
Master’s thesis
Physical Geography and Quaternary Geology, 45 Credits

Department of Physical Geography 
and Quaternary Geology

Water budget estimation on a 
data limited wetland

The case of the Ciénaga Grande de Santa 
Marta, Colombia

Anna Hylin

NKA 106
2014



 
 
 
 
 

 

 

 
 



  
 

 

 

 

 

 

 

 

 

Preface 
 

 

This Master’s thesis is Anna Hylin’s degree project in Physical Geography and Quaternary 

Geology at the Department of Physical Geography and Quaternary Geology, Stockholm 

University. The Master’s thesis comprises 45 credits (one and a half term of full-time studies). 

 

Supervisors have been Fernando Jaramillo and Jerker Jarsjö at the Department of Physical 

Geography and Quaternary Geology, Stockholm University. Examiner has been Steve Lyon at 

the Department of Physical Geography and Quaternary Geology, Stockholm University.  

 

The author is responsible for the contents of this thesis.  

 

 

 

Stockholm, 21 November 2014 

 

 
 

Lars-Ove Westerberg 

Director of studies 



 
 
 
 
 

 

 

 
 



 

ABSTRAKT. I slutet av 1990-talet medförde antropogen påverkan och klimatfaktorer 

hypersalinitet och påföljande massiv mangrovedöd i den kustnära våtmarken Ciénaga 

Grande de Santa Marta (CGSM), Colombia. Fastän saltkoncentration generellt är 

relaterat till typ och kvantitet av vatten som flödar in och ut i en våtmark och till dess 

interna hydrologiska dynamik, så har ingen hydrologisk studie av CGSM ägt rum 

nyligen. Här visas hur en vattenbudget kan användas och approximera CGSMs 

hydroklimatiska attribut, trots begränsningar i datatillgång. Hydroklimatisk data har 

samlats in för att beräkna och analysera in- och utkommande vattenflöden i CGSM och 

deras motsvarande osäkerheter. Vi fann att vattenbudgeten påverkas mest av nederbörd, 

vilket förknippas med tidigare studier av regionala El Niño/La Niña effekter. Scenario 

analyser visar på att sötvattensbidraget från vattendragen som flödar från Sierra 

Nevadas bergskedja på den östra sidan av CGSM, i dagsläget är större än 

sötvattensbidraget från de västra kanalerna som avleder vatten från floden Magdalena, i 

motsats till det generella fokuset på den västra sidan. Emellertid så påvisar Monte Carlo 

simuleringar att sötvattensinflödet från den östra sidan är obetydlig i dess påverkan på 

den hydrologiska modellens resultat. Dessa resultat visar på vikten av att (1) öka 

kunskapen om vattnets interna sammankoppling och cirkulation i CGSM och (2) att 

vidare undersöka effekten av jordbruk på östra sidan av CGSM. 
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ABSTRACT. At the end of the 20th century, the combination of climatic and 

anthropogenic events resulted in hyper salinity conditions and subsequent massive 

mangrove mortality in the coastal wetland Ciénaga Grande de Santa Marta (CGSM), 

Colombia. Although salinity concentrations are generally related to the type and 

quantity of water entering and exiting a wetland and to its internal hydrological 

dynamics, there have been no up to date hydrological studies on the CGSM. Here we 

show how a water budget can be used as a first-order of approximation to describe the 

CGSM’s hydrology, despite data limitations. We collected hydroclimatic data to 

calculate and analyze the fluxes of water entering and exiting CGSM and their 

corresponding uncertainties. We find that the water budget is mostly affected by the 

precipitation regime, a result connected to studies of regional El Niño/La Niña effects. 

Scenario analyses show that contribution of freshwater from the streams coming down 

from the Sierra Nevada Mountain Range on the eastern side of CGSM is currently 

larger than that of the channels draining from the Magdalena River on the west, in 

contrast to the general focus on the western side. However, Monte Carlo simulations 

suggest that the eastern freshwater inflow is insignificant in affecting the hydrological 

response of CGSM. These results outline the need to (1) increase understanding of the 

internal connectivity and circulation of CGSM and (2) further investigate the effect of 

agriculture on the eastern side of CGSM.  

 

Keywords: Data-limited wetland, water budget, Ciénaga Grande de Santa Marta 
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1. Introduction 

Coastal wetlands have a central part in the global water cycle. They act as a transition 

zone between landscapes and oceans and deliver fundamental direct and indirect 

ecosystem services to humankind. Wetland ecosystems could have among the highest 

monetary values of all ecosystems [Russi et al. 2013]. Although this has been 

increasingly recognized, it has been estimated that half of global wetlands have been 

lost since 1900 [UN WWAP 2003, Finlayson & Davidson 1999]. Increasing 

anthropogenic pressure, together with poor hydrological understanding, has led to 

damage of wetland ecosystems [Russi et al. 2013; Wdowinski et al. 2006].  

1.1. Ciénaga Grande de Santa Marta, Colombia 

Coastal wetlands in the tropics are dominated by mangrove forests; evergreen forests 

that form in the intertidal zone where inland fresh water blends with the tidal 

fluctuations of the ocean and link the terrestrial system with the marine environment. 

Mangrove forests are composed of mangrove tree or shrub species, tolerant to brackish 

water, and composite productive ecosystems of high biological diversity and 

importance. Tropical mangrove wetlands reduce sediment and nutrient loads delivered 

to the ocean, provide flood protection, act as nursery, shelter and food source for several 

aquatic species and provide food and timber for humans [FAO 2007, Botero & 

Salzwedel 1999, Twilley et al. 1996]. Colombia is one of the countries in South America 

that experienced the highest absolute loss of mangroves, approximately 90.000 ha 

between years 1980-2005, and among the reasons for the loss are shrimp aquaculture 

expansion, urban development and conversion to agricultural land [FAO 2007]. The 

Ciénaga Grande de Santa Marta (CGSM) is the largest wetland complex on the 

Colombian Caribbean coast and is in direct contact with the Caribbean Sea. CGSM is 
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part of the Magdalena River delta, the largest river in Colombia. This RAMSAR site is 

sadly remembered as one of the ecological catastrophes of the Americas. The 

combination of both anthropogenic and climatic events have been apparently the cause 

of a massive mangrove mortality at the end of the 20
th 

century which reduced, by 

approximately 50 %, the area coverage of mangrove species from an original extension 

of 511 km
2 

(as recorded in 1956) [Botero & Salzwedel 1999]. Although the restoration 

projects initiated 1974 have not been completely successful due to the lack of 

hydrological knowledge on the wetland, no reliable investigation with a strictly 

hydrological focus has taken place.  

Wetland ecosystems are dependent on their water supply but the hydrological dynamics 

of wetlands are usually complex, so hydrological monitoring is of critical importance to 

increase hydrological understanding and for wetland restoration. In many wetlands 

around the world, however, monitoring networks are minimal, if not nonexistent, due to 

the large cost of developing networks with adequate spatial resolution [Wdowinski et al. 

2006]. Although such data limitations can hamper the complexity level of hydrological 

investigations, analyses that focus on fundamental large-scale hydrological processes 

can in general still be performed. The understanding of water fluxes entering and exiting 

a given water resource is a prerequisite to investigate more complex hydrological 

interactions within it. In data limited wetlands, lumped empirical and data based 

hydrological models, such as a water-balance, can be used. A water-balance typically 

relies on easily achievable input data and treats the catchment as a single unit by 

relating inputs to outputs, using model variables represented as averages over the 

catchment [Beven 2012]. Wetland water-balance models have, for instance, increased 

knowledge about wetland hydroclimatic characteristics as shown by Gibson et al. 
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[2006] and revealed important historical climatic and land use changes in wetlands that 

have occurred over time [Claessens et al. 2006].  

Contrasting the importance of ecosystem services provided by wetlands and their 

noteworthy role as transition zone between aquatic and terrestrial ecosystems with the 

rate of loss of such areas during the last hundred years, the lack of hydrological 

knowledge in many wetlands worldwide becomes a worrying issue. Wdowinski et al. 

[2004, 2006] show that Wetland Interferometric Synthetic Apareture Radar (InSAR) 

can detect changes in water level in wetlands by using radar backscatter on vegetated 

aquatic surfaces. Such space-based innovative techniques can provide the much needed 

high spatial resolution of hydrological observations that is currently lacking in many 

wetland areas around the world, but require satellite information that is often limited in 

time and requires complicated procedures for processing. Water fluxes in the data-

limited wetland CGSM can be calculated by a water budget analysis as a first approach 

to study its hydrological behavior, and the more developed tools such as InSAR can be 

further used to deepen such hydrological knowledge. Restoration attempts could be 

improved if fundamental principles governing hydrological processes in CGSM were 

better understood. For example, it is currently unknown if the salt- and freshwater 

exchange between CGSM and the Caribbean form a net inflow or net outflow on an 

annual basis, or which is the largest input of freshwater into the wetland. Such 

information can be of critical importance with respect to the condition of mangroves in 

CGSM, which ultimately depend on the balance of salt- and freshwater in the area. It is 

thus important to estimate the magnitude of water inputs and outputs controlling CGSM 

hydrology, and asses their relative control on the water budget, to increase hydrological 

knowledge and ultimately structure hydrological programs for mangrove restoration. 
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1.2. Main objective and research question 

The aim of the study is to use a lumped hydrological model with few fundamental 

parameters; the water-balance, as a first order of approximation to describe the 

hydroclimatic characteristics of CGSM and quantify the main salt and freshwater fluxes 

based on available hydrological data. Specifically, I expect to 1) identify and quantify 

water budget components of the CGSM, 2) estimate the annual salt- and freshwater 

exchange between CGSM and the Caribbean Sea and 3) estimate the sensitivity of the 

results to uncertainties in the input parameters.  

The research question in focus of this thesis is: Which hydrological characteristics of 

the CGSM can be determined using a water-balance approach, in spite of scarce 

hydrological information? The water-balance components will be explored to 

investigate the CGSM’s hydroclimatic characteristics, but it will also be further studied 

in scenario- and sensitivity analyses to determine important freshwater inputs, estimate 

the salt and freshwater exchange and to outline central uncertainties in input parameters. 

Result from this thesis will not only be used as a basis for a future plan to instrument the 

CGSM with hydrological equipment but will also shed light over the current 

hydrological dynamics and components of CGSM.  

2. Site description 

The CGSM estuarine wetland complex covers an area of 1280 km
2
 and comprises two 

large water bodies; the Ciénaga Grande and the Ciénaga de Pajaral (Fig. 1) and several 

lagoons. It receives freshwater from six major rivers from Sierra Nevada de Santa Marta 

(SNSM, >5700 msl) to the east and from the Magdalena River to the west. The 

Magdalena is the largest river in Colombia and has an estimated average annual 

discharge of 7200 m
3
/s at station Calamar (located approximately 100 km upstream of 
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its outlet into the Caribbean Sea) [Restrepo & Kjerfve 2000]. The largest water body in 

CGSM, the Ciénaga Grande, is in direct connection to the Caribbean through a 100x10 

m main channel (Boca de la Barra) between Isla de Salamanca (a barrier island) and the 

mainland (Punta de la Barra), and through several channels crossing Isla de Salamanca 

[Botero & Salzwedel 1999]. CGSM is situated close to the equator and has, according 

to previous estimates, an average temperature of 28°C, annual precipitation of between 

400-760 mm and annual evaporation of 1140-1431 mm [Rivera-Monroy et al. 2011, 

Garcés & De La Zerda 1994 cited by Elster 2000, p.202, Estudios y asesorias, 

Ingenieros consultores Ltda 1982, IGAC 1973 cited by Elster 2000, p.202]. The intra-

annual seasonal variability comprises two wet seasons (May to June and September to 

November) and two dry seasons (December to April and July to August) [Botero & 

Salzwedel 1999]. Despite limitations to mangrove growth, such as low tidal fluctuations 

in the Caribbean and low annual precipitation, mangrove forests can thrive in this area 

[FAO 2007], but as a consequence, mangroves found here are dependent more on the 

freshwater regime than the tidal fluctuations, contrary to the majority of coastal 

mangroves [Elster 2000].   
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Figure 1. The CGSM estuarine wetland complex and main study area (light gray) in 

proximity to the Magdalena River. Sub-catchments from Sierra Nevada de Santa Marta 

(SNSM) is presented in dark gray and the map additionally shows the highway, dirt 

road, channels, SNSM tributaries, the barrier island (Isla de Salamanca) and the outlet 

to the Caribbean (Boca de la Barra). Sources: USGS, GDEx/LP DAAC/ASTER GDEM 

(a product of METI and NASA), DIVA-GIS, IDEAM 

 

The mangroves are distributed mostly on the western side of the Ciénaga Grande, north 

and south of Ciénaga de Pajaral (Fig. 2). To the east and southeast of the Ciénaga 
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Grande there are extensive fields of agriculture and banana plantations (Zona 

Bananera), through which the SNSM rivers flow before discharging into Ciénaga 

Grande. The banana plantations have heavily modified the course of the rivers and 

water is diverted and used for irrigation, especially from rivers Fundación, Aracataca 

and Tucurinca (Fig. 1).  

 

Figure 2. Land cover over Magdalena River catchment at station Calamar, main study 

area of CGSM and the sub-catchments of SNSM. Mangroves are represented in purple 

color. Sources: USGS, GDEx/LP DAAC/ASTER GDEM (a product of METI and 

NASA,) IDEAM, Global Landcover Data Base/European Commission 2001/Eva et al. 

2002 (modified). 
 

2.1. Massive mangrove mortality  

Since 1956, the CGSM hydrology has been subject to anthropogenic interventions. 

Ignoring the hydrologic dynamics of the CGSM, a highway connecting two big cities; 
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Barranquilla and Santa Marta, was constructed in the 1950’s along Isla de Salamanca, 

blocking the natural hydrologic flow between sea and fresh water required for the 

natural functioning of the wetland’s ecosystems. In the 1970’s, several constructions 

including a dirt road without culverts and water diversions along Magdalena River 

additionally disturbed the natural flow of fresh water into the CGSM (Fig. 1). Local 

communities, already in extreme poverty, have been affected by the mangrove 

deterioration and its ecological impacts such as fish kills and reduced water quality 

[Botero & Salzwedel 1999]. The situation is further complicated by the climate in the 

region, with low annual precipitation, high evaporation rates and intra-annual periods of 

drought and intense rain. The reoccurring hyper-salinity conditions in the CGSM, which 

severely affect the ecology and were shown by Cardona and Botero [1998] to be the 

main reason for mangrove deterioration, have been associated with El Niño/Southern 

Oscillation (ENSO) events [Blanco et al. 2006]. Since the middle of the 1970s, more 

frequent and intense ENSO events have occurred over the Pacific basin compared to 

earlier decades [Overpeck & Webb 2000].  

As part of the rehabilitation process, five of the pre-existing natural connections 

between CGSM and Magdalena River were to be re-introduced and dredged by 1998 

and bring 163 m
3
/s of freshwater into CGSM. However, only three out of five channels 

were actually dredged (Clarín, Aguas Negras and Renegado: Fig.1), providing CGSM 

with a maximum discharge of 43 m
3
/s. The channels have not been maintained, are now 

clogged and have only been sporadically operative [Botero & Salzwedel 1999, Blanco 

et al. 2006]. According to A. Rodriguez Rodriguez [personal communication, October 

13, 2014], biologist and researcher on INVEMAR, Renegado and Clarín channels are 

open but clogged in some sectors by sedimentation and remnants of vegetation. The 

situation is caused mainly due to lack of channel maintenance. Specific information is 
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not available for channel Aguas Negras but according to A. Rodriguez Rodriguez it is 

possible that this channel is in the same situation. The clogging conditions of the 

channels impede sufficient water supply necessary to maintain the natural dynamics of 

the ecosystem.  

A timetable of events relevant for the massive mangrove mortality in CGSM is 

presented below, where the information have been gathered from works by Botero and 

Salzwedel [1999], Blanco et al. [2006], Overpeck and Webb [2000] and INVEMAR 

[2001 cited by Garay et al. 2004, p.69]. 

 

1950’s – Construction of highway. Channels free flowing 

1956 – Mangrove areal coverage 100 %  

1968 – Mangrove areal coverage 95.9 %  

1970’s – Construction of dirt road, channels disturbed. More frequent and intense 

ENSO events 

1987 – Mangrove areal coverage 59.3 %  

1993 – Mangrove areal coverage 51.03 %  

1995 – Mangrove areal coverage 44.13 %  

1996 – Channels re-opened 

1997 – Mangrove areal coverage 46.47 %  

1999 – Mangrove areal coverage 50.35 %  

2001 – Mangrove areal coverage 54.44 %, channels clogged 

2002 and onwards – Regeneration of mangroves, clogging conditions in channels 

 

2.2.  Previous studies on the CGSM concerning hydrology 

Previous studies on the CGSM have, rather than focusing in strictly hydrological 

aspects, mainly focused on biological, ecological, chemical and climatic aspects of the 

wetland, as well as describing mangrove rehabilitation progress [Cadavid et al. 2011, 

Rivera-Monroy et al. 2011, Blanco et al. 2006, Garay et al. 2004, Elster 2000, Botero 

& Salzwedel 1999, Cardona & Botero 1998]. Even though their main focus is not 

hydrological, several of these studies performed on CGSM contain hydrological 

information that can be used for this hydrological assessment. According to Elster 

[2000] the hydrological system of CGSM is mostly affected by freshwater input from 
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rivers and the seasonal water level change. Rivera-Monroy et al. [2011] suggest that 

discharge from rivers Fundacion, Aracataca and Sevilla seem to control hydrology, 

salinity and circulation patterns. Furthermore, the authors conclude that high 

precipitation due to La Niña, and not freshwater diversions, was responsible for 

decreased salinity in the area between years 1999-2000. In accordance, Blanco et al. 

[2006] show, some years earlier, that variation of precipitation is the water flux that is 

most related to salinity increments in the CGSM. Previous studies have also shown that 

precipitation patterns affect Magdalena River water levels and that extreme high levels 

are important for the subsequent reoccurring flooding of the CGSM complex 

[Kaufmann & Hevert 1973] and especially the Pajarales area [Blanco et al. 2006]. A 

hydrological evaluation on the CGSM was published in 1982 by Estudios y asesorias, 

Ingenieros consultores Ltda [1982]. It established water-balances of CGSM in years 

1971 (a humid year) and 1972 (a dry year). The authors report monthly discharge from 

Magdalena River into the CGSM wetland complex (QinCGSM, Fig. 6) and the subsequent 

average flow rate has been calculated to 160 m
3
/s in year 1971 and 2 m

3
/s in year 1972. 

Water-balance result values in this hydrological evaluation are presented in 

Mm
3
/month; it is unclear if the authors used defined catchments, and if so, the 

catchment areas used to estimate these volumes are not specified. The calculations of 

water flowing from one neighboring sub-catchment to the other performed in the report 

are not clear. For instance: the authors do not specify if the flows between Magdalena 

River and CGSM complex were estimated or if actual measurements were performed. 

The results of this hydrological evaluation published in 1982 are further presented in 

section 4.3.3. 
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3. Materials and methods 

The methods used to determine the CGSM’s hydroclimatic characteristics, the main 

fresh water inputs and outputs and to assess the relative importance of water-balance 

parameters were divided into two main methods. The first method was a water-balance 

approach performed in order to examine the general hydroclimatic characteristics of 

CGSM, calculate its main water flows and to estimate the inter-annual range of salt- and 

freshwater exchange (SFex) through the outlet between CGSM and the Caribbean Sea. 

SFex was determined by estimating precipitation (P), evapotranspiration (ET), fresh 

water inputs on the western side of CGSM (QinCGSM) and fresh water inputs on the 

eastern side (QSierra) (Fig. 6). It was decided that the water-balance approach was the 

most appropriate not only due to the data limitations present in the area, but also due to 

the specific purpose of this study, namely to overview large-scale hydrological 

processes. The first method was divided into three water budgets:  

(1) A water budget of the CGSM study area with data from available hydrological 

stations of discharge on the SNSM tributaries (QSierra), and hydrological stations on 

Magdalena River (Calamar and Barranquilla) (Fig. 1). The difference between discharge 

at Calamar and Barranquilla stations was assumed to represent the total discharge from 

the Magdalena River to the CGSM through the channels Clarin, Aguas Negras and 

Renegado (QinCGSM). The areas used in this investigation to which the water budget was 

applied, (C1, C2 and C3 in Fig 3), were defined and delineated according to the afferent 

areas of their input flows. 

(2) A water budget of the Rio Magdalena basin upstream of station Calamar, using 

hydrological measurements of discharge at station Calamar and the catchment of 
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Magdalena River from Calamar (Fig. 2.); an analysis performed to validate discharge at 

the hydrological stations of Barranquilla and Calamar. 

(3) A water budget of catchment C3 (Fig. 3) using hydrological stations on SNSM 

tributaries as QSierra, and values on channel flow capacity (intended flow and maximum 

dredged flow as reported by Botero and Salzwedel [1999]) from channels Clarin, Aguas 

Negras and Renegado (representing QinCGSM). Several methods of estimating P and ET 

were used to determine the possible range of values of these input parameters and, in the 

following sensitivity analyses, investigate their effect on water budget results. A “wet 

case” and “dry case” scenario analysis was performed on this water budget to 

incorporate the ranges of maximum and minimum values in input data, as well as a 

“realistic” scenario based on the hydrological modifications performed on the CGSM 

over the last 50 years. The scenario analyses were not only assessed to determine the 

possible range of values of P and ET input data but also to address the range of 

uncertainty related to the calculation of QinCGSM; the channels connecting CGSM with 

Magdalena River have not been monitored during the period of investigation.  

The second method is divided into two steps; two sensitivity analyses of the C3 water 

budget, performed to assess the relative importance of different hydrological parameters 

(P, ET, QinCGSM and QSierra) on the output (SFex). Sensitivity analyses can reveal 

parameter interactions that would otherwise have been missed and it can be important to 

determine which hydrological water budget parameter has largest control on the output 

since this parameter then would be especially important in the water budget of CGSM 

and consequently in affecting salinity in the area.  

(1) Deterministic sensitivity analysis of one of the C3 water budget scenarios. The 

scenario used for the deterministic sensitivity analysis approach was based on data 
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availability and quality and is further explained in section 3.2. The deterministic 

approach to sensitivity analysis was simply 10 % change in one water budget parameter 

at the time and notice the corresponding results on the output; SFex.  

(2) Stochastic sensitivity analysis by using the same input data as described in 

sensitivity analysis (1) but in this approach allow for random variation within data 

ranges by using Monte Carlo simulations. Linear regressions were performed on the 

results to investigate the relative importance of input parameters (P, ET, QinCGSM and 

QSierra) on affecting the output (SFex).  

Additionally, trends in QSierra and Magdalena River discharge were investigated, as well 

as the long term averages of monthly and/or annual P, ET, discharge (Q) and 

temperature (T). Hydroclimatic, land use and general input data used in this study are 

presented in Table 1.  

 

Table 1. Input data used in the analysis separated by type, name, description, date of 

production, distributor and origin. 
 

Type Name Description 

(resolution and 

content) 

Date of 

production  

Distributor Origin 

Satellite data LC8009052201

4024LGN00 

LC8009053201

4024LGN00 

Landsat-8 

OLI/TIRS, 2 scenes,  

30m resolution 

2014-01-24 USGS earthexplorer.usgs.gov 

DEM file ASTER* 

GDEM v.2, 

ASTGTM 

ASTER Global 

Digital Elevation 

Model, 1 arc-second 

resolution (≈30m) 

Released 

2011 

LP DAAC, 

GDEx 

gdex.cr.usgs.gov/gdex/ 

Rasterfile (1) GLC2000 

South America 

v.2.0 

Land cover, 1km 

resolution 

2003-02-07 Global Land 

Cover 

Database 

http://bioval.jrc.ec.europa

.eu/products/glc2000/pro

ducts.php 

Rasterfile (2) MOD16 Global Terrestrial 

Evapotranspiration 

Dataset, 1 km 

resolution 

Released 

2011 

NTSG ntsg.umt.edu/project/mod

16 

Rasterfile (3)  CRU TS v.3.21  Precipitation, 0.5° 

resolution (≈60km) 

2013-09-24 BADC badc.nerc.ac.uk 

Rasterfile (4)  CRU TS v.3.21 Temperature, 

0.5° resolution 

(≈60km) 

2013-09-24 BADC badc.nerc.ac.uk 
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Shapefile(1) Colombia 

Inland water 

Water areas unknown DIVA, 

Digital 

Chart of the 

World 

diva-gis.org/gdata 

Shapefile(2) Colombia 

Inland water 

Water polylines unknown DIVA, 

Digital 

Chart of the 

World 

diva-gis.org/gdata 

Shapefile (3) Colombia 

Roads 

Roads polylines unknown DIVA, 

Digital 

Chart of the 

World 

diva-gis.org/gdata 

Station data 

(1) 

Precipitation Precipitation from 

13 stations** 

1961-2012 IDEAM institucional.ideam.gov.c

o/jsp/index.jsf 

Station data 

(2) 

Discharge Discharge and/or 

stage from 11 

stations*** 

1961-2010 IDEAM institucional.ideam.gov.c

o/jsp/index.jsf 

*The ASTER L1B data product was obtained through the online Data Pool at the NASA Land Processes 

Distributed Active Archive Center (LP DAAC), USGS/Earth Resources Observation and Science (EROS) 

Center, Sioux Falls, South Dakota 

**Stations used: Tasajera, San Isidro, Prado Sevilla, Destino El, Esperanza La, Bongo El, Cocos Los, 
A.E. Cortissoz, Polonuevo, Pondera, Normal Manati, San Pedrito Alerta, Limon El. 

***Stations used: Rio Frio, Sta Rosalia, Canal Florida, Trebol El, Pte Ferrocarril, Fundacion, Calamar, 

Planta El Rio, Darsena, San Pedrito, Inkora 

 

 

3.1. Water budget – theoretical background 

Hydrological modeling can be divided into two broad classes: lumped and distributed 

models. The choice of model type depends on the aim of modeling and data availability. 

Lumped models are empirical and data-based models, which treat the catchment as a 

single unit by relating inputs to outputs. No consideration is made to the physical 

processes involved; rather, the catchment is treated as a “black box” and model 

variables are represented as one average over the catchment. Distributed models, on the 

other hand, can be considered physically-based with model variables represented as 

local averages. Distributed models are needed for various applications; nevertheless, it 

can be complicated to describe all processes involved at the scale of interest due to 

heterogeneity (e.g. in soil hydraulic conductivity) and lack of hydrological field data 

and methods to gather such data. More parameters increase model complexity but 

increased model complexity is not equivalent to increased model accuracy. Trouble can 

arise from interpreting results and the validation process. There is also a problem of 
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detecting and understanding error propagation in more complex models [Beven 2012, 

Zhang et al. 2002, Beven 1996]. When solely discharge at an outlet is of interest in 

hydrological modeling, lumped models are more suitable than distributed models 

[Beven 2012; Coutu et al. 2012].  

A conceptual model for investigating the hydroclimatic characteristics of the CGSM 

based on an annual water-balance approach will be used here. The water-balance used 

here will be applied on a catchment scale and on an annual basis and can thus be 

considered a lumped hydrological model. The general water-balance equation is based 

on the law of conservation of mass, stating that any water content change in a volume of 

soil during a given time period must be the same as the difference between water added 

and withdrawn. The volume of soil is generally represented by a defined catchment with 

known hydrological boundaries [Zhang et al. 2002]. The water-balance equation in its 

whole states, according to Dingman [2008], that the amount of water entering an entire 

catchment is equal to the amount of water leaving the system plus/minus change in 

storage capacity:  

P + GWin – ET –  GWout = Q + ΔS     (Eq.1) 

 

Where P is precipitation over the catchment 

GWin is ground water inflow to the catchment 

ET is evapotranspiration over the catchment 

GWout is ground water outflow from the catchment 

Q is total water discharge that leaves the catchment 

ΔS is change in storage within the catchment 

 

ΔS is probably negligible over an annual timescale, if long term changes in water fluxes 

are to be assessed [Jaramillo et al. 2013; Destouni et al. 2013] Additionally, if the 

considered basin has an area larger than 1,000 km
2
, groundwater flow leaving and 

entering the basin can typically be assumed relatively small and thus negligible. 

Consequently, Eq. 1 can be simplified to: 
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P – ET  = Q        (Eq. 2) 

 

3.1.1. Hydroclimatic characteristics and estimation of water inputs and 

outputs of the CGSM basin 

The CGSM wetland complex has several tributaries that need to be known to estimate 

total water input. During a field trip (2014-02-15 to 2014-02-22) the site was visited and 

some important water inputs were identified. Q from available hydrological stations and 

P data was collected from Instituto de Hidrologia, Meteorologia y Estudios Ambientales 

de Colombia (IDEAM) and meetings arranged with personnel from Instituto de 

Investigaciones Marinas y Costeras (INVEMAR) and Corporacion Autonoma Regional 

de Magdalena (CORPOMAG) in Santa Marta. Because of the size of the investigation 

site, time limitations, inaccessibility and security reasons, all water inputs could not be 

visited during the field trip. As a result, water inputs were also identified by using 

Google Earth (http://www.google.com/earth/) and Landsat-8 OLI/TIRS scenes. 

Relevant water inputs were digitized using Landsat-8 scenes in ENVI and ArcGIS and 

major water bodies were masked out using a 7-5-2 image and setting a Digital Number 

(DN) boundary condition. The watersheds were delineated using ArcGIS, defining pour 

points on flow accumulation raster as close as possible to real stations and actual water 

courses. The watershed delineations were manually corrected, when appropriate, by 

comparing flow accumulation raster with satellite imagery over corresponding areas.  

The DEM used for catchment delineation was an ASTER GDEM (a product of METI 

and NASA) with 30 m resolution. 

The CGSM is drained by channels connected to the Magdalena River, the largest river 

in the country, so the afferent basin of CGSM extends over 258,000 km
2
 (Fig. 2). It is 

approximately one fourth the size of Colombia and as a consequence, a water budget 
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approach to estimate the annual Q at its outlet would require unavailable information 

and would add too much uncertainty in terms of ET and ∆S within such area. A smaller 

basin area was therefore used for the CGSM water budget, where the water bodies with 

available hydrological data, gathered from IDEAM 

(http://institucional.ideam.gov.co/jsp/index.jsf), served as hydrological input to define 

its boundaries. Further, it was necessary to divide this smaller basin area into three 

catchment components to perform the water budget approach and estimate water inputs 

and outputs; C1, C2 and C3 (Fig 3).  

 

Figure 3. Map of CGSM catchment (C3), sub-catchments to the west of Magdalena 

River and north of Canal del Dique (C1 and C2), channel and river inputs to CGSM and 

available hydrological stations. Sources: USGS, GDEx, LP DAAC, ASTER GDEM (a 

product of METI and NASA), IDEAM 
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The channels connecting Magdalena River to CGSM are unmonitored, so the parameter 

QinCGSM had to be estimated by other means, otherwise the water balance on C3 would 

include two unknowns: QinCGSM and SFex. Consequently, the QinCGSM was estimated by 

performing the water budget in two neighboring sub-catchments of the CGSM (C1 and 

C2), where in this case QinCGSM would be the only unknown (Fig. 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Water flowing into CGSM (QinCGSM) had to be estimated because no records 

of channel flow in Clarín, Aguas Negras or Renegado were found. QinCGSM was 

estimated by assuming that it  wasequal to flow recorded in Calamar minus flow 

recorded in Inkora K-7, minus flow recorded in Planta el Rio (Barranquilla), plus 

discharge estimated in C1 and C2 (QC1 + QC2 = Qwest). Sources: USGS, GDEx/LP 

DAAC/ASTER GDEM (a product of METI and NASA), IDEAM 
 

Sub-catchments C1 and C2 extend from the west side of Magdalena River from station 

Calamar to station Planta el Rio in Barranquilla. Discharge at station Calamar (QCalamar) 

QinCGSM 

QBarranquilla 

Qwest 

QCalamar 
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and total water contribution from C1 and C2 (Qwest) served as inputs in this water 

budget and discharge at station Barranquilla (QBarranquilla) and at station Inkora K-7 

(QInkora) as outputs to estimate QinCGSM.  Therefore, QinCGSM can be obtained through 

the following water budget (∆S will from now on be assumed negligible): 

QinCGSM = QCalamar – QInkora + Qwest – QBarranquilla      (Eq. 3) 

Where QinCGSM is discharge from Magdalena River into C3 (through channels Clarín, 

Aguas Negras and Renegado) 

QCalamar is discharge from station Calamar 

QInkora is discharge from station Inkora K-7, representing Canal del Dique 

Qwest is the discharge from C1 and C2 added together (QC1 + QC2) 

QBarranquilla is discharge at station Planta el Rio, Barranquilla 

Total contribution from C1 into Magdalena River was estimated by assuming that all 

water drains directly into Magdalena as Q. Sub-catchment C2, on the other hand, is a 

wetland complex, to some extent draining in a nearby lake and in a channel called Canal 

del Dique. Thus, the part contributing to Magdalena River from C2 is probably smaller 

than total Q; Q=P-ET. To gain an idea of water movement in C2, the flow direction 

raster produced in ArcGIS was analyzed. It was assumed that the percentage of flow 

direction cells with direction East, North/East and South/East provided an 

approximation of the area in C2 that contribute with water to Magdalena River. As a 

result, the fraction of flow directions cells with suitable direction was multiplied with P-

ET in C2 (Fig. 4 and Fig. 5). 

Station Calamar is situated before channel Canal del Dique and thus Q recorded at 

Calamar were higher than actual Q, so measured Q at station Inkora K-7 in Canal del 

Dique (assumed to more or less represent general Q in Canal del Dique) was subtracted 

from Q at station Calamar. QBarranquilla was then subtracted from the resulting number, 

after adding Qwest. 
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Figure 5. The water arriving into Magdalena River (Qwest) from the two western sub-

catchments (C1 and C2) was assumed to be PC1-ETC1 in C1 and fC2 · (PC2-ETC2) in C2. 

Sources: GDEx/LP DAAC/ASTER GDEM (a product of METI and NASA), IDEAM 
 

 

When QinCGSM was estimated, it was divided by CGSM catchment area (≈5,385 km
2
) to 

get correct units (mm/year). The water balance equation applied to the C3 water budget 

can then be expressed as follows (Fig. 6):   

SFex = QinCGSM + QSierra + PCGSM - ETCGSM     (Eq. 4) 

Where PCGSM is precipitation over C3  

ETCGSM is total evapotranspiration over C3 

QinCGSM is total inflow to C3 from Magdalena River  

QinSierra is total inflow to C3 from SNSM distributaries 

SFex is the salt- and freshwater net inflow or outflow at La Boca de la Barra in C3 

PC1     ETC1   

PC2     ETC2   

Qwest   

 QC1   

 fC2 ∙ QC2   

fC2    
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Figure 6. The catchment C3 and the corresponding water-balance components 

(QinCGSM, PCGSM, ETCGSM, QinSierra) used to estimate the output, SFex, at Boca de la 

Barra. Sources: USGS, GDEx/LP DAAC/ASTER GDEM (a product of METI and 

NASA), IDEAM 

QinCGSM 

QinSierra 

PCGSM ETCGSM 

SFex 
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The conceptual model for all components is described in Fig. 7. 

 

Figure 7. Conceptual model of water budget methods of estimating 1) QC1, 2) QC2, 3) 

QinCGSM and 4) ultimately SFex at Boca de la Barra. 

 

QSierra was estimated by adding annual average Q data gathered from IDEAM for 

stations Rio Frio, Sta Rosalia, Canal Florida, Trebol El, Pte Ferrocarril and Fundacion 

and dividing by C3 catchment area. Barranquilla station Planta el Rio had continuous Q 

measurement only for years 1977, 1979, 1980, 1983 and 1985 so the water budget was 

only applied to these years in C3.  

 

 

 

fC2    
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 P in C1, C2 and C3 

P data used for water budget calculations of C1, C2 and C3 was taken from the CRU TS 

3.21 monthly dataset [University of East Anglia Climatic Research Unit, Harris et al. 

2013]. There were three or fewer station observations per cell per time step influencing 

CRU P estimations for all catchments used in this study according to CRU station 

support grids. Data preparatory work was performed off-line using a commercial 

software package (MATLAB R2013a 8.1, The Mathworks Inc., Natick, MA, 2013). 

The preparations included selecting years of interest, calculating annual totals, 

converting into corrects units (mm), as well as adding header information. Imported to 

ArcGIS, the .ASCII files were converted into raster files and a projection and coordinate 

system defined (WGS-84 UTM zone 18N which was used for all relevant files). The 

files were clipped to the boundaries of the corresponding catchments and area-weighted 

averages of P were then calculated for each catchment, due to the low spatial resolution 

of CRU data (approximately 60 x 60 km grids). The area-weighted average was 

calculated by equation [Dingman 2008]: 

         
 
          (Eq. 5) 

Where    is spatial average of precipitation 

G is number of subregions 

   the weight for subregion g (for area-weight:    = 
  

 
 where    is area for subregion g 

and A is total catchment area)   

   is the P value in subregion g.  

 

 ET from land areas in C1, C2 and C3 (excluding mangroves) 

ET from land areas in C1, C2 and C3 was estimated using ArcGIS MODIS toolbox 

(developed by Daniel Siegel, Center for Research in Water Resources, University of 

Texas at Austin), importing monthly MOD-16 ET data (1 x 1 km resolution) [Mu et al. 
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2007, 2011] and calculating annual totals and arithmetic averages within each 

catchment using the equation [Dingman 2008]: 

    
 

 
    

 
           (Eq. 6) 

Where     is spatial evapotranspiration average 

N is total number of observations  

     is the evapotranspiration value for observation n.   

 

MOD-16 is based on the Penman-Monteith equation [Monteith 1965] and the algorithm 

was developed by Mu et al. [2011]. MOD-16 cover years 2000-2010 and is therefore 

not in corresponding temporal resolution with the time period of the study. In order to 

use available land-cover ET data from MOD-16 in Eq. 6 to calculate basin-wise ET for 

the years 1977, 1979, 1980, 1983 and 1985 in C1, C2 and C3 (Fig. 3) and then be able 

to estimate SFex (Eq. 4), we assumed that the evaporative index (ET/P) was constant in 

the period 1979-2011. ET from land areas was then calculated by using average ET/P 

ratios for 11 years between year 2000 and 2010 (when MOD-16 data is available) and 

multiply by P in the corresponding catchment of each year of interest. 

 ET from mangrove areas in C3 

In C3, mangrove areal coverage has changed between the 1970’s and the 2000’s which 

had to be considered since mangrove transpiration affects total ET. By using satellite 

imagery (Google Earth) from March 2010 and July 2001, ten polygons of different sizes 

were drawn over visible dead and living mangrove areas. The polygons were imported 

into ArcGIS and area-weighted averages (Eq. 5) of transpiration from dead and living 

mangroves were calculated by using MOD-16 the corresponding months/years, which 

enabled to calculate an average rate of ET from living and dead mangrove coverage. It 

was assumed that the transpiration from dead and living mangroves was consistent 
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through time. Finally, the corresponding areas for dead (including dead and 

regenerating) and living mangroves during the years of interest were estimated by a 

linear interpolation of mangrove areal coverage data between years 1968 and 1987 

collected by INVEMAR [2001 cited by Garay et al. 2004, p.69]. This information was 

used to calculate area-weighted ET for dead and living mangroves for each year of 

interest (Eq. 5). Evapotranspiration areas that did not include living nor dead mangrove 

were thus assigned an arithmetic average of MOD-16 ET values over the catchment 

(Eq. 6). By considering the area assigned to living mangroves, dead mangroves and 

other vegetation in C3 each year and adding them all together, total ET from vegetated 

surfaces in C3 was estimated.  

 Evaporation from water surfaces in C3 

MOD-16 applies only to land areas, hence, evaporation from water surfaces needs to be 

calculated and added to the total ET budget of the region C1, C2 and C3. Water areas in 

C1 and C2 was small and assumed negligible (Fig. 3), therefore the estimation of 

evaporation from water surfaces only applied for C3 and it was assumed equal to 

potential evaporation rate (PET) calculated by the equation of Langbein [1949], an 

assumption that is supported by a previous study in Sweden [Van der Velde et al. 

2013]:  

PET = 325 + 21T + 0.9T
2
       (Eq. 7) 

Where PET is potential evapotranspiration 

T is annual average temperature °C 

 

T data was gathered from CRU TS 3.21 and there were one or zero station observations 

per cell per time step influencing CRU T estimations for all catchments used in this 

study. Preparatory work was done using MATLAB, including selecting years of 
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interest, calculating annual average temperatures and adding header information. The 

temperature files were treated as the CRU TS 3.21 precipitation files and area-weighted 

(Eq. 5) over C3 using ArcGIS. The final PET values were adjusted to the fraction of C3 

water areas. Summed together, annual total ET from land areas and PET from water 

bodies constitute total actual evapotranspiration in C3.  

The hydroclimatic characteristics of CGSM were examined by using long-term monthly 

averages of P, T and QSierra. P and T data were collected from CRU TS 3.21 dataset 

under the period 1965 to 2008. Data was prepared in Matlab (selecting monthly values 

of P and T each year), adding header information and exported to ArcGIS to calculate 

area-weighted long-term monthly averages (Eq. 5).  Total QSierra was calculated by 

adding long-term monthly Q averages for each station (based on between 41 to 50 years 

of data). 

3.1.2. Water budget on Magdalena River 

The rationale behind carrying out a water balance on Rio Magdalena from station 

Calamar is that it was discovered that Barranquilla station Planta el Rio had Q data of 

inconsistent temporal coverage (only years 1977, 1979, 1980, 1983 and 1985) and 

unknown quality. It is important to assess the quality of Planta el Rio station Q data, 

because the station is of critical importance when evaluating how much water could 

potentially flow from Magdalena into CGSM, as it is the only way to estimate such 

value with the available hydrological data of the country. As previously mentioned, Q in 

the channels connecting CGSM with the Magdalena River, is unknown. A water budget 

on Magdalena River catchment from station Calamar (Fig. 2) was thus performed for 

years 1977, 1979, 1980, 1983 and 1985 to compare Q at station Planta el Rio in 

Barranquilla with P falling over the country and Q at Calamar. Eq. 2 was used due to 

the annual time scale and the large size of the basin (258,000 km
2
), meaning thatS≈0, 
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GWin≈0 and GWout≈0. P data was collected from CRU TS 3.21 and prepared in 

MATLAB in the same manner as mentioned in section 3.1.1 and catchment area-

weighted annual averages of P were calculated (Eq. 5). Q at Calamar was collected from 

IDEAM and ET was estimated as P-Q. Planta el Rio catchment area was estimated by 

adding Calamar catchment to the area of C1 and C2 (Fig. 2 and Fig. 3). The Calamar 

watershed delineation was generated in ArcGIS using ASTER GDEM with 30 m 

resolution, resampled to 90 m resolution to decrease processing time. Considering the 

area of catchment, a 90 m resolution seems preferable over 30 m. The ASTER GDEM 

covering the area was mosaicked to one single raster file from 9 original sub-tiles 

gathered from 2014-01-27 to 2014-04-16.  

Since Calamar station has a long history of Q and stage measurements and given the 

importance of Magdalena River in influencing CGSM, it was also important to validate 

Calamar station. The validation was accordingly done by comparing Q measurements at 

Calamar (Qobs) with Q predicted from a water balance (Qmod) such that: 

Qmod = P – ET        (Eq. 8) 

ET was estimated by using MOD-16 data, imported to ArcGIS using the MODIS 

toolbox. The water balance was performed from year 2000 to year 2010 due to 

availability MOD-16 ET data and averaged using Eq. 6.  

3.1.3. Water budget on C3 using channel flow capacity values 

Due to uncertainties in quality regarding Planta el Rio station Q data, and due to the 

poor temporal coverage of that data, a water budget calculation using values of channel 

flow capacity (maximum intended discharge of 163 m
3
/s and maximum dredged 

discharge of 43 m
3
/s) as reported by Botero and Salzwedel [1999] was additionally 

performed. In this manner the temporal coverage was not limited by hydrological 
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observations at Planta el Rio because QinCGSM could be based on these reported channel 

flow capacity values. The water budget was applied to data of years from 1965 to 2008, 

except years 1990, 1991, 1994 and 1999 to 2006 due to discontinuous Q data in the 

streams required to calculate QSierra (Table 2). 

Table 2. SNSM tributaries station discharge data (stations 1-6) used as a water budget 

component presented by year to identify discontinuity in input data (“x” means data is 

missing) 

 
Year 1 2 3 4 5 6 Year 1 2 3 4 5 6 

1958 X X X  X  1986       

1959 X X X X X  1987       

1960 X X X  X  1988       

1961 X X X  X  1989       

1962 X X X  X  1990   X    

1963 X X X  X  1991  X X    

1964 X X X  X  1992       

1965       1993       

1966       1994 X  X X X  

1967       1995       

1968       1996       

1969       1997       

1970       1998       

1971       1999   X  X  

1972       2000     X  

1973       2001    X X  

1974       2002    X   

1975       2003  X     

1976       2004  X     

1977       2005    X   

1978       2006    X   

1979       2007       

1980       2008      X* 

1981       2009 X X     

1982       2010 X  X    

1983       2011 X  X    

1984       2012 X  X    

1985              

              

 *Year 2008, total QSierra used in the water budget is based on a 32-year average 

It was decided to use several sources of input P data in the calculations to develop a 

realistic range of P values. In this way, additional uncertainties in the water budget 

calculation can be illustrated, apart from the obvious uncertainties in QinCGSM. P was 

collected from CRU TS 3.21 (PCRU) and area-weighted for selected years (Eq. 5). 

Furthermore, P station data was collected from between 9 to 13 stations (from IDEAM) 
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in the C3 catchment years 1977-2008 because station P data was missing years 1965 to 

1976 (Table 3). Hence, years 1965 to 1976 only P from CRU TS 3.21 was used in the 

water budget. P station data was interpolated over the area using Thiessen polygons in 

ArcGIS. Each Thiessen polygon is defined as an area influenced by a station data point 

so that each polygon is closer to the station data point responsible for influence, than to 

the other points. For years 1977-2008 with missing station P data, Thiessen polygons 

were based on the available number of stations. The Thiessen polygons were used to 

calculate area-weighted averages (Eq. 5) and are referred to as Pstat. 

Table 3.Station precipitation data (stations 1-13) used as a water budget component 

presented by year to identify discontinuity in input data (“x” means data is missing) 

 
Year 1 2 3 4 5 6 7 8 9 10 11 12 13 

1977  X X        X X  

1978   X        X X  

1979   X           

1980              

1981             X 

1982        X   X  X 

1983              

1984              

1985   X           

1986             X 

1987   X     X     X 

1988             X 

1989             X 

1990              

1991              

1992              

1993              

1994              

1995              

1996   X           

1997   X           

1998       X       

1999   X      X  X  X 

2000   X          X 

2001              

2002             X 

2003   X          X 

2004   X      X  X  X 

2005           X  X 

2006             X 

2007             X 

2008           X  X 

2009             X 

2010           X  X 
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2011           X  X 

2012      X   X  X X X 

 

ET was estimated by using ET/P ratio, calculated as explained in section 3.1.1., using 

annual total P from stations (ET/Pstat) and from CRU (ET/PCRU). In these approaches, 

MOD-16 data was used for years 2007 and 2008 because it was assumed that it was a 

more reliable estimation than ET/P extrapolation. Another climatic approach was used 

as well to estimate actual ET (AETclim) following equation [Turc 1954]: 

AETclim = 
 

       
 

   
 
 
       (Eq. 9)  

Where AETclim is actual evapotranspiration 

P is total annual precipitation  

PET is potential evapotranspiration  

 

For AETclim calculation, PCRU and PET (Eq. 7) were used. Mangrove areal coverage in 

C3 years 1965-2008 had to be accounted for due to the possible impact on regional ET 

and incorporated in each of the ET methods used. Actual mangrove area coverage data 

was collected for years 1956, 1968, 1987, 1993, 1995, 1997, 1999, 2001, 2003, 2007 

and 2009 [INVEMAR 2001 cited by Garay et al. 2004, p.69, Cadavid et al. 2011]. 

Theoretical mangrove areal coverage for years of interest was inferred by linear 

interpolation between these years containing actual mangrove areal coverage. The 

estimated areal coverage each year was divided by total catchment area and multiplied 

with the average transpiration from living and dead mangroves values established in 

section 3.1.1. Total annual ET years 1965-2008 for catchment C3 was calculated by 

adding area-weighted mangrove transpiration (representing ET from dead and living 

mangroves), PET from water bodies calculated by Eq. 7 (representing ET from water) 
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and also adding ET/PCRU, ET/Pstat extrapolation or AETclim, each representing methods 

of estimating ET from other land surfaces.  

Linear regressions between PCRU and Pstat, ET/Pstat and ET/PCRU, AETclim and ET/Pstat as 

well as AETclim and ET/PCRU were performed, to investigate any existing correlation 

between them. Regarding the investigation of correlation between PCRU and Pstat, the 

time period selected was 1977 to 2012 and for years with missing P data, Thiessen 

polygons were based on available stations (between 8 to 13 P stations, Table 3).  

Combinations of maximum and minimum P and ET values, as well as maximum, 

minimum and ”realistic” values of channel flow capacity over time were considered in a 

water budget scenario analysis, to gain a range of possible values for the SFex at Boca de 

la Barra. The “wet case” scenario included maximum values of P, minimum values of 

ET and maximum intended flow capacity (163 m
3
/s) in channels. The “dry case” 

scenario included minimum P, maximum ET and no flow from the channels. Finally, a 

“realistic” scenario analysis was performed using maximum intended flow capacity 

(163 m
3
/s) in channels from start of the time series to year 1974 because this value was 

assumed to represent the pre-disturbance conditions before the dirt road on the eastern 

side of Magdalena River was built in the 1970’s. Zero flow was used from year 1975 to 

year 1995 because of the dirt road and constructions built next to Magdalena River, 

which would have disturbed the pre-existing channels connecting Magdalena River with 

the CGSM complex. A zero flow can seem drastic and might not be “realistic”, but 

since it is unknown to what extent the constructions along Magdalena River disturbed 

QinCGSM, any used discharge value will merely be a speculation. Estudios y asesorias, 

Ingenieros consultores Ltda [1982] report annual channel Q in the range of 2-160 m
3
/s 

during two years before the constructions along Magdalena River were build. 

Considering that the discharge from channels is estimated to 2 m
3
/s a dry year before 
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obstructions were build, a zero flow is not considered unrealistic (at least not for dry 

years). It is although recognized that the zero flow assumption for all years of the time 

period is extreme, rather than “realistic”. Maximum dredged flow capacity (43 m
3
/s) 

were used in channels from 1996 and onwards, due to the actual opening of the three 

channels Clarin, Aguas Negras and Renegado year 1996. Hence, no consideration was 

made to the operative status or clogging of the channels from year 1996 an onwards. 

3.2.  Deterministic sensitivity analysis 

A relatively straight forward deterministic sensitivity analysis was used to determine 

which water flux entering or exiting the C3 basin (either PCGSM, ETCGSM, QSierra or 

QinCGSM) the calculation of SFex at the outlet in La Barra was most affected by. Change 

in input model parameters by a fixed percentage one at the time can change model 

output [Zhang 2002] and it can subsequently be concluded what parameter mostly 

affects the outcome; that is, which parameter the model is most sensitive to. The base 

scenario parameters used was maximum dredged flow capacity (43 m
3
/s) in channels as 

QinCGSM, PCRU as PCGSM, AETclim as ETCGSM and QSierra. Testing sensitivity in output 

(SFex) was done by changing one model parameter 10 % at a time (increasing and 

decreasing QSierra, PCRU, ETclim and QinCGSM).  

3.3.  Monte Carlo simulation – Stochastic approach to sensitivity 

analysis 

Due to the fact that the choice of changing each parameter to exactly 10 % at the time 

was rather subjective and that important parameter interactions can be missed in such an 

approach, it was decided to include a more stochastic approach to sensitivity analysis. 

Monte Carlo simulations have been widely used in the field of hydrology, for example 

to outline uncertainty in input parameters used in hydrological modeling as shown by 

Vrugt et al. [2007], to predict flood frequency curves [Rahman et al. 2001] or to assess 
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the error propagation of precipitation uncertainty in affecting resulting discharge [Hong 

et al. 2006]. The Monte Carlo algorithm used here was developed in MATLAB and 

changed input variables randomly within their actual ranges each iteration. A random 

number from each of the input parameter (PCGSM, ETCGSM, QSierra and QinCGSM) within 

their actual range of recorded values was selected and a water budget (SFex) was 

calculated each iteration. Since there was no probability distribution available for 

QinCGSM due to missing information, the values had to be simulated from Q data on 

other stations. Average annual QCalamar was proven to be lognormally distributed. Hence, 

a log-normal distribution was used to simulate annual values for QinCGSM, using the 

maximum intended discharge (163 m
3
/s) as the assumed actual maximum discharge. 

QinCGSM was simulated by using the assumed actual maximum discharge value (x=163 

m
3
/s), calculating ln(x) and dividing the interval between 0 and ln(x) in 100 equal parts. 

Then exp(xi) was calculated, where xi is the boundaries for all intervals. Finally, the 

exp(xi) values were transformed into units of mm/year. The code ran for 100 times, and 

results were examined using linear regressions and correlation coefficients between one 

input parameter a time and the corresponding output (SFex).   

4. Results 

4.1.  Hydroclimatic characteristics and estimation of water inputs 

and outputs of the CGSM basin 

Trends in QSierra for years with available data (incomplete from 1958 to 2012) are not 

significant (p>0.05) for stations Rio Frio, Canal Florida, El Trebol, Ferrocarril and 

Fundacion (Fig. 8a, b, c, d and e, respectively, see map in Fig. 3). A weak but 

significant (r
2
=0.15, p<0.01) negative trend was showed for station Sta Rosalia (Fig. 8f). 

The long term monthly P data showed two distinct peaks in May, September and 
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October. T is rather constant around 27-28 °C but shows a peak in April. QSierra show a 

smooth response to P but QSierra exceeds P over CGSM during December, January and 

February (Fig. 9).  

Figure 8. Trends in water discharge (m
3
/s) for six hydrological stations draining Sierra 

Nevada de Santa Marta. Station Sta Rosalia (f) is the only station showing a weak but 

significant negative trend between years 1965-2011 (Linear regression, df=43, r
2
=0.15, 

p<0.01) 

 

 

a) 

b) 

c) d) 

b) 

c) d) 

e) f) 
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Figure 9. Long-term monthly averages of precipitation (mm/month), discharge 

(mm/month) and temperature (°C) in C3 catchment. 

 

The area of the catchment C1 is 763 km
2
 and the eleven-year ET/P average of the period 

2000-2010 was 0.94. The area of catchment C2 is 642 km
2
, the eleven-year ET/P 

average of the period 2000-2010 was 0.81 and 20 % of the C2 area was assumed to 

drain to Magdalena River based on the flow direction raster. Q data in stations Calamar 

and Barranquilla (Planta el Rio) present high variability. At Calamar the annual average 

Q for years 1977, 1979, 1980, 1983 and 1985 vary between 5,718 m
3
/s and 7,327 m

3
/s. 

When subtracting Q in Inkora K-7 from that number (i.e. accounting for Canal del 

Dique), and transforming into Mm
3
/year, the result (corresponding to the Q leaving 

Calamar after Canal del Dique) ranges from 172,578 Mm
3
/year to 219,569 Mm

3
/year. 

Compared to the Q in Barranquilla and Calamar, Q from C1 and C2 are negligible 

(Table 1 in Appendix A).  



Anna Hylin 

36 

 

Average transpiration from dead mangroves was estimated to be 384 mm/year and from 

living mangroves 945 mm/year. The area covered with living or dead mangroves was 

small compared to the total catchment area of approximately 5,385 km
2
. Total ET in C3 

catchment ranges between 903 and 1,289 mm/year (Table 2 and 3 in Appendix A).  

Results from the final water balance show that QinCGSM varies from -6,960 mm/year up 

to 9,060 mm/year (Table 4, Fig. 10). A negative value of QinCGSM would mean a water 

deficit (that net water is draining out from the catchment C3 to Magdalena River) 

basically because QCalamar is much smaller than Q at the downstream station on the same 

river (QBarranquilla). The fact that QCalamar is smaller than QBarranquilla is not troubling; 

QCalamar should be smaller than QBarranquilla if the Qwest is larger than what leaves 

Magdalena River as QinCGSM, but a water deficit of -6,960 mm/year was instead shown 

for QinCGSM in year 1977. This would imply a subsequent net inflow from Boca de la 

Barra in C3 of around 6,524 mm this year, for the water budget to balance, which seem 

irrational. A positive QinCGSM, on the other hand, implies that water is flowing from 

Magdalena River to C3, basically because QCalamar is larger than QBarranquilla and Qwest 

added together. Whether the water-balance for CGSM results in a net inflow or outflow 

in Boca de la Barra, it was the magnitude of QinCGSM that brought further attention. A 

range of values of Q at Boca de la Barra oscillating between -6,856 to 9,794 mm/year is 

simply unreasonable. Due to the magnitude of error, input data had to be questioned and 

it was concluded that hydrological stations Barranquilla (Planta el Rio) and Calamar 

needed further investigation.  
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Table 4. Water-balance of catchment C3 years 1977, 1979, 1980, 1983 and 1985 in 

mm/year (values showed as integers). 
 

Year QinCGSM 

(mm/year) 

QSierra 

(mm/year) 

Precipitation  

(mm/year) 

Total 

evapotranspiration  

(mm/year) 

Water exchange at 

Boca de la Barra 

(mm/year) 

1977 -6,960 363 1,189 1,116 -6,524 (net inflow) 

1979 9,060 605 1,427 1,298 9,794 (net outflow) 

1980 6,350 438 1,167 1,099 6,856 (net outflow) 

1983 -582 435 907 903 -142 (net inflow) 

1985  -299 494 1,421 1,289 326 (net outflow) 

 

Figure 10. Results from the water budget on catchment C3 years 1977, 1979, 1980, 

1983 and 1985.  

 

Since the negative values of QinCGSM imply unexpected results of water mass balance in 

C3 catchment, QBarranquilla were compared to Q at station Calamar and to QCalamar 

(representing Q at Calamar after Canal del Dique). Mean water level was also examined 

for stations Planta el Rio and Calamar. Water level measurements were available and 

used for stations Darcena, located in Barranquilla, and San Pedrito, located after Canal 

del Dique. Results show that change in QBarranquilla and QCalamar for years 1977, 1979 and 

1980 are not related. The flow pattern between the stations corresponds better years 
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1983 and 1985, years in which P, QSierra, QinCGSM and ET seem to be in the same range 

of values (Fig. 10). Regarding mean water level, the pattern is not clear due to 

inconsistencies in data. It seems like mean water level change at the station Darcena is 

corresponding better to the signal of Magdalena water level change (measured at 

Calamar and San Pedrito) than station Planta el Rio, judging by the corresponding years 

in which each station has simultaneous readings with Calamar and San Pedrito (Fig. 11a 

and 11b). 

  

Figure 11. a) Mean discharge (m
3
/s) for stations Planta el Rio in Barranquilla, Calamar 

and for station Inkora K-7 subtracted from station Calamar. b) Mean water level (cm) 

for stations Planta el Rio, Darcena, Calamar and San Pedrito. 

 

4.2.  Water budget on Magdalena River 

The water-balance on Magdalena River at station Calamar performed for years 1977, 

1979, 1980, 1983 and 1985 showed that Q in mm/year at station Calamar follows the 

pattern of P falling on the country. The Q at Planta el Rio, Barranquilla, does not 

coincide well with the P of the first three years (Fig. 12). 

a)   b) 
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Figure 12. Precipitation, evapotranspiration and discharge (mm/year) for Magdalena 

River from station Calamar and Planta el Rio, Barranquilla.  

 

Station Calamar has a long history of hydrological measurements and results from Q 

measurements over time show a large variability, with annual averages ranging from 

5,000 to 10,000 m
3
/s (Fig. 13a). It was shown that there is a very weak but significant 

(p<0.05) positive trend in Q at station Calamar in the 67-years time period (Fig. 13b). A 

comparison of standard deviation in Q at station Calamar before and after year 1975 

was performed, to see potential differences in Q when comparing these two time 

periods. A difference in standard deviation comparing these time periods could in turn 

be due to changes in ENSO events as reported by Overpeck and Webb [2000]. Results 

show a higher standard deviation after 1975 than before (std.dev=1,472 after, and 

std.dev=1,251 before). There is also a higher average Q for the period after 1975 (7,403 

m
3
/s) compared to before 1975 (7,061 m

3
/s).  

It is important that Qobs and Qmod at station Calamar is consistent because it means that 

QCalamar is likely valid. Since previous results here show that there are inconsistencies in 

the early periods at station Planta del Rio, the quality of hydrological data from station 

Calamar is important. Comparison of Q at Calamar inferred from water balance, Qmod 
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(Eq. 8), from 2000 to 2010 with Qobs during the same period of time revealed a high r
2
 

of 0.86. ET from MOD-16 is rather constant during the time of investigation which 

leads to Qmod following the P pattern closely (Fig. 14, Table 5). ET and P totals for year 

2000 as an example are shown in Appendix B and C.  

 

 

Figure 13. a) Variability in discharge (m
3
/s) at station Calamar during a 67-year period 

and b) very weak but significant positive trend in discharge for the same period of years 

(Linear regression, df=66, r
2
=0.08, p<0.05) 

 

 

 

Figure 14. Precipitation, evapotranspiration, observed and modeled discharge 

(mm/year) over Magdalena River catchment from station Calamar, years 2000-2010.  

 

a) b) 
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Table 5. Results of water balance on Calamar station performed year 2000 to 2010 

presenting precipitation, evapotranspiration, observed and modeled discharge at station 

Calamar in units of mm/year. 
 

Year Precipitation 

(mm/year) 

Evapotranspiration 

(mm/year) 

Qobs (mm/year) Omod 

(mm/year) 

2000 2115 1226 1040 889 

2001 1692 1196 636 497 

2002 1903 1246 674 657 

2003 2020 1211 775 809 

2004 2193 1236 822 957 

2005 2323 1223 888 1100 

2006 2158 1238 988 920 

2007 2376 1241 1096 1135 

2008 2630 1166 1220 1463 

2009 1985 1202 855 783 

2010 2868 1157 1207 1712 

 

 

4.3.  Water budget of C3 using channel flow capacity values 

Results from the investigation of using channel flow capacity values show that when 

using the maximum dredged discharge of 43 m
3
/s (from three channels) the main fresh 

water input is from SNSM tributaries, QSierra. When using the maximum intended 

discharge of 163 m
3
/s (five channels, corresponding to “pre-disturbance” conditions), 

the main fresh water input to CGSM is from the channels connecting to Magdalena 

River, QinCGSM, rather than the rivers from SNSM (Fig. 15). This is important because it 

shows the effect of the clogging of the channels from the Magdalena river in the 

reduction of freshwater from the west; conditions that make the streams from the east 

the main source of freshwater. 
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Figure 15. Annual average total discharge (m
3
/s) from SNSM tributaries (QSierra) 

compared to max intended and max dredged flow from channels.  

 

4.3.1. P and ET method comparison over catchment C3 

Results from investigations of correspondence between PCRU and Pstat show a good fit 

(r
2
=0.59, df=35, p<0.0001). CRU P data show a range between 655-2,346 mm/year and 

Thiessen polygons of station data show a range of 696-2,469 mm/year. P values are 

generally higher in CRU data than in Thiessen polygons created using station data (Fig. 

16). CRU data had a long-term P average of 1,435 mm/year and Thiessen polygons of 

1,231 mm/year. The visual comparison of CRU and station P data shows that although 

there is a clear difference in spatial resolution (Fig. 17 and Fig. 18), and in the 

magnitude of P of both data sets; the inter-annual change in P in both data sources is 

consistent. 
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Figure 16. Comparing CRU data with Thiessen polygons created using station data 

show a good fit (linear regression, r
2
=0.59, df=35, p<0.0001) but CRU precipitation 

values are generally higher compared to station data.  

 

 

Figure 17. Thiessen polygons of station precipitation data over C3 catchment year 2000 

in units of mm/year, this particular year Thiessen polygons are based on eleven 

precipitation stations. Sources: USGS, GDEx/LP DAAC/ASTER GDEM (a product of 

METI and NASA), IDEAM 
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Figure 18. CRU TS3.21 precipitation data over C3 catchment year 2000 with units of 

mm/year. Sources: USGS, GDEx/LP DAAC/ASTER GDEM (a product of METI and 

NASA), IDEAM, CRU/BADC. 

 

Results from ET estimations show reasonable correspondence between the three 

methods of calculating ET (Fig. 19) with r
2
 values ranging from 0.53 to 0.89. The range 

of ET estimated for all data used is between 688-1,915 mm/year. Long-term annual 

averages of AETclim show a value of 1,097 mm/year, long-term average of ET 

calculated by using ET/PCRU was 1,171 mm/year and ET calculated by using ET/Pstat 

was 1,065 mm/year. An example of the spatial pattern of ET over C3 catchment year 

2000, using MOD-16, is shown in Appendix D.  
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Figure 19. Difference between three approaches (ETmodis/PCRU, AETclim and 

ETmodis/Pstat) to estimate evapotranspiration over time in C3, in units of mm/year. 

Results between AETclim and ETmodis/PCRU show a r
2
 of 0.89 (linear regression, df=32, 

p<0.0001), between AETclim and ETmodis/Pstat show a r
2
 of 0.59 (linear regression, df=20, 

p<0.0001) and between ETmodis/Pcru and ETmodis/Pstat show a r
2
 of 0.53 (linear regression, 

df=20, p<0.001). 
 

4.3.2. Scenario analyses of C3 water budget 

Water budget and subsequent scenario analysis using all available data and their 

corresponding ranges show a resulting possible range of SFex at Boca de la Barra of 36 

(minimum) and 2,530 (maximum) mm/year, between years 1965 to 2008 (incomplete 

time series) (Fig. 20). This range exclude values of SFex calculated from the water-

balance of years 1977, 1979, 1980, 1983 and 1985 due to the unrealistic values of SFex 

produced during these years, possibly due to questionable input data of QBarranquilla.  
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Figure 20. All available input data and their corresponding ranges of maximum and 

minimum values (channel discharge, evapotranspiration and precipitation) resulted in a 

range over time of salt- and freshwater exchange at Boca de la Barra (gray color). 

Mangrove area in CGSM catchment is plotted as a green dashed line on the second y-

axis. Channel range (max intended and zero flow) are represented as a dotted black line. 

SNSM tributaries total annual discharge is plotted in a solid black line.  

 

Results from the “realistic” scenario generally show a narrower range of SFex in Boca 

de la Barra (Fig. 21).Visual comparison over time between channel Q, QSierra and 

mangrove area, show that the mangrove area change over time seems more related to 

channel Q than QSierra. Since the 1970’s the main freshwater contribution to catchment 

C3 has likely been SNSM tributaries. The range of SFex is still large because of ranges 

in input data used and show a possible range of 46 (minimum) and 2,310 (maximum) 

mm/year, between years 1965 to 2008 (incomplete time series). 
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Figure 21. All available input data and their corresponding ranges of maximum and 

minimum values of evapotranspiration and precipitation data, and “realistic” values of 

channel discharge over time, resulting in the gray range of salt- and freshwater 

exchange at Boca de la Barra. Mangrove area in CGSM catchment is plotted as a green 

dashed line on the second y-axis. “Realistic” channel discharge (163 m
3
/s year 1965 to 

1974, 0 m
3
/s year 1975 to 1996 and 43 m

3
/s from 1996 and onwards) is represented as a 

dotted black line. SNSM distributaries total annual discharge is plotted in a solid black 

line.  

4.3.3. Results from previous water-balance of C3  

The hydrological evaluation published in 1982 [Estudios y asesorias, Ingenieros 

consultores Ltda 1982] was performed on a monthly basis, on four sub-catchments and 

in units of Mm
3
/year. To compare results from this study to the previous hydrological 

evaluation, it was necessary to add P and ET from all sub-catchments used in the 

hydrological evaluation, calculating annual totals and divide by catchment area. Values 

of QinCGSM were collected from the sub-catchment containing discharge from 

Magdalena River into CGSM. SFex was collected from a sub-catchment representing 

Ciénaga Grande with reported values of inflow and outflow between the Ciénaga 

Grande and the Caribbean, and the difference was assumed to represent SFex. The 

hydrological evaluation contained no specific information about the catchment or the 

boundaries used for the hydrological budgets done at that time. If the catchment size of 

catchment C3 (Fig. 3) is applied (≈5,385 km
2
), which seems reasonable due to 
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schematic figures of the four water-balance component areas presented in the report, the 

values reported for year 1971 correspond to QinCGSM of 937 mm/year, QSierra of 622 

mm/year, P of 890 mm/year and ET of 1,480 mm/year. The salt- and freshwater leaving 

CGSM to the Caribbean through Boca de la Barra (SFexOUT) is estimated by the authors 

to correspond to 3,022 mm/year when using the catchment area of C3 (Fig. 3), and the 

water entering CGSM from the Caribbean through Boca de la Barra (SFexIN) is 1,998 

mm/year, which means the resulting SFex is 1,024 mm/year. For year 1972 values 

reported would imply QinCGSM of 12 mm/year, QSierra of 462 mm/year, P of 722 

mm/year and ET of 1,437 mm/year. SFexOUT is estimated to 1,293 mm/year and SFexIN 

to 1,298 mm/year, which means the resulting SFex is a net inflow of 5 mm/year. The 

underlying assumptions of the water budget estimation and calculations of Q between 

different sub-catchments are unknown so the water budget inputs and outputs reported 

do not balance. Using these reported values of water-balance input parameters would 

instead yield an output of SFex of 969 mm (net outflow) year 1971 and a SFex net inflow 

of 241 mm in 1972. Assuming that all that is left from the water-balance in the 

hydrological evaluation is attributed to ∆S would mean that ∆S=55 mm/year year 1971 

and ∆S=246 mm/year year 1972 (Table 6).  

Table 6.  Water-balance results from previous hydrological evaluation on CGSM 

presented in mm/year for years 1971 and 1972. Catchment area was inferred to acquire 

units of mm/year; the water-budget does not balance because of the unknown areas of 

each sub-catchment and unknown underlying assumptions used in the study. 

 
Year QinCGSM  QSierra 

 

P  

 

ET  

 

Reported 

SFex 

 

Calculated 

SFex 

Assumed 

∆S  

1971 937 622 890 1480 1024 969 55 

1972 12 462 722 1437 5  -241 246 
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4.4.  Deterministic sensitivity analysis 

The deterministic sensitivity analysis, based on input parameters PCRU, AETclim, 

maximum dredged flows in channels and QSierra, show that the water budget model 

output, being SFex at Boca de la Barra, generally is most sensitive to P. The second most 

important factor controlling the water budget is ET, followed by QSierra. The factor 

affecting the water budget the least is freshwater input from channels, QinCGSM (Fig. 

22). The SFex ranges between a minimum of 550 mm/year and a maximum of 1,983 

mm/year when the water budget parameters are increased or decreased by 10 %. 

Figure 22. Deterministic sensitivity analysis on the C3 water budget using 10 % 

increase and decrease in water-balance parameters, show that salt- and freshwater 

exchange is mostly affected by a) precipitation, followed by b) evapotranspiration and 

c) SNSM freshwater inflow. It is least affected by d) freshwater inflow from the 

channels. The black line (|) represents the salt- and freshwater exchange in the base 

scenario used. 

  

a) b) 

c) d) 
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4.5.  Monte Carlo simulation - Stochastic approach to sensitivity 

analysis 

Results from the sensitivity analysis with a stochastic approach showed after 100 runs 

that the input parameter affecting most the output in C3 catchment is P, followed by 

QinCGSM and then ET. QSierra did not show a significant correlation with SFex (Fig.23). 

The SFex ranges between -223 mm/year (minimum) and 2,231 mm/year (maximum) in 

this approach. 

Figure 23. Using least square method, stochastic sensitivity analysis on the C3 water 

budget show that SFex has highest correlation with a) P (r=0.8321, r
2
=0.6923, 

p<0.0001), followed by b) QinCGSM (r=0.5198, r
2
=0.2702, p<0.0001) and c) ET (r=-

0.3261, r
2
=0.1063, p<0.0001). d) QSierra showed r=0.1888 and r

2
=0.0357 but the 

correlation is insignificant. 

a) 



Water budget estimation on a data limited wetland: The case of the Ciénaga Grande de Santa Marta 

51 

 

5. Discussion 

It has been shown here that general hydrological characteristics and important 

hydrological inputs and outputs of the CGSM basin can be approximated by a lumped 

water-balance approach when data scarcity in the area is a limit. The water balance used 

here is a simplification and even if there are arguments to why such a simplification is 

appropriate, the simplification and assumptions made might add to model systematic 

error [Zhang et al. 2002]. Added to systematic errors, there are epistemic (unknown) 

uncertainties, that is, random uncertainties not caused by a natural variation but instead 

caused by lack of parameter boundary condition knowledge and lack of knowledge in 

hydrological processes [Beven 2012, Beven et al. 2011]. Both types of errors are 

complicated to measure directly and pose a significant challenge. Such errors should be 

acknowledged and considered when interpreting results from the study. Systematic 

uncertainties (such as assuming QSierra is equally allocated over C3, assuming that ∆S, 

GWin and GWout can be neglected and the method of ET extrapolation in time) can 

sometimes decrease if more data is available. A water-balance model was used here to 

outline large-scale hydrological processes and thereby increase basic hydrological 

knowledge, and many of the systematic errors explained arise from simplifications and 

assumptions in this water-balance approach. However, in an approach where 

understanding basic large-scale hydrological processes is in focus, simplifications and 

certain assumptions are supportable and necessary. Results from this study should be 

interpreted as a first order of approximation and in such a case, coupled with data 

scarcity, systematic uncertainties will be a natural part because of the simplifications 

here developed. Increased model complexity might not increase model accuracy, 

especially in a data-limited area as the CGSM. The evaporative index (ET/P) 

extrapolation was also made to address ET estimations which were necessary due to 
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missing data of QBarranquilla, QinCGSM and SFex but results from the ET/P approach should 

be interpreted with caution. The climatic approach of AETclim serves as an additional 

approach to estimate ET, besides ET/P. Epistemic, unknown, uncertainties are also 

present, for example in form of uncertainties in actual measurements from P and Q 

stations, in the unknown actual values and boundary conditions of QinCGSM and in how 

much water is actually reaching Magdalena River from catchment C2. The ET/P 

estimation can also be addressed as an epistemic uncertainty because results from that 

method have unknown uncertainty. Most of these epistemic uncertainties have been 

accounted for by rather simple approximations which seem appropriate due to the scope 

of the study. There is although a reasonably large room for error propagation through 

the modeling process when errors and uncertainties are not fully accounted for. 

Epistemic uncertainties and systematic errors can be more deeply addressed and 

outlined in future studies when large-scale hydrological processes present in CGSM are 

fully understood.   

Model calibration was not feasible because of the lack of calibration data but Qobs at 

station Calamar could be used to calibrate ET over Magdalena catchment. It was rather 

used here as a validation process of Q at Calamar since it was of high importance to 

consider the degree of reliability of data coming from this station. It is anticipated that 

hydrological equipment can be appropriately placed in CGSM to realize model 

calibration and validation, as well as validation of several water inputs and outputs. 

5.1. Hydroclimatic characteristics and water budget parameters 

The CGSM catchment long-term monthly variation of estimated P and ET corresponds 

fairly well to the pattern reported by Botero and Salzwedel [1999], showing two dry 

and two wet periods. QSierra exceeds P over CGSM in some months, which may be 

possibly associated with non-stationary conditions of water storage at the monthly scale. 
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In a closed watershed, annual discharge should not exceed precipitation, unless ∆S≠0, 

but on a monthly basis, one cannot assume that ∆S=0. Annual average T is similar to 

the value reported by IGAC [1973 cited by Elster 2000, p.202].  

Regarding precipitation over CGSM, long-term annual averages (1,231-1,435 mm/year) 

are higher than previous precipitation estimates reported by Rivera-Monroy et al. 

[2011] (i.e. 400 mm/year), Garcés and De La Zerda [1994 cited by Elster 2000, p.202] 

(i.e. 450-760 mm/year) and Estudios y asesorias, Ingenieros consultores Ltda [1982] 

(i.e. 722 to 890 mm/year). The combined range of different methods of estimating 

annual P is larger (between 655-2,469 mm/year) than the ranges previously reported and 

the upper limit is considerable higher. Given the good fit between P estimated by CRU 

data and Thiessen polygons from station data, previous estimations of P over C3 might 

have been underestimated. 

Rivera-Monroy et al. [2011] reported an annual evapotranspiration average of 1,431 

mm/year and estimations of annual evapotranspiration based on results from Estudios y 

asesorias, Ingenieros consultores Ltda [1982] imply 1,437-1,480 mm/year, in contrast 

to results from this study suggesting long-term average annual evapotranspiration 

between 1,065 to 1,171 mm/year. Previously reported values are within the range of 

single year ET values estimated here by different approaches (i.e. between 688-1,915 

mm/year). However, if the previously reported estimates of evapotranspiration (i.e. 

1,431 to 1,480 mm/year) are assumed to represent actual evapotranspiration and if 

precipitation varies between 400-760 mm/year, as suggested by previous studies, it 

would mean an annual evaporative index, ET/P, from 1.9 to 3.7. Assuming ∆S=0 at the 

annual basis and that a fraction of P partitions into Q, the previously reported values of 

precipitation and/or evapotranspiration might be unrealistic, since ET/P should be in 

theory between 0 and 1. If ET/P=1 then all P falling over the catchment would have 
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turned into ET, which is unlikely because there is evidently water flowing in the 

streams. The eleven-year mean evaporative index, ET/P, used in the study ranges from 

0.81-0.94 but some years ET/P>1. This finding suggests there might be errors in P data 

(CRU TS 3.21), ET data (MOD-16) or the error might be because of the extrapolation 

of ET/P ratio. Due to land use and land cover changes, as well as potential long-term 

changes in precipitation trends, the evaporative index varies over time as shown by 

Jaramillo et al. [2013] and should therefore not be extrapolated. That is why a 

climatologically estimated evapotranspiration from land areas (AETclim) was used as 

well in the study; a method showing low RMSE in the Amazon basin compared to other 

evapotranspiration methods [Salazar & Poveda 2006]. The PET assumed to represent 

evaporation from water bodies is not a perfectly reliable estimation, but it has been 

shown by van der Velde et al. [2013] that PET approximately corresponds to 

evaporation from water bodies. Average transpiration from living mangroves was 

approximated to be more than the double of transpiration from dead mangroves, 

although transpiration from mangroves did not affect the total evapotranspiration on the 

C3 water budget due to the small area covered by mangroves compared to the total area 

of C3 catchment. The method of estimating transpiration from dead and living 

mangroves is only an approximation but it shows a noteworthy difference. Local 

hydrology could be affected by this difference and it could be more closely examined in 

future studies.  

Nonetheless, all evapotranspiration datasets used had a good fit with r
2
 values ranging 

from 0.53 to 0.89, showing that estimates made here of long term annual averages of 

evapotranspiration probably are more reliable than previous estimates for CGSM.  

Results of QinCGSM and QSierra estimations based on the report by Estudios y asesorias, 

Ingenieros consultores Ltda [1982] show that the QinCGSM varies between 12-937 
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mm/year which is within the range used here (i.e. channel flow capacity values, 

corresponding to 0-957 mm/year). QSierra varies between 462-622 mm/year which also 

seem reasonable compared to results in this study (i.e. 363-705 mm/year). The 

hydrological evaluation was made on a monthly basis and it is unknown how the 

authors estimated ∆S, which cannot be assumed zero on a monthly basis. Unknown 

estimations of ∆S and catchment areas means there might be errors in values 

transformed here into units of mm/year. The previous estimations of SFex by Estudios y 

asesorias, Ingenieros consultores Ltda [1982] ranges between 5-1,024 mm/year and the 

SFex calculated from previous water budget parameters reported in that study show a 

range of -241 to 969 mm/year. In relation to results of the different methods of 

estimating SFex shown here (i.e. a range of between -223 mm/year to 2,530 mm/year) 

the maximum value estimated here seems rather high. Considering that this study 

estimates average P to be larger and average ET to be lower than what has been reported 

in previous studies, including values reported by Estudios y asesorias, Ingenieros 

consultores Ltda [1982], it is not surprising that SFex is estimated to be larger; when P 

increase and ET decrease more water is turning into Q. When using values presented in 

the hydrological evaluation as inputs in the water budget approach developed here, it 

was shown that it did not balance. Assuming the imbalance was due to ∆S would mean 

in this case that annual ∆S=55-246 mm/year, but no conclusion can be made about ∆S 

at this point. It is although recognized that assuming ∆S=0 is a simplification and might 

not be the case in CGSM.  

5.2. Hydrological stations: Barranquilla and Calamar 

The conceptual model developed and used in the study (Fig. 7) was fully explored and 

showed unrealistic results for some variables. For instance, station Planta el Rio at 

Barranquilla does not correspond to the signal of Magdalena River in years 1977, 1979 
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and 1980. Planta el Rio is the hydrological station closest to the Caribbean outlet and 

subsequently of great importance to the hydrology of Colombia. Given the critical 

importance of knowing discharge in Barranquilla or in the channels for effective 

restoration of CGSM, as well as the importance of Magdalena River itself on the 

influence of CGSM, as shown by Kaufmann and Hevert [1973], it is remarkable that 

this part of Magdalena River is currently unmonitored. Some of the annual data of 

station Planta el Rio seems unreliable and we here suggest they should be revised. It 

would be of interest not only for those concerned with restoration of CGSM, but also 

for studies of Colombian hydrology. Additionally, apart from checking the reliability of 

the data of the hydrological station in Barranquilla, it would be ideal to place 

hydrological equipment in the three channels connecting Magdalena River with CGSM. 

Unfortunately, new monitoring equipment in Barranquilla or in the channels cannot 

recollect important data from the time when mangroves started to die until the present 

day. Such data would be of uttermost importance to increase the understanding about 

the historical hydroclimatic and hydrological characteristics of CGSM related to 

mangrove mortality. On the other hand, future restoration attempts could be facilitated if 

hydrological knowledge increased and it is possible that such information could be used 

to conclude important things about the high mortality of mangroves at the end of the 

20
th
 century in the CGSM.  

The positive trend in Q shown at station Calamar was very weak, due to large spread 

and thus variability in the data. Since the correlation is weak, no strong conclusion can 

be made from results of the study regarding changes in Q over time at station Calamar. 

Concerning the validation of station Calamar, a high correlation between Qobs and Qmod 

during the 2000-2010 period was shown and Q at this station followed the pattern of P 

falling over the country during the five-year water-balance performed years 1977, 1979, 
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1980, 1983 and 1985. Despite that different ET methods were used in these two water-

balance approaches (ET calculated from water-balance and ET from MOD-16), Q data 

at station Calamar seem reasonable compared to both P and Qmod. It should be added 

though, that the time period of investigation of correlation between Qobs and Qmod is too 

small (11 years) to allow for statistical analysis and it is recommended that station 

Calamar is further validated in future studies. 

The conceptual model developed here for CGSM water budget was tested and used, and 

it can be further used as a base for future studies of CGSM hydrology, given that 

currently lacking data, such as Q measurements from Barranquilla or from the channels 

Clarín, Aguas Negras and Renegado are provided. It would also be useful to gather 

more knowledge about the historical and present effects from Zona Bananera on the C3 

water budget.  

5.3. Channel discharge and main fresh water input 

Results from the investigation of using channel discharge capacity values serve to 

estimate a possible range of water exiting CGSM at Boca de la Barra, even though 

current and historical flow into C3 from Magdalena River is unknown. If the values 

reported by Botero and Salzwedel [1999] used here are to be trusted, it is likely that the 

main freshwater input currently is from SNSM side (QSierra>QinCGSM) due to the 

clogging conditions of the various channels flowing from the Magdalena River. It was 

also shown that the SFex and probably the amount of freshwater in the Ciénaga Grande 

is more dependent on freshwater inputs from SNSM than from channels according to 

the deterministic sensitivity approach. The results are in agreement with previous 

studies suggesting that the rivers of SNSM are currently responsible of controlling 

CGSM hydrology [Elster 2000, Rivera-Monroy et al. 2011]. On the other hand, it has 

also been shown here that during pre-disturbance conditions the main freshwater input 
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was probably from Magdalena River (QinCGSM>QSierra) and further, the stochastic 

sensitivity analysis approach revealed that QSierra had no significant correlation with 

SFex, On the contrary, the QinCGSM showed a significant and rather high correlation with 

SFex in the stochastic approach (although based on simulated QinCGSM). These results 

indicate that the importance of freshwater inputs clearly depends on the actual, 

unknown, historical and current Q in the channels. If a study is performed during years 

when practically no water is flowing in the channels, the results will likely show that the 

SNSM tributaries are most important in controlling CGSM salinity and hydrology. If 

the same study is performed when pre-disturbance amount of water is flowing into the 

channels, results are likely to show that Magdalena River is most important in 

controlling salinity and hydrological regime. Thus, the likely main freshwater input is 

currently from SNSM but generally, this freshwater input should not influence SFex to a 

large extent. Instead, if the channel Q is in direct relation to the discharge in Magdalena 

River, this freshwater input is the second most important parameter, after P, to the C3 

water budget output. However, fresh water inputs relevant for mangrove restoration 

might (or might not) be different from the major fresh water input, or from the input 

parameter mostly affecting the hydrological response (in this case, SFex) due to 

localized effects on mangrove populations that can only be modeled by access to 

products or models yielding higher spatial resolution. Understanding the internal 

connectivity and circulation in the wetland is of critical importance for effective 

restoration. Innovative technologies that do not require a complex measuring network, 

such as InSAR, could be useful for future studies in this matter. 

No significant changes over time have occurred in SNSM tributaries, except for station 

Sta Rosalia (with the lowest flow rate of all SNSM rivers) and the “realistic” scenario 

analysis showed that the decreasing trend in mangrove coverage seem more associated 
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with QinCGSM than QSierra. Also, considering that the amount of water in SNSM rivers 

that is used for irrigation in Zona Bananera have not been explicitly addressed, the 

influence of SNSM rivers on SFex might be even smaller than suggested here. But 

agricultural development and land use changes in Zona Bananera could have a profound 

effect in the amount of water actually reaching the CGSM, so it would be unwise to 

exclude the eastern side of CGSM when investigating changes in salinity and coupled 

mangrove mortality in CGSM. Relating important parameters that influence CGSM 

water budget with mangrove mortality require understanding of the internal 

connectivity and circulation in the wetland, and this should be addressed in future 

studies.  

5.4. Climatic factors: ENSO/El Niño 

At station Calamar, there is a larger spreading around the mean Q, shown as higher 

standard deviation, after year 1975 compared to before 1975 and a higher average Q for 

the period after 1975. This finding is in correspondence to studies of changes in 

frequency and intensity of high and low flow (ENSO events) since the mid 70’s 

performed by Overpeck and Webb [2000]. Although the study of ENSO change has 

concerned the Pacific and not the Caribbean, it has been shown by several authors 

[Rivera-Monroy et al. 2011; Blanco et al. 2006] that salinity (and therefore indirectly 

fresh water inputs) in CGSM is driven by ENSO events. The different approaches to 

sensitivity analyses performed both showed that the water budget is most sensitive to P, 

which also can be linked to ENSO effects on CGSM. The conclusion that P is the most 

important water budget parameter in affecting the hydrological response of CGSM 

(SFex) is not surprising since P is the largest water budget parameter (in terms of 

absolute values) and thus controls SFex. Sensitivity to precipitation and noticeable 

changes in ENSO frequency and intensity from mid 70’s might have severely affected 
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the CGSM hydrological regime and consequently mangrove mortality. Furthermore, the 

discharge from SNSM tributaries and Magdalena River, used as fresh water input in 

catchment C3, depend indirectly on precipitation in their corresponding drainage basins 

so changes in ENSO frequency and intensity could cause spin off effects at these basins 

as well, ultimately affecting the CGSM wetland complex. On the other hand, no clear 

changes in annual trends over time were shown for important freshwater inputs. Being 

an area of extreme intra-annual variation, and considering the importance of high and 

low flows in Magdalena River for the functioning of CGSM, future studies focusing on 

seasonal variation and changes in such variation over time, with special emphasis on 

precipitation, are suggested.  

6. Conclusions 

It has been shown here that a lumped hydrological model, a water budget approach, can 

be used as a first order of approximation to investigate the hydroclimatic characteristics 

and hydrological behavior of the CGSM. The quantification of water budget 

components in catchment C3 showed that the long-term annual average P ranges 

between 1,231-1,435 mm/year and ET between 1,065-1,171 mm/year. QSierra varies 

between 363-705 mm/year and QinCGSM between 0-957 mm/year. The conclusion about 

subsequent SFex, based on several approaches of estimating this parameter, is a SFex 

within -223 mm/year (net inflow of saltwater) to 2,530 mm/year (net outflow of 

freshwater). The SFex resulting from this study is higher than previous estimates because 

of the lower ET and higher P showed here compared to previous studies.   

No strong trends over time were shown for annual values of CGSM tributaries but the 

most likely freshwater input is currently coming from the SNSM side. If channels are 

operative and directly connected to Magdalena River, the Q in channels has a large 
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influence on CGSM’s water budget, while QSierra has no significant influence. It is 

recommended to further investigate the effect of Zona Bananera on CGSM hydrology. 

High-quality and resolution hydrological equipment should be placed in Barranquilla 

due to the importance of this part of Magdalena River in influencing CGSM. It is also 

important to the hydrology of Colombia because Barranquilla is situated close to the 

Caribbean outlet. Hydrological equipment should also be placed in the three channels 

connecting Magdalena River with CGSM to be able to measure exactly the contribution 

from Magdalena River into the CGSM. Calamar Q have been validated against modeled 

Q from a water-balance and station Calamar Q seem reliable, but a more profound 

validation should be performed.  

A noteworthy difference between transpiration from living and dead mangroves was 

observed which could affect local hydrology. A suggested focus for future studies, 

when large-scale hydrological processes in CGSM is better understood, is the internal 

connectivity and circulation in the CGSM complex which can be investigated by using 

techniques such as InSAR that do not require dense monitoring networks. Finally, it is 

suggested for future studies to focus on seasonal variation and changes in such variation 

over time due to the importance of precipitation on controlling the CGSM hydroclimatic 

characteristics shown here, and due to potential changes in ENSO events from mid 70’s 

and subsequent effects on CGSM hydrology and mangrove mortality.   
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Appendix A 

 

Appendix A, table 1. Calculations of QinCGSM in Mm
3
/year (10

6
 m

3
/year) and mm/year. 

 

Year QBarranquilla  

(Mm
3
/year) 

QCalamar 

(Mm
3
/year) 

QC1 

(Mm
3
/year) 

QC2 

(Mm
3
/year) 

QinCGSM 

(Mm
3
/year) 

QinCGSM 

(mm/year) 

1977 210,132 172,578 51 25 – 37,478 – 6,960 

1979 170,880 219,569 62 35 48,786 9,060 

1980 153,819 187,943 42 26 34,193 6,350 

1983 178,775 175,582 36 24 – 3,133 – 582 

1985  192,748 191,046 55 36 – 1,611 – 299 

 

 

 

Appendix A, table 2. Estimated input values of evapotranspiration of different land 

cover and their corresponding areas in catchment C3, used in the calculations of 

evapotranspiration rate in mm/year in catchment C3. 
 

Year ET veg. 

surfaces 

(mm) 

Area 

veg. 

surfaces 

(km
2
) 

ET 

water 

bodies 

(mm) 

Area 

water 

bodies 

(km
2
) 

ET living 

mangrove 

(mm) 

Area 

living 

mangrove 

(km
2
) 

ET dead 

mangrove 

(mm) 

Area dead 

mangrove 

(km
2
) 

1977 1,045 4,702 1,588 682 945 0.402 384 0.1095 

1979 1,259 4,702 1,575 682 945 0.382 384 0.1295 

1980 1,028 4,702 1,588 682 945 0.374 384 0.1375 

1983 806 4,702 1,613 682 945 0.342 384 0.1695 

1985  1,257 4,702 1,543 682 945 0.325 384 0.1865 

 

 

 

Appendix A, table 3. Evapotranspiration from vegetated surfaces, water bodies and 

living and dead mangroves, weighted by their corresponding land area in catchment C3 

and total evapotranspiration in mm/year in catchment C3. 
 

Year ET from vegetated 

surfaces  

(mm) 

ET from water 

bodies (mm) 

ET from living 

mangroves 

(mm) 

ET from dead 

mangroves (mm) 

ET total  

(mm) 

1977 915 201 0.071 0.008 1,116 

1979 1,098 200 0.067 0.009 1,298 

1980 898 201 0.066 0.010 1,099 

1983 698 204 0.060 0.012 903 

1985  1,094 195 0.057 0.013 1,289 
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Appendix B 

 

Appendix B. Total evapotranspiration (mm) year 2000 over Magdalena River catchment 

from station Calamar. Sources: GDEx/LP DAAC/ASTER GDEM (a product of METI 

and NASA), IDEAM, DIVA-GIS, IDEAM, MOD16/NTSG 
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Appendix C 

 

Appendix C. Total precipitation (mm) year 2000 over Magdalena River catchment from 

station Calamar. Sources: GDEx/LP DAAC/ASTER GDEM (a product of METI and 

NASA), IDEAM, CRU/BADC 
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Appendix D 

 

Appendix D. Total annual evapotranspiration in mm over CGSM year 2000. Sources: 

USGS, GDEx/LP DAAC/ASTER GDEM (a product of METI and NASA), IDEAM, 

MOD16/NTSG 
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