On the other hand, the difference
between months of minimum and maximum rainfall is clearly
observed, in addition to the gradual transition between the
months of the first half of the year. In March, for example, rains
of up to 30 mm begin to occur, a figure which is surpassed in

April and then in May, this gradual transition occurs inversely at
the turn of the year (December-January). The rainiest quarter of
the year has the greatest amount of rainy days, despite this, most
days correspond to less than 10 mm of rainfall, so only 1 or 2 days
correspond to more than 50 mm of rainfall, that is, the total
amount of the rainiest months are distributed over a few days.

SPATIAL VARIABILITY OF RAINFALL

Spatial variability of rainfall intensities

For the spatial variation of intensities, interpolated maps were
made by the Ordinary Kriging (OK) method using the maximum
intensities during 10 min for two rainy months (Oct-Nov). As for
the month of October, in Figure 4a, it is observed that the
maximum intensities are concentrated in the west and centre of
the urban area and in the north of the territory, on the contrary,
the minimums are presented in the east and the south of the
territory. Conversely, for the month of November, Figure 4b
shows the maximum intensities in the central zone of Tierra
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in the central urban area and the island of Tierra Bomba, which is
very close, in contrast to the minima that occur in the east and
south of the territory.

The intensity analysis includes the average ratio of the
stations between the daily rainfall and the maximum intensities
during 10 min, as shown in Figure 5, where it is observed that for
the same daily rainfall there may be several maximum intensities,
in addition, there is a directly proportional relationship between
both variables. Four groups of daily quantities were established,
which are presented in Figure 6, between 0.1 and 5 mm (N = 229),
between 5 and 10 mm (N = 30), between 10 and 30 mm (N = 20),
greater than 30 mm (N = 4), the analysis is carried out
considering the soil impermeability, mainly in the urban area,
therefore, everything that falls will be reflected in the runoff. The
difference is not so significant in the first two groups, which are
quite similar, but it is between these two and the third (10-
30 mm) and fourth (>30 mm) groups.
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Fig. 5. Relationship between average rainfall daily (P4.y) and intensity
during 10 min (I;o) with the line of best fit linear regression (N = 290);
source: own study

l1o mean (mm-h™)

Fig. 6. Grouped intensity during 10 min (I;); source: own study

Fig. 4. Maps of maximum intensities during 10 min (mm-h™") in the
rainiest months: a) October, b) November; source: own study

Bomba Island, and the minimum in the central urban area, in the
east and north. This indicates that the maximum intensities are
not only variable in space but also in time, and can be synthesised

Analysis of rainfall event

Figure 7 represents the mass curve resulting from accumulated
data from the rainfall event of October 30, 2019, which began at
12:30 detected by G6 in the north, and then distributed towards
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the south, where most of the rain gauges recorded information,
except for G7 and G9. In G6 it lasted 30 min with a constant
intensity and then gradually decreased. One hour after it started,
in the urban area, it was detected by stations G1 and G3 with
intensities a little lower than G6, 10 min later by G8, G2 and G5
in the urban area, to the east and south respectively, and finally 30
minutes later in Tierra Bomba Island by G4.

45
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Fig. 7. Precipitation mass curve of the rain event of October 30, 2019;
source: own study

It is evident that the rain predominated in the southwest
direction, so the maximum quantities and intensities were
presented at the stations located in that direction, when, for
example, comparing G1 and G3, although they began to register
at the same time and even had the same intensity for about 15
min, G1, which is further east, registered almost twice as much
precipitation as G3. In turn, G3 registered more rainfall than G2,
which is further east. On the other hand, G5 and G4, in that order
were the last stations to record information, G4, located to the
west, had higher intensities and obtained almost three times the
precipitation of G5 located to the south.

Figure 8 shows the percentage of the duration of rain events
for each of the stations, it can be seen that in the city and
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Fig. 8. Percentage of rain events duration for each gauge; source: own
study

surrounding areas 70% of the rain events have a duration of less
than 30 min, and 90% less than 1 h. The distribution of rain
durations for nearby stations is very similar, for example, at
central stations G8 and G1 (0.89 km), and the eastern G2 and G3
(6.11 km), as for station G5, 100% of the rain events are less than
1 h in duration, station G6 was the only one to record an event
lasting between 3 and 6 h.

SPATIAL CORRELATION

With the exponential function of three parameters, it was found
that for the observation period in rainfall integrations of 30 min,
the correlations were less than 0.8, 0.5, and 0.2 at distances of 1,
3 and 7 km, respectively, as shown in Figure 9. The nugget
parameter calculated for the analysed stations was 0.89. The
distance correlation and the shape parameter were 4.42 km and
1.01, respectively, for the exponential fit. The root mean square
error (RMSE), which shows the goodness of fit, was 0.09.
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Fig. 9. Intergauge correlations (squares) and the fitted exponential
function (curve) for 30-min time averaging; r = correlation coefficient,
RMSE = root mean square error, d = distance between the two gauge sites;
source: own study

Table 3 summarises information on location, surface and
results obtained in different studies, including this one, where
a three-parameter exponential function was used to analyse the
spatial variability of rainfall. When comparing them with each
other, it is found that the places closest to the Equator line present
higher variabilities, which can be justified mainly by the
difference in latitudes of the study areas, where atmospheric
phenomena allow the distribution of rainfall to be more
heterogeneous.

When comparing, for example, our results with those
obtained by Tokay et al. [2014], who got 7y = 0.93, dy = 12.2 and
s = 0.57, it is concluded that on the Delmarva Peninsula the rain
gauges location can be more widely spaced than in Cartagena de
Indias. For example, to obtain a correlation of 0.5 in both places,
the equipment on the Delmarva Peninsula can be located three
times the distance obtained in Cartagena de Indias, meaning that
the spatial variability of the rainfall in the latter is higher, and this
was expected due to the difference in latitudes. On the other hand,
if we compare our results with those obtained by Manparaka and
Qv [2013] in Singapore, whose study area is almost on the
equatorial line and who obtained ry = 1, dy = 10.1 and s = 0.62, the
spacing between gauges, even though it is a little higher, is more
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Table 3. Summary of results obtained in research that used a three-parameter exponential function
hi Di km) f h
Study place zone (km?) ing Reference
latitude | longitude points 0.8 0.6 0.4 o dy s
Amsterdam DE Vos
> 52.3°N 4.8°E 575.0 63 - - 28.00 0.58 130.00 0.65
the Netherlands no et al. [2017]
Hradec Kralové
. SVOBODA
Region, Czech no 50°N 16°E 4,759.0 38 2.80 34.00 199.00 1.00 260.00 0.33
. et al. [2015]
Republic
SUNGMIN
Feldbach, Austria no 47°N 16°E 300.0 150 4.00 11.40 22.30 0.95 26.00 0.94 and
FoELscHE
[2019]
Delmarva Penin- Toxkay et al.
39°N 75°W 14,127.0 11 0.62 4.00 12.80 0.93 17.20 0.57
sula, USA yes [2014]
Kentucky, USA no | 38N | 8w | 1,020 | 17 280 | 930 | 2130 | 100 | 2419 | 070 HYS;;;]“"
T X
Virginia, USA no | 37.9°N | 75.4°W 43 6 088 | 420 | 1230 | 099 | 1470 | 055 OEA g 1‘:] al
T X
Oklahoma, USA no | 36.78°N | 97.18°W | 80,0 13 360 | 640 | 950 | 100 | 1010 | 149 Ogg I;t] al
. o o Ha et al.
Korean peninsula yes 36°N 127°E 100,210.0 464 10.49 24.00 43.00 1.00 47.00 1.00 (2007]
Central Arizona, o o MAsCARO
USA no 33°N 112°W 29,600.0 310 0.80 3.30 9.20 1.00 10.70 0.57 (2017]
Galed, Tsrael no 3°N | 35°E 40 14 250 | 510 | 830 | 099 | 900 | 120 PEE‘; g]“l'
Gadanki, India no 13°N | 79°E | 25000 | 36 0 1060 | 2050 | 080 | 2706 | 133 |SUNmKUMAR
et al. [2016]
Cartagena, yes | 10N | 75°W 80.0 9 048 | 176 | 354 | 089 | 442 | 101 |own study
Colombia
Upper Gana wa- TESSEMA
.58¢ .75°E 16. 11 1. 4 21.2 . 27. .
tershed, Ethiopia no 7.58°N 37.75 6.9 00 6.40 0 0.95 7.89 0.53 et al. [2020]
MANDAPAKA
Singapore yes 1.2°N 103°E 710.0 49 0.90 3.40 8.80 1.00 10.10 0.62 and QIN
[2013]

Explanations: r, = nugget parameter, d, = correlation distance, s = shape parameter.

Source: own elaboration based on researches from different countries.

similar. In this way, the places that are between the latitudes 10°
N and 10° S present higher variabilities.

It is also noted that in coastal areas the spatial variability of
rain is much higher, although this is well known, in Table 3 it is
evident and verified, thus in the Upper Gana watershed
(Ethiopia) or in Gadanki (India), gauges may be more spaced
than in Cartagena or Singapore, although they are all between the
equatorial line and 10° N and 10° S.

Another aspect to highlight is the effect of longitude, since
the places to the west present higher variabilities and are justified
by global phenomena such as ENSO. Thus, when compar-
ing longitudes of different points with similar latitudes,
the variability is much greater in such places as Kentucky,
Virginia or Oklahoma (USA) than on the Korean peninsula,
despite the fact that the latter is located in a coastal area. Other
examples are central Arizona (USA) and Gal’ed (Israel) in the
east, while the variability is greater in Cartagena (Colombia) than

in Gadanki (India), the Upper Gana watershed (Ethiopia) or
Singapore despite the fact that the latitude of the latter is much
smaller.

EXPONENTIAL ADJUSTMENT PARAMETERS

The nugget parameter was higher than 0.88 for the different
groups considered, Figure 10a, increasing with long periods of
grouping, finding minimum and maximum values of 0.89 and
0.98 for 30 min and 6 h, respectively, this shows that the
variability between stations is quite pronounced for short periods
of rain. The correlation distance was usually between 4.3 and
5.3 km, but it was as low as 2.2 km and as high as 7 km for 10 min
and 12 h of grouping, respectively, Figure 10b. The shape
parameter remained constant at around 1, except for the 20 min
grouping which was almost 5 (Fig. 10c). The RMSE was less than
0.1 for 30 min but increased to 0.19 in 12 h of grouping (Fig. 10d).
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Fig. 10. Dependence of: a) nugget parameter, b) correlation distance, c) shape parameter of the exponential function, d) root mean square error
(RMSE), on the averaging time scale ranging from 10 min to 12 h; source: own study

For the nugget parameter, Tokay et al. [2014] had results
greater than 0.88, similar to those in the present study, the
maximum deviation was 7.7% and was presented in groups of 10
min. The correlation distance had higher values, ranging between
10 and 180 approximately. The shape parameter had values
between 0.52 and 0.67. The values for RMSE were less than 0.09.

RAIN GAUGE NETWORK IN THE URBAN AREA

A hydrological station has a significant afferent area that,
according to the recommendation of the World Meteorological
Organization (WMO), obeys the socio-economic and physical-
climatic conditions, the area per rainfall station must be between
10 and 20 km? in urban areas [WMO 2008]. Assuming that the
contributing area of a rain gauge is distributed in a circular way
with the equipment as the centre and the afferent circumferences
of each rain gauge cut tangentially, as in Figure 11, relationships
can be established concerning the distance between the two gauge
sites (d), the correlation (r) and the number of gauges (N),
knowing that the urban area is approximately 100 km”. Figure 12,
which includes the limits of the areas recommended by the
WMO, 3.6 and 5 km for 10 and 20 km?, respectively, notes that
both the d-r and d-N relationships are inversely proportional. In
this way, in the urban area of Cartagena de Indias, 10 stations
would be necessary to record rainfall information at a distance of
3.6 km, to obtain a correlation of 0.6, and at least 6 rain gauges

per 5 km to get a correlation of 0.5. The location of the station in
the built-up area must also meet the requirements of the WMO
regarding the distances from objects that may affect the
measurement result (trees, buildings, etc.). Although the correla-
tion was calculated with the adjustment equation for rains with
durations of 30 min, it was compared with other rain durations
and the results were higher than 4% in most cases, except for
rains with durations of 10 min, which were lower by 30%.
Although it is not depicted in Figures 11 and 12, it can be
projected that for an installed rain gauge, at a distance (R) greater
than 6.5 km (that is, d > 13 km), the data correlation (r) is less
than 0.2.

Fig. 11. Contributing area distribution between rain gauges; d = distance
between the two gauge sites, R = circumference radius of each rain gauge;
source: own study
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CONCLUSIONS

The average annual rainfall recorded by the Rafael Nufiez
International Airport station is 1052 mm. The annual amount
of precipitation is quite uneven, 2010 stands out with the highest
rainfall of 2469 mm and 2015 - as the least rainy with 376 mm,
this variability is a typical phenomenon associated with El Nifio-
Southern Oscillation (ENSO). The average total annual rainfall is
concentrated in the rainiest quarter, comprised of September,
October and November, which consists of 43% of days with rain,
that makes up 55% of the total precipitation. The wettest month is
October with an annual average rainfall of 25% and the highest
number of days with rain, 16% of the total daily precipitation
frequencies.

The data recorded in one year provided the information for
the investigation of the spatial variability of rainfall. Both the
monthly standard deviations and the highest and lowest daily
average ranges, recorded in 2019, were presented in the rainiest
(October) and least rainy (December) months, respectively.
Geographically, the highest rainfall occurred at the stations in
the north, west and in the urban (central) area of the territory,
while the lowest was in the east and south. This is mainly justified
by the location of the city and the prevailing winds from the
N (towards the south) and NE (towards the southwest).
Regarding the intensities, it was maximum in the urban area
and on Tierra Bomba Island, and minimum in the east and south,
adding that the days with higher rainfall showed the greatest
variations.

It is important to note that 70% of the rain events had
a duration of less than 30 min, and 90% less than 1 h, so only 10%
or less had a duration greater than 1 h.

The spatial variability was more pronounced at short
distances as well as correlations below 0.8 at distances of 1 km
for the experimental period in 30 min of integration. The
correlation gradually decreased from 0.5 to 0.2 between 3 and
7 km and was less than 0.1 for distances greater than 10 km. The
three exponential function parameters had good adjustments in
all evaluated cases, with differences between the observed and
adjusted values being quite small. The root mean square
(RMSE) had a maximum value of 0.17 and a minimum of 0.09,
for the aggregations of 12 h and 30 min, respectively.

The nugget parameter, which is the correlation of the
installed rain gauges, was greater than 0.88. The shape

parameter had, in most cases, values around 1, and the
correlation distance was between 4.3 and 5.3 km.

In the urban area of Cartagena de Indias, it would be
necessary for 10 stations that record rainfall information located
at 3.6 km to obtain a correlation of 0.6, and at least 6 to 5 km to
obtain a correlation of 0.5, to meet the minimum and maximum
range of rainfall density recommended by the WMO, respectively.

Due to the importance of the city and the issues of rainfall,
distribution and spatial variability of rainfall, in addition to its
versatility in different fields of action, it is recommended to
continue researching, mainly with a wider network of rain gauges,
with a dual- or triple-tipping-bucket rain gauge networks, and
with a larger annual series of data. Likewise, it is not limited only
to the urban and surrounding area, but also covers a wider area
where quite important economic and engineering activities are
carried out. In turn, it would be important to assess the status of
the considered equipment network and optimise it by relocating
or expanding equipment.
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