HidroSIG: An Interactive Digital Atlas of Colombia’s
Hydro-climatology

German Poveda, Oscar J. Mesa, Jaime I. Vélez, Ricardo Mantilla, Jorge M. Ramirez,

Olver O. Hernandez, Andrés F. Borja, and Jheison A. Urzola

Escuela de Geociencias y Medio Ambiente, Universidad Nacional de Colombia,
Medellin, Colombia
July 6, 2005

Keywords: GIS, Colombia, Hydrology, Climatology, HidroSIG, Water Balance

Short title:



Abstract. An interactive digital hydro-climatologic atlas of Colombia, HidroSIG,
has been developed containing distributed maps and time series of monthly and
long-term average precipitation, actual and potential evapotranspiration, and river
flows, as well as temperature, humidity, radiation, land use, life zones and many other
variables, as part of a more comprehensive geographical information system (GIS) and
database. Maps were developed so as to capture the spatial variability of the diverse
geophysical fields resulting from major geographic, topographic and climatic controls.
HidroSIG allows diverse hydrological and geomorphological estimations including: ()
extraction and estimation of geomorphological parameters of drainage channel networks
and river basins from Digital Elevation Maps (DEM), (7) estimation of the long term
and monthly water balances and multiple hydro-climatic variables in river basins, (i)
estimation of extreme flows (floods and low flows) of different return periods at any
site along the river network of Colombia, and (iv) interpolation of geophysical fields
using Kriging with drift, adaptive neural networks, and triangulation with topographic
drift. All results are readily available merely by ‘clicking’ on the requisite point. Here
we describe the most relevant features of HidroSIG in terms of the methods employed
for hydrologic estimations, visualization capabilities, tools for analysis and interpolation
of hydro-climatic variables in space and time, geomorphologic analysis and estimation
from DEMs, and other features. Water resources planning and management, as well
as diverse applications in hydropower, agriculture, human health, ecology and other
environmental and socio-economic sectors benefit from this freely available data base

and computational tool.



1. Introduction

Colombia is located in northwestern tropical South America, exhibiting a wide
variety of climates and ecological environments, ranging from mountain and rainforests
through savannas, tropical glaciers, and deserts. The country exhibits complex
hydro-climatological features not only due to its tropical setting, but also due to: ()
topographic gradients of the three branches of the Andean mountains crossing from
southwest to northeast, (i) hydro-climatic and ecological dynamics of the Amazon
and Orinoco River basins, (i17) atmospheric circulation patterns over the neighboring
tropical Pacific and Atlantic oceans, and (iv) strong land-atmosphere feedbacks [Poveda
and Mesa, 1997].

Water resources planning and environmental management in Colombia are
challenged by such hydro-climatological complexity, amidst difficulties arising from: (1)
lack of adequate information of relevant hydrologic variables in space and time, (i)
poor-quality, limited and costly data sets sold by local hydro-meteorological services,
(3i) lack of appropriate methodologies to predict hydrologic variables over a wide range
of space-time scales in tropical environments, and (iv) prohibitive licensing costs of
commercial geographical information systems. This situation is the rule throughout the
developing world in general.

With the purpose of overcoming these limitations for water resources planning
and management, we have developed in-house HidroSIG, as a Geographic Information

System containing an Interactive Digital Hydro-climatic Atlas for Colombia. HidroSIG



is designed for calculating and visualizing fields of long-term average precipitation,
actual and potential evapotranspiration, river flows (mean and extreme), and many
other hydro-climatic variables. The work by Poveda et al. [2005b] provides a detailed
account of the data sets and methods used to estimate and produce the maps of diverse
hydro-climatologic fields for Colombia contained in HidroSIG.

This paper aims to introduce detailed aspects of HidroSIG, proceeding as follows.
Section 2 describes data and estimation methodologies. Section 3 illustrates some results
and products included in the atlas, as well as its capabilities and tools, and conclusions

are drawn in the final section.

2. Data and Methods

HidroSIG uses an extensive hydro-climatological data base from Colombia.
More than 1,500 maps of topographic and geopmorphological parameters, multiples
hydrological and climatological maps, life zones, soils and land use, etc. Also, estimates
of long-term average and extreme river flows (floods and low flows of different return
periods) along the drainage network of the country, are available. In addition, HidroSIG
contains information and time series of more than 7,500 gauging stations of diverse
hydro-climatological variables.

HidroSIG has been developed in Java, and performs in a similar fashion to a Java
Data Base Connection (JDBC), thus allowing exporting data to other data bases,
without major code modifications. To maintain free-ware character of the software,

HidroSIG is mounted on M ySQL® (http://www.mysql.com). The client-server



disposition of HidroSIG allows several users to be working simultaneously on different

types of operations, avoiding concurrence issues.

2.1. Digital elevation model and river network extraction

We have used GTOPO30, a Digital Elevation Map (DEM) developed by the U.S.
Geological Survey, for Colombia and neighboring countries, which provides regularly
spaced elevations at 30-arc seconds (= 1 km). Extraction of river networks and drainage
basins from DEMs demands high algorithmic efficiency [Band, 1986; Garbrecht and
Martz, 1994]. We used the steepest descent method to extract river networks from the
topographic DEM, and defined a direction matrix that identifies the path of stream
channels over terrain. Quality-control procedures were performed with the purpose
of: checking for quality of the DEM itself; for consistency with drainage networks
at finer spatial resolutions; to accounting for geologic controls; to eliminating errors;
and to resolving the presence of spurious sinks or sources within the DEM, especially
on low-slope terrains and flood plains. HidroSIG contains modules to estimate and
display geomorphological information and parameters from DEMs, including extraction
and ordering of stream channel networks according to the Strahler-Horton scheme,
identification of river basin divides and areas, estimation of Horton ratios, topological
and geometrical width functions, magnitudes, channel lengths and slopes, hypsometric
curve, aspect maps, etc. Details of the procedures developed to extract the river network

and quality-control procedures may be found in Ramirez and Vélez [2002].



2.2. Long-term annual precipitation

The long-term annual precipitation map for Colombia was developed using point
data from more than 600 raingauges, located mostly in central and northwestern
Colombia, and complemented with data from neighboring countries and previous studies
regarding rainfall in Colombia. Kriging [Bras and Rodriguez-Iturbe, 1984] was used
to interpolate point data on a regular 5-arcmin grid, with topography as an auxiliary
variable (drift), with the purpose of incorporating the strong orographic effects of the
Andes on local precipitation. Details of the data used and the resulting precipitation

map are discussed in Poveda et al. [2005b].

2.3. Long-term annual actual and potential evapotranspiration

Long-term actual and potential evaporation were estimated using the well known
methods introduced by Turc [1955], Turc [1962], Coutagne [1954], Thornwaite [1948],
Holdridge [1978], Meyer [1942], Penman [1948], Budyko [1974], Morton [1983], and
Cenicafé [Chaves and Jaramillo, 1998|. Details of the data used and the resulting actual

and potential evapotranspiration maps are shown in Poveda et al. [2005b].

2.4. Long-term mean river flows

Long-term river flows were estimated for the entire river network of Colombia, using

the water balance equation of a drainage basin, given by [Manabe, 1969; Schaake, 1990],

=2 — Plt) - E(t) — R(t) (1)



where S(t) represents soil and ground water storage as a function of time, P(t) and E(t)
represent basin-integrated precipitation and actual evapotranspiration rates, and R(t)
represents the total runoff leaving the basin. Total runoff R(t) includes the streamflow
at the basin outlet and the net integrated lateral subsurface runoff. Integrating equation
(1) over long time scales gives, R = P — E. Therefore, estimation of mean annual runoff
requires basin-integrated estimates of precipitation and actual evapotranspiration. To
simplify notation and due to ergodicity, one can replace time averages for expected
values. Therefore, over bars will be dropped hereafter. The equation @ = A[P — E] is
taken as the methodological basis of the study, through integration of P and E over the

spatial domain extracted by HidroSIG, and estimated as

Q=AY (Py—Ey). (2)

ijeA
For validation purposes, we used records from more than 200 river gaging stations
throughout Colombia, and systematically compared with estimations from the long-term
water balance equation, using all aforementioned evapotranspiration methods. Details

of the data used and the resulting river flows map are discussed in Poveda et al. [2005b].

2.5. Estimation of floods and low flows

Our methodological approach to estimate peak flows for different return periods
was based on the classical quantile analysis [Chow, 1951, 1964], in combination with

scaling theories to estimate statistics of annual floods in terms of mean annual flows.

See details in Poveda et al. [2005b].



3. Results
3.1. Geomorphological and Hydrological Estimates and Visualization

HidroSIG was designed as a Geographical Information System (GIS, or SIG for
Sistema de Informacion Geogrdfica, in Spanish) that allows visualization, handling
and analysis of spatially distributed geophysical fields and variables, as well as
time series analysis of hydrological records. The software was developed for our
research in Colombia, but any user will be able to work with their own DEMs and
data bases. It possesses special tools to estimate and analyze hydro-climatological
variables and time series. The software allows an interactive visualization of raster,
at-station, and vector information contained in a large server-client modelled database.
HidroSIG utilizes the VisAD Java Library to generate and handle graphical objects.
This library consists of a set of classes that provide interactive visualization of
numerical data. Complete information on VisAD and its applications can be found
at http://www.ssec.wisc.edu/ billh/visad.html. HidroSIG’s main interface allows the
simultaneous visualization and usage of several two or three-dimensional maps at
any spatial resolution, in combination with VisAD. Visualization of the maps can be
modified interactively through zooming, rotations, and movements of maps. Color
palettes can be interactively adjusted. All information associated with every map and
the corresponding data at-a-station are available at the “click” of the mouse. The
user can estimate distances and visualize spatial gradients of any variable through any

transect. Figure 1 shows a display of HidroSIG depicting the topography of Colombia



and two details of topographic analysis (aspect map, and 3-D rotation).

Figure 2 displays an example of HidroSIG’s extraction of a river basin and channel

network and estimated parameters of geomorphological and hydrological relevance,

including the topological width function and hypsometric curve of the Magdalena River

basin near its mouth to the Caribbean Sea.
Figure 3 shows average monthly rainfall maps for the twelve calendar months over

Colombia (left), and the annual cycles of precipitation (figure and table) at some chosen

site (right hand panels).

3.2. Analysis tools

3.2.1. Analysis of hydro-climatic variables Most estimations developed by
HidroSIG rely on the spatial coverage of gauging stations. The user can analyze and
store results of the space-time distribution of an unlimited number of hydro-climatic
variables. Such information can be both spatially distributed fields (raster formatted
maps), and time series of data at-a-station. Figure 4 shows an example of box plots
for the annual cycle of river flows at El Cangrejo River in central Colombia, a result
which comes up by just clicking at the desired site or gauging station along the channel
network. Results from the long term and monthly water balance are shown at any
desired site along the drainage channel network of Colombia. Figure 5 shows results for
mean monthly river discharges of the Atrato River at a station nearby to the Caribbean
Sea, estimated through the water balance equation. Animations allow visualization

of dynamical maps, with access to data corresponding to each grid point over the
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map. HidroSIG contains diverse tools for statistical analysis of time series, including
autocorrelation function, Fourier power spectra, and correlation analysis between
hydro-climatological variables and time series of macro-climatic phenomena such as
ENSO.

3.2.2. Interpolation HidroSIG contains a module to implement diverse
interpolation techniques, including Kriging, and other algorithms based on neural
networks, linear triangulation, and a combination of both. Some of the methodologies
rely on auxiliary support variables to improve interpolation performance. Interpolation
methods allow regionalization of interpolating variables, as is the case of adaptive neural
networks, and triangulation with topographic drift [Velez et al., 2002]. The interpolation
module is highly interactive, and the user can provide point-data, as well as any kind of
auxiliary variables and supporting information, at will. Additionally, the user can define
values of any parameters required by the interpolation techniques. The software also
allows the user to visualize triangulation results in order to detect possible erroneous
basic information and possible interpolation problems. The final result is a raster file
that can be visualized by HidroSIG (Figure 6).

3.2.3. Map Calculator HidroSIG incorporates a map calculator to perform
arithmetic, statistical and logic operations among maps and normal numerical values.
Such calculator is useful in developing descriptive statistical analysis on maps and in
generating new fields from indices estimated with the basic hydro-climatological data
bases. It is worth noting that all types of analysis performed by HidroSIG are totally

independent from map scale and resolution. In such a manner, integration of variables
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or operations performed using the map calculator can be performed on maps having
different sizes and spatial resolutions.

With the purpose of making HidroSIG compatible with commercial geographic
information systems, it includes diverse modules to import maps and vectorial files
in standard formats. HidroSIG allows the users to create their own raster variables
from maps originally developed in [ drisi® format and from DX FAutocad® vectorial
files. This feature increases the amount of information the user is able to analyze
with the software. Figure 7 shows a display of Budyko’s aridity index, defined as the

ratio between mean annual potential evapotranspiration and mean annual rainfall, over

Colombia.

4. Conclusions

We have developed HidroSIG, as an interactive hydro-climatological atlas of
Colombia. The maps incorporate dominant climatic, geographic and topographic
controls. Estimations of main hydro-climatological fields (precipitation, actual and
potential evapotranspiration, radiation, etc.), were based upon interpolation of point
data using Kriging with topography as an auxiliary interpolating variable. Estimation
of river flows were based on the long-term water balance equation, and extreme river
flows for diverse return periods used the traditional quantile analysis in combination
with statistical scaling, with average flows as a scaling parameter. Estimation of water
and energy balances can be performed and obtained at the click of the mouse. HidroSIG

has diverse modules including detailed geomorphological analysis from DEMs, including
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extraction of river basins and channel networks, and estimation of geomorphological
parameters of hydrological relevance.

HidroSIG contains modules for visualization of in-situ data and distributed fields,
as well as modules for time series analysis of hydrological records. It also contains
modules to implement diverse interpolation algorithms to produce distributed fields
from point data, through highly interactive procedures. It also contains a map calculator
that allows manipulation and estimation among diverse maps and fields. HidroSIG
has been developed during the last 10 years, and constitutes the hydrological and
computational basis for a recently developed tool to study hydrological processes
in real and virtual basins [Mantilla and Gupta, 2005]. The newly created data set
and the software are original contributions of this work, which are available for the
scientific community. Due to the programming language used for its development,
HidroSIG is a multi-platform application and it is freely distributed under GNU
license (http://www.gnu.org). It requires at least 800 MB of hard disk storage and
between 256 MB and 512 MB of RAM memory. Detailed information can be found in

http://cancerbero.unalmed.edu.co/~hidrosig/index.php.

Acknowledgments. This work has been supported by Unidad de Planeacién Minero-
Energética (UPME), Ministry of Mining and Energy of Colombia, COLCIENCIAS, and DIME

of Universidad Nacional de Colombia at Medellin.



13

References

Band, L. E. 1986 Topographic partition of watersheds with digital elevation models. Water

Resour. Res., 22, 15-24.

Bras, R. L., and Rodriguez-Iturbe, 1. (1984). Random Functions and Hydrology, Dover, New

York.
Budyko, M. 1974 Climate and Life, Academic Press, London.

Chaves, B., and Jaramillo, A. 1998 Regionalization of air temperature in Colombia (in

Spanish). Revista Cenicafé, 24, 91-104.

Chow, V. T. 1951 A general formula for hydrologic frequency analysis, Trans. Am. Geophys.

Union, 32, 231-237.
Chow, V. T. (ed.) 1964 Handbook of Applied Hydrology, McGraw-Hill, New York, 8(1-90) pp.

Coutagne, A. 1954 Quelques considérations sur le pouvoir évaporant de 'atmosphere, le déficit

d’écoulement effectif et le déficit d’écoulement maximum, La Houille Blanche, 360-369.

Garbrecht, J., and Martz, W. M. 1994 Grid size dependency of parameters extracted from

digital elevation models. Computer and Geosciences, 20, 85-87.

Holdridge, L. R. 1978 Life Zone Ecology, 206 pp., IICA, Tropical Science Center, San José de

Costa Rica.

Manabe, S. 1969 Climate and the ocean circulation. I. The atmospheric circulation and the

hydrology of the earth’s surface. Mon. Wea. Rev., 97, 739-774.

Mantilla, R. I., and Gupta, V. K. 2005 A GIS numerical laboratory for investigating hydrology

of scaling statistics on river networks. Geosc. and Rem. Sens. Lett., in press.



14

Meeson, B. W., Corprew, F. E., McManus, J. M. P., Myers, D. M. Closs, J. W., Sun,K.-J.,
Sunday, D. J., and Sellers, P. J. 1995 ISLSCP Initiative I-Global Data Sets for
Land-Atmosphere Models, 1987-1988. Volumes 1-5, Published on CD by NASA

(USA_NASA_GDAAC_ISLSCP_001-USA_NASA_GDAAC_ISLSCP_005).

Morton, F. I. 1983 Operational estimates of areal evapotranspiration and their significance to

the science and practice of hydrology, J. Hydrol., 66, 1-76.

Penman, H. L. 1948 Natural evaporation from open water, bare soil and grass, Proc. Roy. Soc.

A, 193, 120-45.

Poveda, G., and Mesa, O. J. 1997 Feedbacks between hydrological processes in tropical South

America and large-scale ocean-atmospheric phenomena.” J. Climate, 10, 2690-2702.

Poveda, G., and Mesa, O. J. 2000 On the existence of Lloré (the rainiest locality on Earth):
Enhanced ocean-atmosphere-land interaction by a low-level jet, Geoph. Res. Let., 27,

1675-1678.

Poveda, G., Mesa, O. J., Salazar, L. F., Arias, P. A., Moreno, H. A., Vieira, S. C., Agudelo,
P. A., Toro, V. G., and Alvarez, J. F. 2005a The diurnal cycle of precipitation in the

tropical Andes of Colombia. Mon. Wea. Rev., 113, 228-240.

Poveda, G., Vélez, J. 1., Mesa, O. J., Cuartas, L. A., Barco, O. J., Mantilla, R., Mejia, J. F.,
Hoyos, C. D., Ramirez, J. M., Ceballos, L. I., Zuluaga, M. D., Arias, P. A., Botero, B.
A., Montoya, M. L., Giraldo, J. D. and Quevedo, D. I. 2005b Linking Long-term Water
Balances and Statistical Scaling to Estimate River Flows along the Drainage Network

of Colombia, Submitted.



15

Priestly, C.H.B. and Taylor, R. J. 1972 On the assessment of surface heat flux and evaporation

using large scale parameters, Mon. Wea. Rev., 100, 82-92.

Schaake, J. C. 1990 From climate to flow. In: Climate Change and United States Water

Resources, P. E. Waggoner (ed.), Wiley, New York, 177-206.

Sellers, P. J., Meeson, B. W. , Closs, J., Collatz, J., Corprew, F. E., Dagzlicht, D., Hall,
F. G., Kerr, Y., Koster, R., Los, S., Mitchell, K., McManus, J. M. P., Myers, D.
M., Sun, K.-J., and Try, P. 1995. An overview of the ISLSCP Initiative I Global
Data Sets. On: ISLSCP Initiative I-Global Data Sets for Land-Atmosphere Models,
1987-1988. Volumes 1-5, Published on CD by NASA. Volume 1: USA_NASA_GDAAC_

ISLSCP_001, OVERVIEW.DOC.

Thornwaite, C. W. 1948 An approach towards a rational classification of climate, Geographic

Review, 38, 55-89.

Turc, L. 1955 Le bilan de l'aue des sols. Relations entre les precipitations, l’evaporation et

Uecoulement, 252 pp., INRA, Paris.

Turc, L. 1962 Estimation of irrigation water requirements, potential evapotranspiration: A

simple climatic formula evolved up to date, Ann. Agron., 12, 13-49.

Vélez, J. 1., Mesa, O. J., Poveda, G., Arias, P. A., Urzola, J., Agudelo, P. A., and Cardona,
Y. M. 2002 Interpolation of mean temperature and precipitation fields in Antioquia
(Colombia) through linear triangulation and adaptive neural networks (In Spanish).

Proc. XX Latin American Hydraulics Meeting, IAHS, Havana, Cuba.

G. Poveda, O. J. Mesa, J. I. Vélez, R. Mantilla, J. M. Ramirez, O. O. Hernandez, A.



16

F. Borja, , and J. A. Urzola, Escuela de Geociencias y Medio Ambiente, Universidad
Nacional de Colombia, Cra 80 x Calle 65, Off. M2-315, Medellin, Colombia.(e-mail:

gpoveda@unalmed.edu.co)

Received

This manuscript was prepared with AGU’s IXTEX macros v5, with the extension

package ‘AGUT" by P. W. Daly, version 1.6b from 1999/08/19.



17

Figure Captions

= =101 %]
Archivo  Configuracidon  Herramientss  Vertana  Ayuds

MDT Hidrologia “ectoriales |
&= |
=

JRT=E

MDT  WHC e Archivo Insertar er Herramientaz Configuracior MDT %HC “ectorial Visualizacid

g
i
K
i

[ Hidralogra Archiva  Insertar
% 3 Antioguia
@ [ Caudales maximos
© 7 Caudales minimos =
@ [ Clima ¢
© I Escorrertia (e
@ 7 Evaparacion Q
@ [ Precipitacion —
© [ 300" 300"
& [ 300.0" x 300.0"
@ [ Temperatura
& [ colorrbia
& ] crinoguia

Wer Herramientss  Configuracion

MDT WHC Carri Cuenc

—_— ! -
o ] [l

Ix 00:00:00.00 % Col: 000 0 00000080 % [| 2= Ix 00:00:0000% Cok 000 | ¥: | 00:00:00.00 % FIL 000 | Valor: |0

Elevaciones » v Ajustar & los dat..

Figure 1. HidroSIG’s display of diverse topographic analysis, including the Colombian
topography (left), aspect map of the Chachafruto River basin in central Colombia (top

right), and a 3-D rotation of the Medellin River valley topography (top bottom).
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Figure 2. Example of basin extraction for the Magdalena River at a point nearby its
mouth at the Caribbean Sea. The right hand panels show the topological width func-
tion (top), and the hypsometric curve (bottom) for the corresponding drainage channel

network, along with results of diverse geomorphological parameters.
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Figure 3. HydroSIG’s display of the twelve maps of monthly mean precipitation for

Colombia. Information of monthly precipitation at selected sites both in graphical and

tabular formats are given on the right hand panels.
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Figure 4. Time series data and reports interface depicting box-plots of monthly proba-

bility distribution functions corresponding to El Cangrejo River in central Colombia.
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Figure 5. Annual cycle of river flows of the Atrato River along the Pacific coast of

Colombia, depicting the main channel and major tributaries (left), the annual cycle of

river discharges (bottom right), and estimates of the long-term water balance for the river

basin, including mean annual precipitation, mean annual actual evapotranspiration, river

basin area, mean annual river runoff and discharge (top right).
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Figure 6. Interactive triangulation interface.
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Figure 7. Map calculator showing Budykos’s aridity index, defined as the ratio between

mean annual potential evapotranspiration and mean annual rainfall, over Colombia.



