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Abstract 

 

Despite being one of the most productive ecosystems on earth, wetland areas have been heavily 

affected by human activities. The Cienaga Grande de Santa Marta (CGSM) in Colombia is one 

of these wetlands, where the inadequate construction of roads modified the hydrology and 

connectivity of this water body, generating massive mangrove mortality episodes. The lack of 

knowledge on the hydrological processes and connectivity of the CGSM has impaired 

mangrove restoration plans. Here we use wetland interferometry technique to remotely monitor 

the wetland and understand the flow of water in/out and across the CGSM wetland complex. 

A close collaboration with Miami University allowed us to access CGSM’s interferograms 

created with ALOS Palsar satellite data (from 2007 until 2011). The interferograms resulting 

from the analysis were correlated with daily hydrological data (precipitation, runoff in the main 

inflow of freshwater to the wetland, tide charts) to finally identify two main paths of inflow of 

water that are still active and are continuously feeding freshwater into the Cienaga. The most 

persistent was identified in the south-west part of the CGSM; a water flow coming directly 

from the Magdalena River and entering the main lagoon in its south-west corner. The second 

was located in the north-west area, where most of the mangroves have died. In this case, 

different interferograms showed different potential water flow paths depending on the season 

(dry / wet season), the Magdalena River’s discharge and the rainfall. These results reflect the 

complex hydrology of the CGSM . Furthermore, a coherence analysis was conducted to assess 

the quality of the remote sensing data and to better understand the different responses of the 

features within the Cienaga. The results showed that the coherence analysis could also be 

potentially used to identify areas of dead mangrove. This study confirms that despite the 

blockage of the connectivity of the wetlands, there are still important freshwater flow paths 

feeding the CGSM. Additional hydrological studies are needed to ensure the further 

understanding of the hydrology of the CGSM and confirm the results of this study. 

 

 

Key words: Wetland interferometry; InSAR;  Water flow path; Cienaga Grande de Santa 

Marta; Wetland monitoring; Mangrove forest; 
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1. INTRODUCTION 

 

Wetlands are one of the most threatened ecosystems in the world with 64% of wetlands 

worldwide being lost since the beginning of the 20th century (cf. RAMSAR, fact sheet). 

Wetland disappearance is mainly due to agriculture development but also a consequence of 

urban and water infrastructure projects (such as dams, roads) as well as water and air pollution; 

climate change is also expected to increase pressure on wetland ecosystems (MA, 2005; IWMI 

2014; RAMSAR). 

 

Wetland ecosystems are spatially diverse and dynamic in time, characterized by a wide range 

of physical, ecologic, hydrologic and geomorphologic characteristics (Wood et al, 2013). The 

widely accepted definition of a wetland is given by the Ramsar Convention in 1971: 'area of 

marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with 

water that is static or flowing, fish, brackish or salt, including areas of marine water the depth 

of which at low tide does not exceed six meters'. But why are wetlands so important for the 

well-being of humans? The Millennium Ecosystem Assessment (2005) pointed out the 

importance of wetland ecosystems by enlightening the ecosystem services provided by 

wetlands. Wetlands give provisional services to humans such as food, freshwater, fiber and 

fuel. They also provide regulating services; wetlands are climate regulators (e.g. sinks for 

greenhouse gases as vegetative wetlands occupy only 2% of seabed area but represent 50% of 

carbon transfer from oceans to sediments, cf. TEED, 2013), limit coastal erosion and flood 

disasters, protect human settlements against storms, act as water flow regulators and contribute 

to water purification by capturing excess nutrients and other pollutants. Wetlands are also a 

source of cultural services which contribute to the well-being of the population by giving 

recreational, aesthetic, educational and even spiritual services. In addition, wetlands play a 

crucial role in Earth's natural nutrients cycles and are a major source of biodiversity. (MA, 

2005). The large number of ecosystem services provided by wetlands reflect the variety of 

wetland's environment and show the importance of protecting these ecosystems. Moreover, 

recent studies, like the economics of ecosystems & biodiversity initiative (TEED), have pointed 

out the economic values of wetland; for instance, the average value of coastal wetlands has 

been estimated to be more than 100 000 dollars per ha per year, and, only in the USA, are 

estimated to currently provide US$23.2 billion per year in storm protection services alone 
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(TEED 2013). One of the conclusions of the TEED report is then that wetland ecosystem 

services are usually more cost-efficient than technological alternatives. 

 

1.1 Wetlands and remote sensing data 

 

Despite wetland ecosystem services being recognized as of a critical importance for humans at 

the international level, on a local scale the lack of knowledge of wetland functions, values, 

hydrological processes and extent still leads to loss and degradation of wetland environments. 

Remote sensing techniques have the potential to improve our understanding of wetlands and 

help their preservation and monitoring via frequent, accurate, cost-efficient and easily-

accessible data (Tyner et al., 2015). Optical as well as radar imagery can be used to map the 

extent of wetlands, retrieve information regarding wetland changes and hydrological 

characteristics particularly in areas where accessibility and data availability are an issue. Radar 

data have many advantages over optical sensors due to the capability to operate regardless of 

cloud cover, day and night. Moreover, the sensitivity of microwave energy makes radar data 

very efficient to detect features and monitor changes in flooded area and vegetated wetland 

ecosystems, mainly due to the ability of radar wavelength to penetrate tree canopies (Kasischke 

and Bourgeau-Chavez, 1997). 

 

More recently, interferometric techniques using synthetic aperture radar imagery (SAR), 

known as InSAR, have been applied to wetlands successfully. The combination of two radar 

images acquired at the same point of the satellite’s orbital trajectory but at different times can 

reveal water level differences as well as water flow directions in vegetated wetlands with 5 cm 

accuracy and 1–2 cm precision (Wdowinski et al. 2008). The technique was first applied to 

wetlands in the Amazon basin by Alsdorf et al. (2000) who showed the capability of L-band 

radar wavelength to measure the hydrological dynamics of vegetated wetland's ecosystem. 

Wdowinski et al. (2004, 2006, and 2008) then used interferometry in the Everglades to reveal 

accurate water level measurements as well as a better understanding of flow regimes. Studies 

have shown that longer wavelength SAR systems (L-band), horizontal (HH) polarization, and 

short repeated orbit (Alsdorf et al. 2001; Wdowinski 2006, 2008; Lu et Kwoon 2008; Kim et 

al. 2009, 2013; Chou Xie et al. 2015) are best suited for wetland applications. 

In our study, we applied wetland interferometry technique with ALOS PALSAR satellite data 

in the Cienaga Grande de Santa Marta (CGSM) in Colombia, an unmonitored wetland under 

high anthropogenic pressure classified as a RAMSAR site. In this specific case, a better 
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understanding of the water flows driving the wetland is strongly needed for environmental 

management purposes. 

 

1.2 Main objectives and research questions 

The main research question of the thesis is how can InSAR remote sensing data be used to 

monitor and participate of a better understanding of a tropical wetland like the CGSM, in 

Colombia? The is a chronic lack of knowledge on the hydrological dynamics of the CGSM 

since it has not been actually measured or monitored in a consistent manner despite its 

ecological importance. The results of the thesis are expected to help stakeholders for immediate 

actions and future management plans to restore the ecosystem functions and protect the 

biodiversity of this wetland.  

 

I plan to use remote sensing to help understand how water moves in, out and through the 

Ciénaga and fill the knowledge gap regarding its hydrological dynamics. The aim of the study 

is to identify active water flow paths in the CGSM wetland complex with interferometric 

synthetic aperture radar (InSAR). Interferometric data showing water level variation will be 

correlated with daily hydrological data (river discharges, precipitation, tide charts) to ensure 

the accuracy of the remote sensing data. Field work will help in the interpretation process, 

validate the data and enable the collection of additional information. I expect to 1) detect water 

flow paths in the wetland, 2) identify the origin of this water flow(s) and 3) better understand 

the hydrological behavior of the CGSM and its connectivity to the Magdalena River and 

dependence on precipitation and tide effects. 

 

1.3 Cienaga Grande de Santa Marta 
 

As a "marine wetland", the Cienaga Grande de Santa Marta (CGSM) is classified as one of the 

five major wetland types generally recognized (Ramsar Convention secretariat, 2013). It is the 

largest coastal lagoon in Colombia, located on the Caribbean coast. Mangrove forests dominate 

this tropical wetland and create a high productive ecosystem with a rich biodiversity.  

 

Unfortunately, mangrove cover has been dramatically reduced since the middle of the mid-

twentieth century (about 360 km2 have been lost) with a massive mortality episode occurring 

during the nineties; 55 km2 of mangrove forests disappeared in only three years (between 1993 

and 1995 - Botero et Salzwedel, 1999). Mangrove trees have suffered from soil hyper 
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salinization following the construction in the late fifties of a highway along the coast that 

interrupted the natural connection between the sea and the wetland system. Additionally, fresh 

water input from the Magdalena River in the west part was reduced in the 60s and 70s due to 

a new road; dyke and berm constructions for irrigation development also reduced fresh water 

inflow (Botero et Salzwedel, 1999). These changes combined with recent strong El Nino events 

have increased the pressure on the ecosystem and contributed to the massive mangrove 

mortality events (Blanco et al. 2006).  

 

Hence, soil and water hyper salinization led to a severe ecosystem degradation with 50% to 

70% of mangrove trees dying as well as a reduction in the number and species of fish, impacting 

the living conditions of many fishermen in the region (Perdomo et al. 1998). Loss of mangrove 

ecosystem also impacted the lagoon productivity and its biodiversity. Although a rehabilitation 

plan to restore the ecosystem started in the mid-90s, knowledge of the CGSM hydrological 

dynamics is still limited. With the absence of a quantitative water monitoring system of water 

levels in the wetland and discharge in several of the freshwater channels and rivers feeding the 

wetland, there is still large uncertainty on whether fresh water is actually flowing into the 

lagoon, the sources of this fresh water input, the connectivity between the Magdalena River 

and the wetland and the dependence on precipitation events.   

 

Remote sensing data can then be adequately used to supplement an extensive monitoring 

network of water levels needed to better understand the complex hydrologic dynamics of the 

CGSM wetland and develop an effective environmental restauration plan. A hydrological 

investigation on the CGSM hydro climatic variability and characteristics can provide new 

insights and fill in the current data gap regarding the hydrologic behavior of the CGSM. A 

better understanding of the wetland characteristics could facilitate restoration attempts and 

suggest improvements to the monitoring programs currently under execution. 

 

2. SITE DESCRIPTION 

2.1 Geographic characteristics 
 

The Cienaga Grande de Santa Marta is an estuarine wetland complex situated on the Caribbean 

Coast of Colombia, South America, in the Magdalena River delta area, the largest river of 

Colombia (mean annual discharge of 7000 mᶾ/s, cf. Polania et al., 2000). The wetland area 
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covers around 1280 km2 located between 10° 40 and 10° 59N and 74° 15 and 74° 38W. It is 

composed of two major water bodies, the Cienaga Grande (the main lagoon with 450 km2) and 

Pajarales Complex on the west side (120 km2) as well as several smaller lagoons (Botero et 

Salzwedel, 1999). The lagoon complex is delimited by the Sierra Nevada de Santa Marta 

(SNSM), highest coastal mountain in the world (5800 m. high) on the east side, and by the 

Magdalena River on the west side (map 1). To the north, the wetland is separated from the 

Caribbean Sea by an island, Isla Salamanca and an inlet on the eastern side (Boca de la Barra) 

connects the lagoon with the sea. The wetland complex receives freshwater from the 

Magdalena River on the west side via several channels; canal Clarin, canal Aguas Negras, canal 

Salado and canal Renegado; and on the east side the SNSM brings freshwater into the lagoon 

via 4 main rivers (Fundacion, Aracataca, Sevilla and Rio Frio). 

 

 

Map 1: Location map of Cienaga Grande de Santa Marta, including rivers and channels bringing freshwater into 

the wetland complex as well as hydrological stations used in the study. 

 

The CGSM has a tropical climate with an average temperature of 28° and an annual 

precipitation between 400 and 760 mm (Rivera-Monroy et al. 2011). Two major seasons 

characterize the area: a dry season running from December to March, and a rainy season from 
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April to November, a brief reduction of rainfall takes place in July while October records the 

highest amount of precipitation (Blanco et al., 2006). Mangrove forest is the dominant 

vegetation type on the west side of the lagoon with three main species (Rhizophora mangle 

(L.), Avicennia germinans (L.), and Laguncularia racemosa, cf. Rivera-Monroy et al., 2011) of 

various densities (cf. Map 2 below). The negligible influence of tides makes the mangrove 

ecosystem of the CGSM primarily dependent on freshwater inputs (Elster, 2000). Banana 

plantations and pasture fields as well as dry forest characterize the east side of the lagoon. 

Water supply for this irrigated agriculture has also reduced the fresh water input from the 

SNSM tributaries. 

 

 

Map 2: Land cover map around CGSM, based on data from 2013 

 

 

 

2.2. Mangrove regeneration 
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As previously mentioned, mangrove cover has drastically been reduced since the 1950's. The 

restoration management plan that initiated in the nineties, has allowed the mangrove forest to 

slowly recover (cf. Map 3). Old channels have been reopened (e.g. Clarin, Renegado and Aguas 

Negras) after been clogged by sediments, and dredged (e.g. canal Bristol, canal Dragado) to 

facilitate input of freshwater from the Magdalena River. Some culverts have been built under 

the road Barranquilla-Santa Marta to better connect the sea with the wetland complex, but their 

effect is minimized by high sedimentation loads and lack of maintenance. 

 

 

Map 3: Increase mangrove cover between 2007 and 2015 

 

2.3 Previous studies on the CGSM 
 

Several studies on the CGSM have been published concerning the degradation of the mangrove 

ecosystem (e.g. Perdomo et al., 1998; Elster, 2000). While Polania et al. (2000) gave a 

comprehensive environmental description of the CGSM complex, Cardona et Botero (1998) 

analyzed soil salinity for a better understanding of the mangrove distribution and Botero et 

Salzwedel (1999) detailed the rehabilitation plan developed during the nineties for mangrove 

forest restoration Blanco et al. (2006) and Rivera-Monroy et al. (2011) seem to be the only 
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recent studies on CGSM's hydrology based on sampling data; both studies find an important 

role of the SNSM tributaries when it comes to freshwater input and regulation of salinity and 

circulation patterns. In similar way, Hylin (2015) also concludes that the SNSM tributaries are 

important freshwater inputs into the CGSM. Specifically, Rivera-Monroy et al. (2011) notes 

that the wetland complex can be divided in two distinctive hydrologic regions; the Pajarales 

complex highly dependent on the channel which bring water from the Magdalena River and 

the main lagoon more under the influence of the SNSM tributaries. Interestingly, regarding the 

use of satellite imagery and remote sensing in wetland ecosystems, no studies have been yet 

conducted on the CGSM with radar data or interferometric techniques. 

 

 

3. MATERIALS & METHODS 

 

A total of 28 interferometric images, already processed by a research team in Miami University 

(Florida, USA), have been analyzed and combined with local hydrological data to identify 

possible active water flow paths in the CGSM wetland complex. Table 1 presents the data 

sources used in this study. 

Table 1: Details of data input used in the analysis 

type  Format description date of production distributor origin 

Interfero-
grams 

Jpg 

Made with SAR data 
from ALOS Palsar 
satellite and processed 
with Gamma software 

2014 
University of 
Miami 

University of 
Miami 

Coherence 
maps 

Tiff 
Georeferenced 
coherence map created 
with ROI-PAC software 

2016 
University of 
Miami 

University of 
Miami 

Discharge 
data 

Text 

Daily discharge data of 
the Magdalena river 
from Darcena-
Barranquilla & San 
Pedrito stations 

2007-2011 IDEAM IDEAM 

Rainfall 
data 

Text 

Daily precipitation data 
from 3 rain gauge 
stations (Los Cocos, San 
Rafael, El Bongo) 

2007-2011 IDEAM IDEAM 

Tide data Online 
Historical tide charts for  
Santa Marta 

 Unknown 

http://tides.m
obilegeographi
cs.com/locatio
ns/5619.html 
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Land cover 
shape 
file 

Land cover data for 
CGSM area 

2013 INVEMAR INVEMAR 

Mangrove 
cover 

shape 
file 

Mangrove cover in  
CGSM for 
2007,2009,2013,2015 

2015 INVEMAR INVEMAR 

 

 

3.1.  Synthetic Aperture Radar (SAR) and Interferometric SAR (InSAR): 

theoretical background 

 

3.1.1.  Synthetic Aperture Radar  

Radar remote sensing devices use the microwave region of the electromagnetic spectrum, 

transmitting and receiving wavelengths in the range of X band (3 cm), C band (6 cm), or L 

band (24 cm) and allowing cloud penetration and operation during day and night as an active 

radar system. A SAR system is composed of a radar with an antenna pointed to the Earth’s 

surface at an off-nadir angle (range between 20° and 50°; cf. Ferreti et al., 2007; see figure 1 

below), over a wide swath (15-400 km) with a spatial pixel resolution of 1-100 m depending 

on the satellite parameters (Wdowinski et al., 2013). The specificity of a SAR system over 

other radar system is to synthesize a much bigger antenna using a small antenna which is 

moving along a flight line in order to get a better range resolution (Woodhouse, 2006). 

A synthetic aperture radar measures the backscatter amplitude and the phase of the receiving 

microwaves. The SAR image contains 2 types of information; the first is the amplitude of the 

radiation backscattered toward the radar by the features of the Earth’s surface (often 

represented as a grey-scale image) which depends mainly on the roughness of the terrain, the 

surface dielectric properties and the surface inclination toward the satellite. For instance, rocks 

and urban areas have a strong amplitude response (bright pixel in a radar image) while smooth 

flat surfaces (i.e. flat water bodies) reflect the radiation away from the radar (specular 

reflection) and will appear dark in a radar image due to low backscattered radiation. The second 

information in a radar image is the backscatter phase of the transmitted radiation which 

measure the phase of the wavelength that returns to the satellite’s antenna. 
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Figure 1: SAR system from a satellite © Ferreti et al., 2007  

 

It depends on the distance between the satellite and the surface; backscatters from different 

points introduce time delay in the received signal depending on the distance difference between 

each Earth’s feature and the radar device; the phase is also affected by the atmospheric 

conditions and changes in the surface dielectric properties (Ferreti et al., 2007; Wdowinski, 

2013). The phase is the type of information used in SAR interferometry technique. 

 

3.1.2.  Interferometry Synthetic Aperture Radar 

 

SAR interferometry technique is based on the phase observation difference of two radar images 

of the same area acquired at different times but from the same location in space. It can be from 

two different satellites on the same orbit or from the same satellite on its repeated orbit.  

The distance between the two satellites or two orbits, perpendicular to the slant range is called 

perpendicular baseline, a key parameter in SAR interferometry (c.f. figure 2; Ferreti et al., 

2007).  

 

17



 
 

 

Figure 2: SAR interferometric system © Ferreti et al., 2007 

 

The phase of each radar image can be compared pixel by pixel after proper image registration, 

the result is a new image called an interferogram (Massonnet & Feigl, 1998). This comparison 

of phase measurement gives a measure of path length difference to within a fraction of a 

wavelength (Woodhouse, 2006). It measures physical surfaces elevation changes in the order 

of centimeters.  It’s been applied to map Earth’s topographic and displacement (differential 

interferometry) linked to earthquake and volcanic activities, groundwater and ice sheet 

movement (Goldstein et al., 1993, Rosen et al., 1996; Massonnet & Feigl, 1998, Burgmann et 

al., 2000); differential interferometry is based on the removal of the topographic contribution 

(Ferreti et al., 2007). 

The difference of elevation between the two SAR images, called the altitude of ambiguity, is 

materialized in an interferogram by fringes which are lines of equal color. The range of hue is 

used to represent the full 2π phase difference cycle (Woodhouse, 2006). 

The quality of an interferogram is measured by the degree of coherence of the waves from the 

two SAR images, ranging from 0 to 1. Two wave sources are perfectly coherent if they have a 

constant phase difference and the same frequency. Decorrelation is the lack of coherence.  

Noise from the radar system is the first source of decorrelation but it will affect the quality of 

the interferogram only when backscatters are very low (Woodhouse, 2006). For instance, 

surface exhibiting specular reflection (i.e. calm flat water which act as a mirror and reflect the 

radar beams away from the satellite) will have a low coherence value. 
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Figure 3: Interferogram of CGSM area showing phase change with 46 days timespan 

 

Inaccurate co-registration of the two SAR images (errors in the co-georeference between the 

two raster images) is also a source of decorrelation. Moreover, due to the nature of 

interferometry technique which measures waves separated in time or space, the signal is likely 

to decorrelate because of 1) baseline (or geometric) decorrelation which will depend on the 

perpendicular baseline (the higher the distance between the two satellites or two orbits, the less 

similar the signals will be); 2) volume decorrelation caused by volume backscattering effect 

(which creates random backscatters) for instance over forest canopy (see figure 3 below); and  

3) temporal decorrelation due to changes in the shape’s features over time; the longer the time 

between two SAR images the more likely the Earth’s features will have changed (changes in 

vegetation phenology, in soil’s moisture…) (Woodhouse, 2006; Lu & Kwoun 2008). 

The use of interferometry has also other constraints such as atmospheric effects which are due 

to irregularities in the atmosphere in time and space which could lead to topographical errors 

in the interferogram. For instance, a different degree of humidity in the atmosphere between 

the two SAR acquisition dates can create a phase delay which will create fringes in the 

interferogram; as such, these won’t be a result of a different surface elevation between the two 

images but a consequence of variation in atmospheric water vapor content. Atmospheric effects 
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can’t be removed from the interferogram (Zebker et al., 1997) and have to be identified based 

on terrain knowledge and experience. 

  

3.1.3.  Wetland interferometry 

 

The interferometry technique has only been applied to wetland environment recently because 

of the general behavior of the radar pulse over water. The SAR system transmits microwaves 

at off-nadir angles (cf. figure 1) which makes the radar pulse reflecting away from the sensor 

over flat water (specular reflection; see figure 3-b below). As mentioned previously, specular 

reflection tends to make the interferometric observation incoherent due to very low 

backscattering and so inappropriate for wetland applications. However, Alsdorf et al. (2000; 

2001) as well as Wdowinski et al. (2004, 2006) show that the interferometric technique is 

suitable over vegetated wetland because of the interaction between the radar beam and the 

vegetation via surface backscattering, volume backscattering or double-bounce backscattering 

(cf. figure 4).  

To get information on water-level changes over time or the flow regime of the wetland from 

an interferogram, the radar beam must interact with the water as well as the vegetation and stay 

coherent over time, which is possible with the double-bounce backscattering effect. Longer 

radar wavelengths (L-band, 24 cm) are more suitable for wetland interferometry due to their 

capability to better penetrate the tree canopies with HH polarization and small incident angle 

(Alsdorf et al. 2000 & 2001; Wdowinski et al. 2006 & 2008; Kim et al. 2013). 

A change in water level between the two SAR images will change the travel time of the radar 

signal translating into a phase change in the interferogram. With ground control points (water 

level monitoring stations), it is possible to accurately measure water level with high spatial 

resolution and vertical precision of 5-10 cm. However, these changes in water level height can 

be identified only after a significant rainfall event or after a large river flow influx (Wdowinski 

et al., 2008). 
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Figure 4: radar backscattering behavior over a) forest and b) vegetated marshes; © Lu et Kwoun, 2008 

 

 

 

3.2.  CGSM - InSAR data processing 

3.2.1. Interferogram processing 

 

The interferograms used in this study have been previously processed by a research team lead 

by S. Wdowinski, specialized in wetland interferometry, within the Division of Marie Geology 

and Geophysics in the Rosenstiel School of Marine & Atmospheric Science / University of 

Miami (Florida, USA). 

The interferograms have been generated using Gamma software with SAR data from ALOS 

PALSAR satellite (from the Japanese spatial agency; see satellite’s characteristics in table 2 

below) between January 1st 2007 and February 27th 2011. Two SAR ALOS Palsar tracks have 

been selected via the Alaska Satellite Facility’s data portal for remotely sensed imagery of the 

Earth (Vertex) (https://vertex.daac.asf.alaska.edu/): track 143, centered on CGSM’s main 

lagoon and track 144, covering the west part of the wetland (focus on Pajarales Complex; see 

figure 5 below). 
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Figure 5: ALOS Palsar radar track; Red square = track 143; Orange square= track 144 

 

In total, 101 interferograms have been processed (65 InSAR from track 143 and 36 InSAR 

from track 144) with a timespan ranging from 46 days to 3 years and eight months. 
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Table 2: PALSAR satellite characteristics ©Japan Aerospace Exploration Agency 

(http://www.eorc.jaxa.jp/ALOS/en/about/palsar.htm) 

 

 

3.2.2. Interferogram’s selection 

 

Out of the 101 interferograms available on the CGSM area, 28 were selected and used (23 from 

track 143, 5 from track 144) for this study to identify active water flow paths. The qualitative 

selection was based on the quality of the interferograms, their first-glance overall coherence 

and the presence of fringes. However, this selection did not include a thorough coherent 

analysis since no coherence maps were available at the time of the selection. Rather, the 

selection was made by means of a visual analysis which identified the ones with visible fringes 

around the wetland area; these were the ones potentially suitable for wetland water-level 

change interpretation. 
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Table 3: Details of the 28 interferograms used in the study (Appendice A): date 1 = Master image, date 2= slave 

image 

dates 
time 
span 
(days) 

Path 
number 

Centre 
frame 
number 

Orbit 
direction 

Polarization 
Off 
nadir 
angle 

dates 
time 
span 
(days) 

Path 
number 

Centre 
frame 
number 

Orbit 
direction 

Polarization 
Off 
nadir 
angle 

04/07/2007 
46 

143 190 Ascending HH+HV 34.3 04/07/2007 322 143 190 Ascending HH+HV 34.3 

19/08/2007 143 190 Ascending HH+HV 34.3 21/05/2008   143 190 Ascending HH+HV 34.3 

04/01/2008 368 143 190 Ascending HH 34.3 21/07/2007 184 144 190 Ascending HH+HV 34.3 

06/01/2009   143 190 Ascending HH 34.3 21/01/2008   144 190 Ascending HH+HV 34.3 

04/07/2007 184 143 190 Ascending HH+HV 34.3 21/07/2008 552 144 190 Ascending HH+HV 34.3 

04/01/2008   143 190 Ascending HH 34.3 23/01/2009   144 190 Ascending HH+HV 34.3 

21/07/2007 46 144 190 Ascending HH+HV 34.3 19/08/2007 506 143 190 Ascending HH+HV 34.3 

05/09/2007   144 190 Ascending HH+HV 34.3 06/01/2009   143 190 Ascending HH+HV 34.3 

04/01/2008 92 143 200 Ascending HH+HV 34.3 19/08/2007 874 143 190 Ascending HH+HV 34.3 

05/04/2008   143 200 Ascending HH 34.3 09/01/2010   143 190 Ascending HH+HV 34.3 

21/01/2008 92 143 200 Ascending HH+HV 34.3 04/01/2008 138 143 200 Ascending HH+HV 34.3 

22/04/2008   143 210 Ascending HH+HV 34.3 21/05/2008   143 200 Ascending HH+HV 34.3 

09/01/2010 138 143 200 Ascending HH+HV 34.3 04/01/2008 874 143 190 Ascending HH+HV 34.3 

27/05/2010   143 200 Ascending HH+HV 34.3 27/05/2010   143 190 Ascending HH+HV 34.3 

27/05/2010 92 143 190 Ascending HH+HV 34.3 04/01/2008 598 143 190 Ascending HH+HV 34.3 

27/08/2010   143 190 Ascending HH+HV 34.3 27/08/2010   143 190 Ascending HH+HV 34.3 

29/07/2010 92 144 190 Ascending HH+HV 34.3 21/05/2008 230 143 200 Ascending HH+HV 34.3 

29/10/2010   144 190 Ascending HH+HV 34.3 06/01/2009   143 200 Ascending HH+HV 34.3 

27/08/2010 138 143 200 Ascending HH 34.3 06/01/2009 368 143 200 Ascending HH+HV 34.3 

12/01/2011   143 200 Ascending HH+HV 34.3 09/01/2010   143 200 Ascending HH+HV 34.3 

27/08/2010 138 143 200 Ascending HH 34.3 06/01/2009 506 143 200 Ascending HH+HV 34.3 

27/02/2011   143 200 Ascending HH+HV 34.3 27/05/2010   143 200 Ascending HH+HV 34.3 

12/01/2011 46 143 200 Ascending HH+HV 34.3 23/01/2009 368 144 190 Ascending HH+HV 34.3 

27/02/2011   143 200 Ascending HH+HV 34.3 26/01/2010   144 190 Ascending HH+HV 34.3 

01/01/2007 184 143 190 Ascending HH 34.3 26/01/2010 230 144 190 Ascending HH+HV 34.3 

04/07/2007   143 190 Ascending HH+HV 34.3 29/07/2010   144 190 Ascending HH+HV 34.3 

01/01/2007 230 143 190 Ascending HH 34.3 27/05/2010 230 143 200 Ascending HH+HV 34.3 

19/08/2007   143 190 Ascending HH+HV 34.3 12/01/2011   143 200 Ascending HH+HV 34.3 

01/01/2007 368 143 190 Ascending HH 34.3         

04/01/2008   143 190 Ascending HH+HV 34.3               

 

3.3.  InSAR Coherence data 
 

The InSAR’s coherence maps of the CGSM area weren’t processed along with the initial 

dataset but later during a field visit to the research team in Miami University (March 2016). 

The interferograms analysed were initially processed with Gamma software but a different 

software was used for the coherence maps (ROI_PAC software) due to time and accessibility 
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constraints. Moreover, time constraint restricted us from generating all the georeferenced 

coherence maps. 

 

Since interferograms created with different software (algorithms) can produce slightly different 

interferograms, both coherence maps and InSAR were created using ROI_PAC software during 

the field visit in Miami University, then the interferograms used in the study (produced with 

Gamma software) were visually compared with the ones created with ROI_PAC to ensure that 

the coherence maps made with ROI_PAC software are representative of the quality of the 

InSAR already analyzed and made with Gamma software. 

The coherence maps were analyzed to better understand the quality of the interferograms which 

strongly depend on the vegetation type in of a wetland environment; high interferometric 

coherence is reflected in continuous fringe patterns, whereas low coherence appears as a fuzzy 

phase pattern (Wdowinski et Hong, 2015). Areas of interest were designed using ArcGIS 

software to represent each landscape feature present in CGSM area (based on google map and 

a-priori knowledge of the land cover type; see figure 6) and a coherence’s average for each 

feature type was obtained. This average coherence measurement was then used to validate the 

results in a quality matter and to better understand the quality variability in different mangrove 

areas on the InSAR. This exercise also confirmed the link between canopy density and 

coherence value: a denser canopy will result in a lower coherence value (due to increase of 

volume backscattering effect) as well as a quicker temporal decorrelation. 

25



 
 

Figure 6: Area of interests from different land cover types around CGSM wetland area used in the coherence 

analysis; basemap: ESRI/Google map 

 

3.4.  Hydrological data 

 

3.4.1. Daily hydrological data 

 

To confirm that the fringes visible in the interferograms represent actual water level differences 

between the two SAR images, daily hydrological data (precipitation and discharge from 

Magdalena River) from IDEAM (Colombian National institute for hydrology, meteorology and 

environmental studies) and tide charts from Santa Marta tide station were obtained. We looked 

at the water input from one month prior to each SAR acquisition dates: a difference in mean 

rainfall and/or discharge between the two dates would then suggest that fringes appearing in 

the interferograms corresponded to water surface differences between them and not a result of 

atmospheric effects for instance.   
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Since the hydrological monitoring network in the CGSM is quite deficient we used two 

discharge stations located along the Magdalena River (“Darcena-Barranquilla”, in Barranquilla 

city, close to canal Clarin inlet, and San Pedrito,  upstream) and 3 rainfall stations (Los Cocos, 

north-west of canal Clarin, El Bongo & San Rafael, south-west of CGSM main lagoon) were 

used in the analysis. Since in the interferograms the fringes are only visible in the west side of 

CGSM (north-west area and south-west of the main lagoon) (Map 4), hydrological data from 

the eastern side of the CGSM (SNSM streams) were not used to validate the interferograms. 

Moreover, since the monitoring stations in the eastern side are located upstream of a large 

irrigated plantation area, the water input measured in these monitoring stations is not entirely 

representative of the volume of water reaching the lagoon.  

 

 

Map 4: Location of hydrologic stations used in the study 
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3.4.2. Water flow direction 

 

Differential interferometry only measures a relative water level change between two snapshots 

in time (Hong et al., 2010). On the other hand, since the hydrological monitoring stations don’t 

record water level but only discharge, it is not possible to know exactly for a specific point in 

which of the two SAR images the water level is higher. Without absolute water level values 

(ground truth calibration data) it is not possible to deduce water flow direction based on 

observed fringes except if the fringes present a distinct curve which could then indicate the 

direction of the flow. 

 

 

Figure 7: case scenario examples for water flow direction detection in an interferogram 

 

The interferogram shows changes in water height by subtracting wavelengths per each pixel in 

SAR image 2 from those of SAR image 1. Figure 7 shows three different case scenarios to 

illustrate the possibilities of water level change that an interferogram can represent if no 

absolute water level data are accessible. In the first case, if water level is low and spatially 

uniform on the first image and higher and with a slope increasing from left to right on the 

second SAR image, then the InSAR image will represent what is exactly happening on the 

ground. On the other hand, in case scenario 2, where the water level is high and increasing 

from left to right on day 1 and with and low and uniform on day 2, the InSAR will represent 

an inverse water change to the actual that is occurring. In case scenario 3, despite the higher 

level of water on day 1, the InSAR will show the right direction of the water flow.  
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3.5.  Field work 

 

A first visit was made to Miami University (29/02/2016 to 11/03/2016), to meet the research 

team who processed the interferograms. It not only allowed me to collected more data 

(coherence maps) but also to better understand the InSAR technique, how to process and better 

interpret the data. The field work in the CGSM (from 14/03/2016 to 29/04/2016) on the other 

hand allowed me to better understand what the initial results that were obtained could represent. 

During this field stay in Santa Marta, Colombia, five different excursions in the CGSM area 

gave me the opportunity to do a survey of the main lagoon except in the south-west corner 

which was too shallow for the boat to navigate. This was a bit unfortunate, knowing this area 

is of a major interest in our study. We also did a field recognition of the Pajarales complex and 

of the dead mangrove area in Cienaga la Luna/Ahuyama on the eastern and western side of 

canal Clarin and in the Parque de Salamanca, a dense mangrove area along the coast (see gps 

points figure 8). During this field work, we identified also different types of land cover and 

visualized the diversity of the mangrove forest of the CGSM. 

 

  

Figure 8: GPS points from 3 different field trips. The red squares represent the areas of interest for the study 
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During the field work in Colombia, I worked in close collaboration with the researchers at 

INVEMAR institute (Division of Marine Environmental Quality). I benefitted from their 

knowledge of the area and they also supplied valuable information and data (shape files and 

literatures). 

 

4.  RESULTS & ANALYSIS 

 

Seven interferograms (cf. figure 9), representing the trends and findings of the whole set of 

interferograms initially analyzed, will illustrate the results. 

Although the major freshwater inputs into the Cienaga Grande de Santa Marta are coming from 

the Easters side of the lagoon (Rivera-Monroy, 2010; Hylin, 2015), this side of the CGSM 

won’t be analyzed due to the land cover type in that area; it is covered with dry forest and 

agricultural fields with no water on the ground (non-wetland area, cf. map 2, INVEMAR) 

where the dominant backscattering effect is volume scattering (wetland interferometry only 

works when double-bounce scattering occurs between the water and the vegetation). As such, 

wetland interferometry couldn’t be applied here since it was not flooded; rather, it was applied 

on the western part of the CGSM where mangrove vegetation is almost always flooded. In the 

interferograms, two areas with distinctive fringes can be identified, one in the north-west part 

(area where the massive mangrove´s mortality was recorded in the 1990´s) and in the south-

west part of the main lagoon (area covered with a dense mangrove’s forest cf. map 2). 

 

 

  Figure 9 below: Interferograms CGSM  

 a) 2011/01/12-2011/02/27, temporal baseline: 46 days  

 b) 2007/07/04-2007/08/19, temporal baseline: 46 days  

 c) 2007/07/2-2007/09/05, temporal baseline: 46 days 

 d) 2008/01/21-2008/04/22 , temporal baseline: 90 days  

 e) 2007/07/04-2008/01/04, temporal baseline: 6 months    

 f) 2008/01/04-2009/01/06, temporal baseline: 1 year  

 g) 2007/01/01-2008/01/04, temporal baseline: 1 year   

Yellow square: north-west area 

White square: south-west area 
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4.1.  Data coherence 

 

 Analyzing the coherence map of an interferogram is a way of measuring its quality of the 

interferogram by calculating how coherent is the phase signal of two SAR images (Wdowinski 

et al., 2006). Phase coherence depends mostly on the scattering environment and the 

interferogram’s time span (Wdowinski et al. 2008).  SAR L-band wavelength (24 cm for ALOS 

satellite) is particularly adapted to the CGSM environment due to its capacity to penetrate the 

canopy and allow the double-bounce scattering effect between the roots and the water (Aldorf 

et al. 2000; Lu et Kwoon, 2008; Kim et al, 2013; Chou Xie et al. 2015). 

 

Features type Time span of the 

interferogram (Fig. 10) 

Mean Coherence 

Values  

North-west Area (dead 

mangrove zones) 

46 days 0.25 

1 year 0.25 

South-west Area 

(dense mangrove 

forest) 

46 days 0.22 

1 year 0.18 

City 46 days 0.7 

1 year 0.6 

Dry forest 46 days 0.17 

Figure 12: a) Coherence map of InSAR “9-a”, temporal baseline: 46 days; b) Coherence map of InSAR “9-f”, 

temporal baseline of 1 year 

a) b) 
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In their coherence analysis, Kim et al. (2013) set a threshold for a significant coherence value 

of 0.17. The coherence value of water bodies can be a good threshold since the water surface 

has very low coherence due to the constant motion of water; in this study, water bodies have a 

mean coherence value of 0.14 -0.15 (cf. table 4). Dry forest and agricultural areas have also a 

low coherence value independently of the temporal baseline and lose their coherence over time. 

On the contrary, urban areas have a very high coherence value (mean coherence value above 

0.6) which remains high even over long time periods between SAR acquisition dates). 

 

With a temporal baseline of 46 days (shortest time span for interferometry SAR images with 

ALOS satellite), the south-west area (dense mangrove area) has, in general, a mean coherence 

values above 0.2 and 0.3 and as high as 0.48 (cf. Figure 12). In the north-west area, the mean 

coherence value is about 0.25, with values going up to 0.7. With a temporal baseline of 1 year, 

the south-west area loses coherence, with barely any observable value above 0.2. On the 

contrary, the north-west area has the same coherence value as for a 46 days of temporal 

baseline. Large areas of the wetland keep a very high coherence value, above 0.6. Nevertheless, 

despite lower coherence (Figure 12-b), fringes can still be seen in the south-west area (see 

InSAR “9-f”). As a result, since most coherence values in the north-west and south-west part 

of the CGSM are above the threshold, we can say that the interferograms analyzed could 

accurately measure water-level change and infer active water flow paths. 

 

 

 

 

 

 

1 year 0.16 

Agricultural area (crop 

& pasture fields) 

46 days 0.27 

1 year 0.18 

Water body 46 days 0.14 

1 year 0.15 

Table 4: Mean coherence value from Area of interest of different land cover type (see map 2) for 46 days (InSAR 

“9-a” – 2011, fig. 10-a) and 1 year (InSAR “9-f”, 2008, fig.10-b) of time span between 2 SAR acquisition dates 
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4.2.1. Natural and man-made features 

 

Each feature has a specific backscatter response to the radar pulse which depends on surface 

dielectric properties and orientation with respect to the satellite (Wdowinski et al, 2006). How 

bright or noisy feature or an area appear on the interferogram becomes also additional 

information for identifying natural and man-made objects. The way features interact with the 

radar beam make water bodies, canals, rivers, cities, roads distinguishable in an interferogram. 

As previously mentioned, water bodies appear black due to specular reflection (low 

backscatter) and noisy due to low coherence value; cities appear in very bright colors because 

of a strong double-bounce response (corner reflector effect) from buildings combined with very 

high coherence (because urban areas experience no major change through time; cf. table 4). 

Bare soil and land with sparse or short vegetation respond to radar wavelength through surface 

scattering and/or double-bounce scattering effect which also make them recognizable in InSAR 

images (cf. bright yellow/green spot between the Magdalena River and the canal Aguas Negras 

on figure “9-c”) but they can lose coherence quickly over time which makes them difficult to 

identify in an interferogram (total decorrelation appears noisy in an interferogram, cf. East part 

of the lagoon in InSARs figure 9). Mangrove forests can also be very coherent thanks to the 

double-bounce effect between the water and the roots of the plants (although the response can 

vary depending on the type of mangrove and the temporal baseline as described in the 

coherence analysis section).  On the other hand, mixed forest and crop fields can show much 

lower coherence which depends on the type of crop and will lose it rapidly over time due to the 

dominance of a volume scattering effect and a change in the plant phenology through the 

seasons (cf. table 4). 
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4.2.  InSAR analysis 



 
 

Figure 13-a: InSAR”9-e”, centered on CGSM lagoon (ALOS track 143) with photographs of a) Canal Clarin b) 

Cienaga town c) Road 90 Barranquilla-Santa Marta d) Entrance Rio Fundacion e) CGSM lagoon f) Channel 

between CGSM lagoon and Pajarales Complex ©Alice Guittard, March 2016  
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Figure 11-b: InSAR “9-e”, centered on Pajarales Complex (ALOS track 144) photographs of g) Pajarales 

Complex h) Nueva Venezia i) Canal Aguas Negras j) Cienaga Ahuyama k) Channel Canal Clarin- Cienaga Cuatro 

Bocas l) Cienaga Cuatro Bocas (coastal wetland) ©Alice Guittard, March 2016 
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Unlike the East part that is covered with dry forest close to the lagoon and then agricultural 

fields (mostly bananas and palm tree plantations) which show low coherence in the 

interferograms and no fringes due to the absence of water (Fig. 9), multiple features are 

identifiable in the West part of the CGSM. The different water bodies of the CGSM wetland 

complex are easily recognizable:  the main lagoon (image e fig.11-a), Pajarales complex (image 

g fig.11-b), Cienaga de la Luna & Ahuyama (image j fig.11-b), Cienaga Cuatro Bocas (image 

l fig.11-b), as well as the canals and channel connecting the Cienagas, and the main lagoon and 

the Magdalena River all together (images a & f fig.11-a, i & k fig.11-b). We can also identify 

the city of Cienaga (image b fig.11-a) and the floating village of Nueva Venecia (image h 

fig.11-b) in the Pajarales lagoon complex, as well as the coastal road (image c fig.11-a). The 

Magdalena River is another major feature easily identified along the western side of the CGSM 

in the interferograms made with SAR images from ALOS track 144.  

 

The Aguas Negras canal (image I fig.11-b) on the West side of Cienaga Pajaral appears to mark 

a limit or barrier for surface water flow between the Magdalena River and the CGSM. IN 

similar way, on the north, the canal Clarin (image a fig. 11-a) also appears to hydrologically 

isolate water bodies north and south of its path. In similar way as these channels appear to 

isolate water bodies around them, the road 90 linking Barranquilla and Cienaga also shows up 

as a barrier between two distinctive zones, limiting water exchange between the CGSM and 

the Caribbean Sea. In the interferograms, all these “barrier” features create fringe 

discontinuities (sharp color change) that reflects different hydrological characteristics between 

water bodies (Wdowinski & Hong, 2015). 

 

4.2.2. Active water flow paths: detecting flows 

 

In general, fringes can appear on areas covered by mangroves when the level of water is 

different between the two SAR images (fig.9). The East side of the CGSM lagoon, doesn’t 

show any fringe because is covered with dry forest and agricultural fields (pasture and crop 

fields). However, sporadic little fringes can still be found (InSAR “9-a”). Although the north-

eastern part of the CGSM is flooded, fringes are difficult to identify and do not necessarily 

reach the lagoon (InSAR “9-a” & “9-b”), making it harder to detect any water flow path. 
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Fringes showing water flow paths are identifiable in two distinctive areas: North of Cienaga de 

la Luna / Ciénaga Ahuyama (north-west corner of CGSM) (all interferoframs of fig. 9) and in 

the south-west corner of the main lagoon (except in interferogram fig. “9-d”). 

In the south-west, all interferograms with fringes show the same general pattern; the number 

of fringes (one fringe equals one color) can vary but they are located in the same area (between 

Rio Fundacion, the Cienaga Tamacal and the Cienaga la Solera), in the same direction with a 

more or less pronounced curve depending on the interferograms. This is a sign of water most 

probably entering the lagoon. This fringes show a continuous progressive water level change 

from where we can identify a clear active water flow path. The repeated presence of the same 

pattern over many interferograms discards atmospheric effects as the cause of the fringes and 

confirms that the fringes are a result of spatially consistent changes in water level between the 

two dates of the satellite images. They suggest a movement of water coming in and out of the 

Cienaga (in the case of the south-west) or within the Cienaga’s wetland systems (in the north-

west). We then can refer to this movements of water as “active water flow paths”. 

 

Specifically in Northern side, different interferograms show different patterns. Interferogram 

“b” and “c” have large, thick vertical fringes indicating a slow change of water level difference 

between the two SAR images. Water is moving slowly, parallel to the coastline, between Canal 

Clarin and Canal la Mata. A water flow path is most likely active as shown by the two 

interferograms. In interferograms “9-d”, “9-e”, “9-f” and “9-g”, we can see a different scheme 

with thinner horizontal fringes (parallel to Cienaga Ahuyama) and a sharper change of color 

indicating, most likely, fringe discontinuities.These discontinuities suggest different water 

level changes between adjacent water bodies and not necessarily active water flow paths. Water 

flow in this area is highly variable and not always identifiable with interferograms. It depends 

on the time of the year as well as the hydrological conditions.  

 

4.2.3. Fringe discontinuities 

 

In wetland interferometry, fringes can be discontinuous when water flow encounters a barrier, 

stopping the water from flowing. Water level is different between the two sides of the 

separating feature which appears in an interferogram as a sharp change of color, either natural 

or man-made. In the case of the north-west area in InSAR “9-d” (cf. fig. 12-a), fringe 

discontinuities can be seen along water channels (A, B, C, D in fig. 12-b).  
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Figure 12: Fringe discontinuities in north-west area: caption from north-west area  

showing hydrological structures causing fringe discontinuities in InSAR “9-d”  
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These proves that in some cases, the water flowing in these channels is not spreading to their 

adjacent water bodies due to the impermeable characteristics of the alluvial clay deposits on 

their banks deposited when the channels are dredged or reopened. 

We can also detect fringe discontinuities along the Caribbean coast; the Isla Salamanca is 

indeed affected by the tide regime of the Caribbean Sea, for instance a strong purple fringes 

can be seen along the coastline when tides are high in InSAR “9-d”. This area is also affected 

by urbanization on its eastern side and by the road linking Barranquilla with Santa Marta which 

create a fringe discontinuity particularly visible on interferogram “9-b” (sharp change of color 

between pink and green). 

 

The Pajarales complex is located between the north-west and the south-west areas of the 

CGSM; it is a complex wetland system composed of multiple cienagas separated by mangrove 

forests. In some interferograms (“9-e, f, g”), fringes can also be seen here (around Ciénaga de 

la Luna and Ciénaga Ahuyama south of the north-west area), but they are discontinuous and 

only visible in the interferograms taken during the dry season.  

 

4.2.4.  Hydrological effects 

4.2.4.1. Discharge effect 

 

Table 5: hydrological data on day 1 (Master image) and day 2 (Slave image) for InSAR “9-a” & “9-d” 

Interferograms InSAR a InSAR d 

Image type Master Slave Master Slave 

InSAR Dates 2011-01-12 2011-02-27 2008-01-21 2008-04-22 

Acquisition time 12:54 12:38 12:40 12:38 

Time laps 46 days 3 months 

Sea-level height in cm (r for 

rising tide; e for ebb tide) 24.4 r 24.4 r 30.5 e 
27.4 high 

tide 

Rain gauge 

stations (in 

mm) 

Los Cocos 0 0 0 0 

San Rafael  0 0 0 0 

El Bongo 0 0 0 0 

Discharge 

stations (in 

m³/s)  

San Pedrito 798 445 649 513 
Barranquilla-

Darcena 246 130 189 132 
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The difference of water level shown in each of the interferograms “9-a” and “9-d” can only be 

due to water input from the Magdalena River entering the Cienaga area (cf. table 5). Water 

from the Magdalena River flows into the Cienaga via the Aguas Negras channel in the south-
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Figure 14: For InSAR “9-a” & “9-d” a) Water input in the north-west area of CGSM: daily precipitation (from Los 

Cocos rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge station), a month 

prior SAR images acquisition.  b) Water input in the south-west area of CGSM:  daily precipitation (average from 

El Bongo & San Rafael rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge 

station), a month prior SAR image acquisition  

 

a) 

b) 
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west part of the Cienaga wetland complex and the Clarin/la Mata channel in the north-west of 

the Cienaga.  

In interferogram “a”, daily tide changes in water level cannot explain the fringes because at the 

times of acquisition of the two images required to produce each interferogram, sea level in the 

master and slave images was the same (about 24 cm above sea level according to Santa Marta’s 

tide station, cf. table 5). Changes in water level due to direct precipitation falling over the 

Ciénaga can neither explain the fringes of these interferograms; barely any rain was recorded 

at the different rain gauge stations over the whole area in the month prior to each SAR image 

(cf. Table 5). Rather, the major difference of water level between the two time periods of the 

SAR images is due to a difference of discharge in the Magdalena River. The Magdalena River 

discharge had decreased 50% between the Master image date (798 m³/s at San Pedrito, 246 

m³/s at Darcena-Barranquilla on the 12th of January 2011) and the Slave image date (445 m³/s 

at San Pedrito, 130 m³/s at Darcena-Barranquilla on the 27th of February 2011), and at the 

timeof both images both were decreasing as seen by the discharge trends. It is worth noting 

that if the discharge would have been stable for a considerable long period of time in the date 

of acquisition of each image, probably no fringes would exist; the difference in water level 

between the two dates would be the same everywhere in the Cienaga and no fringes would be 

generated by the InSAR methodology. 

Unlike in the south-west part of the Cienaga, in the north-west no fringes are visible in 

interferogram “a”, even though it is known that there is a difference of water influx in the 

CGSM system between the two SAR acquisition dates because of the difference in discharge 

from the Magdalena River, as previously described. While in interferogram “d” (temporal 

baseline of 3 month taking place during dry season), the difference in Magdalena River 

discharge at the time of the two SAR image equals 140 m³/s and is about 300 m³/s one month 

prior each SAR image, water is then decreasing and fringes are visible in the north-west part, 

between Cienaga Ahuyama and canal Bristol (dead mangrove area cf. land cover map 

« swampy area with no vegetation or dead trees »). Water is probably flowing into the area 

from canal la Mata (on the west side). However, in this second InSAR image, we do not have 

any visible fringes in the south-west area.  
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4.2.4.2.  Rain effect 

 

 

 

 

 

 

 

 

 

Interferograms InSAR c 

Image type Master Slave 

InSAR Dates 2007-07-21 2007-09-05 

Acquisition time 12:41 12:41 

Time laps 46 days 
Sea-level height in cm (r for 

rising tide; e for ebb tide) 3.048 r 3.048 r 

Rain gauge 

stations(in 

mm) 

Los Cocos 0 72 

San Rafael  80 0 

El Bongo 19 0 

Discharge 

stations (in 

m3/s) 

San Pedrito 738 730 
Barranquilla-

Darcena No data 

Table 6: hydrological data on day 1 (Master 

image) and day 2 (Slave image) for Insar “9-c”  
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Figure 16: For InSAR “9-c” a) Water input in the north-west area of CGSM: daily precipitation (from Los Cocos 

rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge station), a month prior SAR 

images acquisition.  b) Water input in the south-west area of CGSM:  daily precipitation (average from El Bongo 

& San Rafael rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge station), a 

month prior SAR image acquisition 

 

In Interferogram c, the Cienaga Grande de Santa Marta is receiving water from rain.  The tides 

were equal and very low for both the Master (21st of July 2007) and Slave dates (5th of 

September 2007) as well as the discharge volume of water at San Pedrito (about 730 m³/s). The 

Magdalena River discharge a month prior to both SAR image is also pretty low given that San 

Pedrito discharge station (about 65 km south from where the Magdalena outputs into the 

Pajarales Complex.  On the other hand, the difference of precipitation accumulation over the 

month prior each SAR acquisition date is high and rain is actually falling before the acquisition 

of the slave image (cf. figure 14). Based on this hydrological data we can assume that the water 

level height difference detected on the interferogram (visible fringes) should be due to rainfall.  

 

Moreover the shape of the fringes and their location on the north-west area confirm the role of 

precipitation; the fringes start south of Cienaga Cuatro Bocas (a coastal wetland), between 

canal Clarin and canal la Mata, extending until the Cienaga Ahuyama and the Pajarales 

complex. The width of the fringes increases in the South-East direction (towards the water 

bodies). Interestingly, the fringes don't extend beyond the two canals Aguas Negras and Clarin.  

 

0

20

40

60

80

100

120

0

100

200

300

400

500

600

700

800

900

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 SAR

D
is

ch
ar

ge
 in

 m
3

/s

Days prior SAR acquisition date

Rainfall & Discharge prior to SAR Acquisition (south-west)
InSAR c

Rain Day 1 Rain Day 2 Discharge Day 1 Discharge Day 2

R
a

in
 i
n

 m
m

b) 

51



 
 

Fringes are also detectable in the south-west corner of the Cienaga. Heavy rainfall was recorded 

at the rain gauge stations of San Rafael (~25 km south-west from the area) and El Bongo (~11 

km south-east from the area). The signal is noisy but the fringe pattern is still clearly visible 

indicating a progressive water-level difference in this area from where we can deduce the 

presence of the same active water flow path observed in interferogram “a”. Discharge is also 

decreasing in the master image and increasing in the slave image, possibly generating fringes 

associated with such changes 

 

3.2.4.3. Tide effect  

Table 7: hydrological data on day 1 (Master image) and day 2 (Slave image) for Insar “9-f” & “9- g” 

Interferograms InSAR f InSAR g 

Image type Master Slave Master Slave 

InSAR Dates 2008-01-04 2009-01-06 2007-01-01 2008-01-04 

Acquisition time 12:38 12:30 12:39 12:38 

Time laps 1 year 1 year 
Sea-level height in cm (r 

for rising tide; e for ebb 

tide) 15.2 e 45.7 24.4 e 15.2 e 
Rain 

gauge 

stations(in 

mm) 

Los Cocos 0 0 0 0 

San Rafael  0 0 0 0 

El Bongo 0 0 0 0 
Discharge 

stations 

(in m³/s) 
San Pedrito 738 803 736 738 

Barranquilla-

Darcena 216 229 No data 216 
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Despite the relatively small connectivity between the Caribbean Sea and the CGSM due to the 

construction of the road, which is, moreover, affected by a strong sedimentation process 

(INVEMAR-GEO,2015), and  the limited tidal range ( ± 30 cm) (Botero & Salzwedel 1998), 
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Figure 17: For InSAR “9-f” & “9- g” a) Water input in the north-west area of CGSM: daily precipitation (from Los 

Cocos rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge station), a month 

prior SAR images acquisition.  b) Water input in the south-west area of CGSM:  daily precipitation (average from 

El Bongo & San Rafael rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge 

station), a month prior SAR image acquisition 

a) 

b) 
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water level fluctuation from tidal regime can be felt all over the lagoon according to Carlos 

Carbono, boat conductor at INVEMAR, and locals living in Nueva Venecia. 

 

Figure “9-f” and “9-g” are the only interferograms analyzed where it is possible to isolate the 

tidal effects. The same amount of water volume from the Magdalena river was entering the 

Cienaga system prior to SAR data acquisition dates (based on data from San Pedrito discharge 

station for figure “9-g” and Darcena-Barranquilla discharge station for figure “9-f”) and barely 

any rain had been recorded in the month prior to both SAR image dates; however, sea level 

was 10 centimeters higher for the Master image from figure “9-g” and 30 cm higher for the 

Slave image of figure “9-f”. This difference is significant in shallow areas such as Cienaga 

Ahuyana (Bathymetry map – Appendice B -, CIOH, Invemar, Corpamag (2001)) and taking 

into account that water depths in CGSM don't exceed 1.4 m, with an average of 1m 

(INVEMAR-GEO,2015). 

 

In the south-west area, the fringes in figure “9-g” are very noisy but still clear, while in figure 

“9-f”, the fringe pattern is much more visible but in this latter case the Magdalena discharge at 

San Pedrito station, located ~65 km upstream, shows an important difference between the two 

dates. Hence, the water level difference could be due to input of water flow from the river, 

rather to the small amplitude of tidal variability as distance from the sea increases. 

 

4.2.4.2.  Multiple effects 

Table 8: hydrological data on day 1 (Master image) and day 2 (Slave image) for Insar “9-b” & “9-e” 

Interferograms InSAR b InSAR e 

Image type Master Slave Master Slave 

InSAR Dates 2007-07-04 2007-08-19 2007-07-04 2008-01-04 

Acquisition time 12:39 12:39 12:39 12:38 

Time laps 46 days 6m 
Sea-level height in cm (r 

for rising tide; e for ebb 

tide) 3.048 r 15.24 r 3.048 r 24.4 r 
Rain 

gauge 

stations(in 

mm) 

Los Cocos 0 125 0 0 

San Rafael  0 0 0 0 

El Bongo 0 6 0 0 
Discharge 

stations 

(in m³/s) 

San Pedrito 819 683 819 738 
Barranquilla-

Darcena No data No data 
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Figure 18: For InSAR “9-b” & “9- e” a) Water input in the north-west area of CGSM: daily precipitation (from Los 

Cocos rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge station), a month 

prior SAR images acquisition.  b) Water input in the south-west area of CGSM:  daily precipitation (average from 

El Bongo & San Rafael rain gauge station) and daily discharge from Magdalena River (San Pedrito discharge 

station), a month prior SAR image acquisition 

 

In general, more than one of the hydrological process already described (river discharge, rain 

and tide) is needed to explain the fringes in interferograms “9-b” and “9-e”. 

In InSAR “9-b”  (temporal baseline of 1 month  at the beginning of the wet season), although 

the major difference of water input in the CGSM system comes from rainfall (cf. figure 16), 
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discharge and tides can also represent water level change between the two SAR acquisition 

dates. The same applies to interferogram “9-e” where the fringes are a result of multiple 

hydrological processes occurring simultaneously. 

  

However, for the north-west area of interferogram “9-b”, the hydrological data in combination 

with the fringe pattern indicate that precipitation is the main driver for water-level height 

difference; 455 mm of rainfall were recorded at Los Cocos rain gauge station with 125 mm on 

the day of the slave image while no rain was recorded for the master image, cf. figure 16). The 

shape of the fringes, which are wide and cover the entire north-west area, is another indicator 

of rainfall as the main driver of water level change. In the south-west area, neither the 

hydrological data nor the fringe pattern can help us determine which hydrological process 

creates water-level differences between the two SAR images. It is rather a combination of 

discharge, precipitation and tides as the difference of sea-level is more than 20 cm between the 

two dates. 

For InSAR “9-e”, discharge water and/or sea level can explain the fringes in the north-west 

area, in the south-west we have, additionally, a difference of precipitation record between the 

two dates (cf. figure 16). 

 

Interestingly the south-west area shows the same pattern in several interferograms, confirming 

the presence of a persistent active water flow path in this area. 

 

4.2.5.  Water flow path direction  

 

4.2.5.1. South-west area 

 

Interferograms “9a-g” have a temporal baseline between 46 days (cf. fig. “9-a,b,c” ; shortest 

temporal baseline with ALOS satellite) and 1 year (fig. “9-f & g”) where the fringes can be 

affected by noise due to decorrelation but still clearly visible. 

In the south-west corner, regardless of the temporal baseline or the hydrological processes in 

place, when fringes are detectable, we can deduce the direction of the flow even without in-

situ water-level data available. The interferograms show water flowing between the Cienaga 

Tigrera / Cienaga Tamacal and the main lagoon of the CGSM. The fringes present a curvature 

indicating water flow towards the main lagoon. This mangrove area, partly located in the flood 

plain area of Rio Fundación, is surrounded by multiple water bodies and streams (cf. map 1). 
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Cienaga Tigrera receives water from the Magdalena River through a continuous network of 

water bodies and streams between the Las Flores wetland complex on the Magdalena River 

bank, Carmen del Magdalena (Paraco) and the Cienaga, and also from canal Salado (between 

Cienaga La Solera and Cienaga Tamacal) and Las Casitas wetland area, entering the CGSM 

area between Cienaga La Tamacal and Cienaga La Tigrera (cf. localization map – cf. map 1- 

& land cover map – cf. map 2). 

 

The area can be affected by water input from precipitation (InSAR “9-c”) or from the 

Magdalena River (InSAR “9-a”).  As previously mentioned, with the actual knowledge of the 

area and the data analyzed, it is difficult deduce any tide effect on the area. Most possibly, the 

fringes observed in this region in almost all the interferograms are a combination of various 

hydrological processes dependent on the shifts between rainy and dry season, not only in the 

Cienaga area, but in the entire extent of the Magdalena River basin. Based on the 

interferograms analyzed, the water-flow path is active in wet and dry season: InSAR “9-b” & 

“9-c” are representative of the wet season while InSAR “9- a, f & g” are made of SAR acquired 

during dry season in Colombia’s Caribbean coast, InSAR 9- d & g are a combination of images 

taken during wet and dry season. Despite the absence of rain (InSAR “9-a, f, g”) or a low river 

flow from the Magdalena River (InSAR “9-a”), the water-flow path remains visible on the 

interferograms. The only interferogram that does not show any fringes on the south-west area 

despite a short temporal baseline (3 months) and a difference of water volume input in the 

system is InSAR “9-d”. 

 

4.2.5.2. North-west area 

Unlike in the south-west, the north-west area doesn't show a regular water flow path with 

curved fringes characteristics of an active water flow path. Only in InSAR “9-c”, representative 

of the wet season, curved fringes were observed, indicating water flowing from the corner of 

canal Clarin and canal la Mata towards Cienaga de la Luna and Cienaga Ahuyama. This 

interferogram then confirms that indeed freshwater is entering the system via canal Clarin and 

precipitation is flooding the area between the two canals under particular conditions (heavy 

rainfall for instance). In InSAR “9-b”, also representative of the wet season, water is moving 

parallel to the coast (long and wide fringes with a progressive change of color), between canal 

Clarin and the Cienaga's water bodies. Water might even have the same origin and water flow 
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direction as InSAR “9-c” but this area is out of range from the radar track (track number 143) 

which is centered on the CGSM lagoon for this interferogram. 

For instance, during dry season (InSAR “9-a, d, e, f, g”), fringes have a different pattern than 

the ones in the wet season as mentioned previously. No in-situ data nor fringe's curves can help 

deduce water flow direction, active water flow path has also to be confirmed in this area during 

dry season.  

However some interferograms (InSAR “9-d, e, f, g”) show fringe discontinuities which help us 

identifying areas where the water is not flowing but is actually blocked by man-made canal 

initially constructed to bring freshwater from the Magdalena River into the system. 

 

 

5. DISCUSSION 
 

5.1.  Correlation & decorrelation of mangroves areas  

 

It depends mostly on the satellite parameters (wavelength, polarization type and off-nadir 

angle), the temporal and perpendicular baseline and the land cover type (Kim et al., 2013). But 

independently of the satellite characteristics or the temporal and perpendicular baseline, woody 

wetland, for instance, has higher coherence value than herbaceous wetland (Aldorf et al. 2000; 

Lu et al. 2008; Kim et al. 2013; Wdowinski et al. 2006; Wdowinski et al. 2008). In a wetland 

area, the coherence value will vary significantly depending on the vegetation type.  

The data used for this study, from ALOS Palsar satellite (L-band with HH-HV polarization), 

can allow InSAR data to keep interferometric phase (coherence > 0.2) over 3 to 5 years (Lu et 

al. 2008; Kim et al., 2013) which makes PALSAR data very suitable for wetland interferometry 

(Kim et al., 2009). The Cienaga Grande de Santa Marta is characterized by mangrove forests 

of three main species (i.e., Rhizophora mangle (L.), Avicennia germinans (L.), and 

Laguncularia racemosa, cf. Rivera-Monroy et al., 2010). Mangroves are a vegetation type that 

has usually intermediate coherence values (~0.3 in Wdowinski et al., 2008, study in the 

Everglades). In our study, over a short temporal baseline (46 days), part of the north-west area 

showed very high coherence value (> 0.6), comparable to urban area while the south-west part 

has intermediate values (between 0.2 and 0.4) similar to the ones that Wdowinski et al. (2008) 

found in their study. The very high coherence values found in the north-west area can be 

explained by the specificities of this area as shown in the land cover map (cf. map 2) as either 

patchy mangrove forest area or swampy area with no vegetation, consequence of the high 
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mortality rate of mangrove forests during the nineties. In fact, field observations reveal that the 

area is covered with dead trees, trunk or leafless trees surrounded by water (cf. pictures in fig. 

19); remains of this massive mangrove mortality episode. Only the margin of the waterways in 

the north-west area was accessible by boat during the field trip (access by foot was impossible), 

from where we could already observe dry trees and trunks in the water (picture a in fig. 19). 

The "inland" part couldn't be reached but, fortunately, other parts of the CGSM with similar 

land cover (based on satellite imagery observations, cf. figure 19) were accessible (picture b & 

c).  

The dead trees have been standing there most likely since the nineties without much change. 

These features create a strong double-bounce backscatter effect between the water and the dead 

trees similarly to that in urban areas (between the ground and the building), so the coherence 

value stays high over a long time period because of the similarities of the scattering between 

the two SAR acquisitions. 

On the contrary, in the south-west part of the Cienaga, dense mangrove forest are still in place, 

which implies lower coherence value (~0.2 on average in the interferograms studied). L-band 

long radar wavelength can penetrate the tree canopy over mangrove forest allowing the double-

bounce backscatter effect, but coherence is lost over this type of vegetation due to multiple 

scattering mechanisms (Brown et al. 2016) such as volume backscattering (Lu et al. 2008).   

InSAR pairs over one year apart still show very high coherence in the north-west area (between 

0.5 and 1, see fig. 10-b).  

 

The coherence map fig. 10-b (a year time span) from 2008 shows very high coherence (> 0.5) 

in the East part of Cienaga Ahuyama but, quite surprisingly, in 2011 (coherence map 2a), the 

coherence value in this area is much lower (<0.5) while the time span between the InSAR pair 

is only 46 days (correlation is generally lost with increase of temporal baseline, cf. Lu et al. 

2008; Wdowinski et al. 2008; Kim et al. 2013). This can be explained by the regeneration of 

mangrove forest under the CGSM rehabilitation plan, mangrove forests replantation campaigns 

(Elster, 2000) and dredging operations to restore the hydrological regime of the CGSM (Botero 

et Salzwedel, 1999) have been conducted to incentive the growth of new mangrove forests (cf. 

Map 3, mangrove coverage 2007-2015). The decrease in coherence between the interferogram 

made in 2008 and the one made in 2011 in the westerns area may be an indicator of mangrove 

regeneration.  
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Figure 19: Google Earth captures associate with onsite pictures of dead mangroves areas; a) Border of north-

west area (dead mangrove area); b) & c) dead mangrove area north of Pajarales complex 
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However, during the time of the study, only a very limited amount of coherence maps (7 

coherence maps out of 28 interferograms) have been generated. Moreover, they have been 

generated with a different software (ROI PAC) than the interferograms (Gamma) which can 

make the coherence values not entirely representative of the initial interferogram despite cross-

verification. As a consequence, the coherence analysis has to be further investigated to prove 

that the loss of coherence value in a known dead mangrove area over time can be used as an 

indicator of mangrove regeneration. It could also be interesting to explore any correlations 

between coherence value and hydrological data (is there any correlation between the coherence 

value and amount of rainfall over the past weeks or discharge from the Magdalena river?) to 

better understand the hydrological processes taking place in the CGSM.  

 

 

5.2. North-west side: an area impacted by human development and 

interventions   

More than 70 % of original mangrove forest has disappeared over the past 40 years (Polania et 

al, 2000), being the north-west area has been the most affected (Elster, 2000).Through the 

CGSM rehabilitation plan, old channels where reopened as well as new canals dredged in this 

area (e.g. canal Clarin, canal Bristol, cano Dragado) to bring back freshwater from the 

Magdalena River into the Pajarales Complex and the CGSM main lagoon (Botero et 

Sallzwedel, 1999, Blanco et al. 2006, Rivera-Monroy et al. 2011). One on the main goals of 

the rehabilitation plan was to reduce the soil's hyper-salinity to favour mangrove forest 

restoration. Although freshwater input did lower interstitial salt concentrations, Botero et 

Salzwedel (1999) noted that mangroves mainly regenerates in areas adjacent to the newly 

dredged canals but not in the inland zones (see mangroves cover in 2007- map 2). One of the 

main reason for this is the absence of smaller creeks to divert water toward inland swamps for 

flushing the soil and bringing propagules to these areas. Our findings agree with these 

observations: the fringe discontinuities observed in interferograms d, e, f, g are created by the 

dredged channels which interrupt the natural surface water flows, preventing the channel's 

freshwater from spreading inland. This is also confirmed by the mangrove forest regeneration 

maps which show that between 2007 and 2009 (time covered by the interferograms showing 

fringe discontinuities) new mangrove forest developed mainly along the canals. Moreover, as 

we noticed on the field and seen as sharp fringe changes in the interferograms, water is 

nowadays also blocked from spreading in the immediate zones perpendicular to the canals by 
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sediment deposits located on both channel banks after the dredging operations. Indeed, the 

CGSM is affected by strong sedimentation from the Magdalena River. Polania et al (2000) 

noted a decrease of the lagoon depth at several sites from 2.3 m. to 1.5 m, requiring regular 

dredging maintenance in several channels. Nevertheless, CORPAMAG, the local agency in 

charge of the dredging operations, is aware of the problem and from now on will start 

depositing the dredging sediment on specific points and not along the canals banks.  

 

The theory of sediments along the channels acting as barriers can also explain why sharp fringe 

changes are not always visible in the interferograms made with SAR images acquired during 

the rainy season (interferogram “9-b” and “9-c”). During the wet season, the interferograms 

show one single surface water flow going north-west / south-east for InSAR 9-c. Unfortunately 

the radar track of InSAR “9-b” centred on the CGSM main lagoon prevents us from seeing the 

surface flow origin, which might be the same as in InSAR “9-c”. This one single surface water 

flow is the result of strong rainfalls affecting the entire wetland area between April and 

November, soil is then inundated for several months with flooding increasing water levels by 

30 cm (Elster, 2000). In this context, the channels don't act any longer as surface water barrier 

(e.g., InSAR "9-b”).  

Nevertheless, independently of the season, all interferograms show a clear compartmentation 

of water bodies in the north-west area: water flow is disrupted between the Caribbean Sea, the 

road, the canal Clarin and the main wetland area, creating 3 different areas in terms of surface 

water flows. Despite the construction of box-culverts under the road as part of the restoration 

plan, aiming to reconnect the northern part of the Cienaga with the Caribbean Sea, vast areas 

of former mangrove forests between the road and the canal Clarin have still not recovered (cf. 

map 3). The lack of freshwater and sea water is probably one of the main reasons. Moreover, 

field observations in 2016 show a new dead mangrove area (around Cienaga Redonda), 

probably due to sediment deposits along the canal Clarin as well as the obstruction of the box-

culverts by sediment.   

 

The north-west part of the CGSM has been the most impacted area following human 

development along the Magdalena River and Isla Salamanca and is now the area where 

stakeholders focus all their attention and efforts to help and secure mangrove forest growth. As 

we could see through our InSAR analysis, this area is under multiple hydrologic influence 

(discharge from the Magdalena River, rainfall and most likely tide ranges) and reacts quickly 

to any change in water inputs. The surface water flow configuration is radically different during 
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wet and dry season and new analysis with more recent interferograms could help reveal new 

water flow patterns.  

  

5.3. South-west area: a natural active water flow path  

In the south-west of CGSM, which is covered with dense mangrove forest, we have a persistent 

active water flow path, visible independently of the season, the major hydrological process in 

action or the time span of the interferogram. The repeated presence of the fringes in this area 

makes me believe that freshwater from the Magdalena River is flowing regularly in this area. 

The mangrove forest is in good health (despite some recent lost) which is an indicator of the 

well-being of the ecosystem; mangrove forests grow and have plenty of terrigenous sediment 

and daily freshwater input (Twilley et al. 1996; FAO, 2007). This confirms the results stating 

that water is flowing in this area with the Magdalena River as the source of this freshwater 

income. Also, the shape of the fringes in the interferograms indicates a direction south-west / 

north-east; water flowing from the Cienaga Tamacal / Cienaga Tigrera (fed by the Magdalena 

River via the canal Salado) to the CGSM main lagoon. The results can also be confirmed by a 

sedimentology study by INVEMAR (2015) which shows high amount of solid particles all over 

the south of the CGSM lagoon (based on sampling from July 2010) and not only around the 

mouth of the Rio Fundacion; the majority of the studies of the CGSM state that the main 

contribution of freshwater (principal driver of salinity and sedimentation) to the CGSM lagoon 

comes from Rio Fundacion, Aracataca, and Sevilla rivers in the south eastern region. In their 

study, Rivera-Monroy et al (2011) confirm this fact based on the salinity distribution of the 

CGSM, and infer a counter clockwise circulation in the lagoon. This was originally described 

by Wiedemann; freshwater from the Magdalena River in the south-western corner could well 

mix with the Rio Fundacion water to the east lowering the salinity rate in this area and 

increasing the amount of sediment deposit in the lagoon. Unfortunately, no water quality data 

are available for this precise area, mainly due to its proximity with the mouth of the Rio 

Fundacion. In fact, neither could I in the field trips approach this area due to the shallow water.  

This specific zone has to be further studied to better understand the freshwater flow in this area. 

 

It has to be noted that not all interferograms here analysed show fringes in this area (e.g. InSAR 

“9-d”) and that it doesn't seem to be related to the time span between the two SAR images 

which would otherwise imply temporal decorrelation. It is therefore more due to the 

hydrological conditions in the region,  and water inputs to the CGSM. The absence of fringes 
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in interferogram “9-d” could be due to no (possible) difference in water levels in the Magdalena 

River or no rain events during the dates that the images were taken.   

   

5.4. Data limitation  

5.4.1.  Questions towards tides effect on the Cienaga Grand de Santa Marta  

Local people people living in CGSM claim that tides can be felt all over the lagoon while Elster 

(2000) affirmed that tide's influence is negligible. Based on the interferograms analysed, it is 

difficult to isolate tidal effect on water level change from the other hydrological processes that 

also change it (precipitation and freshwater inputs from Magdalena River). In most cases, 

water-level change in the interferograms can be explained not only by sea level difference 

between the two SAR images but also by discharge and/or precipitation, except for 

Interferogram “9-f” where only the tide seems to drive CGSM water level change. However, 

since this SAR images have been taken one year apart from each other and during the dry 

season, the fringes can also be due to a general seasonal difference of water level from year to 

year. It is pretty doubtful that tides can influence water level height in the south-west area given 

the distance between this area and the inlet (Boca de la Barra) that connects the lagoon directly 

to the sea (<30 km) but it surely can alter water level in the north-west area. Nevertheless, 

without in-situ water level measurements and short temporal baseline interferograms taken 

during significant high tides (>10 cm corresponding to L-band InSAR vertical precision, 

Wdowinski et al., 2004, 2008) we cannot assess the impact of tides and their effects on water 

flow in the CGSM. One water level monitoring station has been installed on March 2016 in 

Nueva Venecia, the data will be collected by INVEMAR and will help understand water 

fluctuation in the Pajarales complex. The data will then be correlated with water level 

measurement from the Magdalena River and tide information to better evaluate freshwater and 

seawater influences on the CGSM.   

 

5.4.2. Uncertainty about rainfall data  

The precipitation data used in this analysis is coarse (daily), meaning that the rain event 

occurring during the same day that radar satellite passed, might have actually occurred after 

the actual time of acquisition. In this case, precipitation would not be responsible for the fringes 

found in the interferograms (e.g. for InSAR 9-b). Second of all, precipitation data is also limited 

spatially; only 3 stations have been taking into account (one for the whole north-west part), 
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located 2 km outside of this area and two for the south-west part located between 10 and 25 

km outside of the area,( cf. map 1). As such, precipitation can have high local spatial variation 

that is not being captured by the analysis.  

 

5.4.3. InSAR data  

The InSARs analyzed are from 2 different radar tracks, one centered in the CGSM main lagoon 

(track number 143) and the other centered on the Pajarales complex (west of CGSM lagoon; 

track number 144) where the Magdalena River appears. Our study focused on this latter part 

where we can find vegetated wetlands (a critical condition for the InSAR wetland technics to 

work). Unfortunately, we had twice less interferograms from track number 144 than from track 

number 143. Additionally, very few have a short temporal baseline, only four interferograms 

had a temporal baseline less than four months (only one with time span of 46 days) which 

reduced the chance of good data quality; coherence of the signal tends to decrease with longer 

time spans (Wdowinski et al., 2006, 2008; Lu et Kwoon, 2008; Hong et al., 2010; Kim and al. 

2013; Chou Xie et al., 2015).  

 

The study is also based on interferogram produced with SAR images taken between January 

2007 and February 2011 with the majority of interferograms analyzed being from 2007-2008. 

Then our results are a snapshot of what was happening during this time. The study area is 

subject to rapid hydro-climatic changes between dry and wet season as well as from year to 

year due to El Nino Southern oscillation (Giannini et al., 2000; Blanco et al. 2006; Rivera-

Monroy et al. 2011) which make water flows subject to change especially in the north-west 

area. Unlike in the south-west, the north-west part has already shown, in our study, high surface 

water flow variabilities, that when combined with human intervention, it is highly probable 

that water surface circulation presents different patterns in 2016. In fact, the 2015 mangrove 

forest coverage shows massive mangrove trees regeneration compared to 2007 ( + 10 000 ha, 

cf. INVEMAR et CORPAMAG, 2015) particularly in the north-west area, therefor new water 

flows may have been able to reach new area and reduce soil's hyper-salinization for mangrove 

trees to regrowth.   
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6.  CONCLUSION 

 

The InSAR analysis over the Cienaga Grande de Santa Marta, in Colombia, successfully 

revealed active water flow paths over the western part of the wetland area. Interferograms 

processed with ALOS Palsar data between 2007 and 2011 were used to better understand the 

hydrological processes in action during this period of time. Discharge water from Magdalena 

River and rainfall seems to be the two main hydrologic drivers over this western part of CGSM. 

Fringes were identifiable mainly in two different areas: north-west and south-west of the main 

lagoon. 

In the south-west part of the lagoon, an area characterized by dense mangrove cover, an active 

water flow path was clearly identifiable, the shape of the fringes indicates a flow coming from 

the Magdalena River and entering the lagoon in its south-western corner part. Field work in 

this area should be schedule to validate the presence of the active water flow path revealed in 

the interferograms 

While the water flows in the north-west area are more variable (fringes present different forms, 

shapes and locations in different interferograms), depending on the season (dry/wet season) as 

well as the rainfall and the Magdalena River discharge. Although the clearest active water flow 

path were identifiable after heavy rainfall over this area.  The InSAR analysis shows the 

inconsistency of the water flows in the north-west part, area affected by the massive mangrove 

mortality episode during the nineties and still characterized as a dead mangrove area despite 

the reopening of channel bringing freshwater from the Magdalena River into the area. Further 

investigations need to be done to better understand the hydrology of the area and restore 

mangrove forest. 

  

The interferograms could also reveals flows discontinuities due to, in most cases, man-made 

infrastructures: roads but also, sometimes, channels initially reopened to bring freshwater into 

the system. The wetland appears compartmented in the north-west part with a coastal area 

disconnected from the other part of the wetland consequence of the road connecting 

Barranquilla to Santa Marta but also due to the Canal Clarin acting as a barrier for surface water 

flow during dry season. 

 

Finally, despite limited data, the coherence analysis shows potential use to identify dead 

mangrove areas as well as probable regeneration of mangrove forest since dead mangrove trees 
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area as in the north-west don’t lose coherence value over 1 year timespan while dense 

mangrove forest decorrelate rapidly as seen in the south-west area. Although a deeper analysis 

needs to be conduct to ensure this potential use. 

 

Following this study, a new InSAR analysis with more recent data would be interesting to 

conduct in order to confirm the result; 1) to confirm that the water flow path in the south-west 

is still active 2) to assess the status of the north-west area since new rehabilitation actions 

(dredging of channels to bring higher volume of freshwater from the Magdalena River) have 

been conduct since 2011 3) to gather more interferograms focus on the west side of CGSM 4) 

to conduct a more robust coherence analysis to validate the potential use of coherence map for 

dead mangrove area identification.  
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APPENDICE A : Bathymetry map CGSM ©Invemar-Corpamag 
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