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Abstract: Floodplain water flows have large volumetric flowrates and high complexity in space
and time that are difficult to understand using water level gauges. We here analyze the spatial
and temporal fluctuations of surface water flows in the floodplain of the Atrato River, Colombia, in
order to evaluate their hydrological connectivity. The basin is one of the rainiest areas of the world
with wetland ecosystems threatened by the expansion of agriculture and mining activities. We used
16 Differential Interferometric Synthetic Aperture Radars (DInSAR) phase observations from the
ALOS-PALSAR L-band instrument acquired between 2008–2010 to characterize the flow of surface
water. We were able to observe water level change in vegetated wetland areas and identify flooding
patterns. In the lower basin, flow patterns are conditioned by fluctuations in the levels of the main
river channel, whereas in the middle basin, topography and superficial channels strongly influence
the flow and connectivity. We found that the variations in water level in a station on the main channel
87 km upstream explained more than 56% of the variations in water level in the floodplain. This result
shows that, despite current expansion of agriculture and mining activities, there remain significant
hydrological connectivity between wetlands and the Atrato River. This study demonstrates the use of
DInSAR for a spatially comprehensive monitoring of the Atrato River basin hydrology. For the first
time, we identified the spatiotemporal patterns of surface water flow of the region. We recommend
these observations serve as a baseline to monitor the potential impact of ongoing human activities on
surface water flows across the Atrato River basin.

Keywords: DInSAR; surface water flows; hydrological connectivity; wetlands; water level change

1. Introduction

The surface water flow in the river floodplains conditions different natural and anthropogenic
processes [1–3]. Factors such as the distribution and regulation of species, the transportation of nutrients
and sediments and biochemical cycling, among others, are influenced by surface water flow and
hydrologic connectivity [4–6]. Surface water flow in floodplains and wetlands is affected by dams and
embankments for water use, agriculture expansion, in-stream mining, the development of infrastructure
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and climate change, hampering ecohydrological processes [7–9]. Hence, the characteristics of these
flows should be taken into consideration for the planning and development of human activities
related with water management, agricultural and urban development, and to avoid the alteration of
hydrological connectivity and water flow in important riverine ecosystems and wetlands [2,10,11].

The hydrological and hydraulic complexity of floodplains is difficult to study and model using
in situ point-wise water level data. Moreover, it is impractical to install a distributed network of
water level stations to monitor the spatial and temporal fluctuations of the surface water flows in
remote areas [7,12,13]. Satellite data offers a viable alternative for the analysis of these flows in
large areas [12,14], providing tools for the calibration and validation of hydrodynamic models at
the scale of the river basin [13]. For instance, Differential Interferometric Synthetic Aperture Radar
(DInSAR) has been already used to estimate relative changes in water level of surface water resources
in time and space and improve our understanding of hydrodynamic processes in wetlands and
floodplains [15]. Some studies have mapped water level changes in various regions, such as the
Yellow [16], Amazon [13,17], Danube [18], Congo, and Brahmaputra Rivers [19]. In addition, DInSAR
has been also combined with altimetric techniques to understand the hydraulic dynamics of surface
water resources (e.g., Reference [20]). Additional applications of DInSAR include the understanding of
tidal inundation extent [21], and hydrological connectivity [8].

The double-bounce backscattering of the microwaves provide a strong interferometric signal [22]
in flooded vegetation, where the specular reflection effect of the waves over the water is combined with
the corner reflection of the elements on the vegetation [23–25]. DInSAR compares two radar signals
acquired from the same location but different times, or the same time and location but using a different
incident angle. If the water level changes between two observations, the distance between the radar
instrument and the water surface changes accordingly, effectively changing the total distance traveled
by the radar microwave. This is measured as a DInSAR phase between the two observations [26] and
can be used to estimate relative changes in water level.

The vegetation plays a fundamental role for the use of DInSAR in wetlands, since the interaction
with the vegetation structure is required to have a coherent return of the signal. For the case of
flooded areas with dense vegetation (e.g., mangrove forests or swamps), the short wavelengths such as
X-band (wavelengths between 2.40–3.75 cm) and C-band (3.75–7.50 cm) interact mostly with elements
of the canopy [27,28]. However, long wavelengths such as L-band (15.00–30.00 cm) and P-band
(30.00–100.00 cm) penetrate deeper into the vegetation [26], reaching the lowest layers of the forest and
the water surface and making it possible to estimate changes in water level. It is important to highlight
that the DInSAR phase derived from interferometric techniques is a relative value, and is thus related
to a reference point, i.e., the water level change derived from the DInSAR phase is a relative change and
the absolute water level is unknown. To estimate an absolute water level, it is necessary to combine the
DInSAR data with complementary information [29,30].

In tropical regions, floodplains of large rivers are known for their large volumetric flow rates [13,19]
and their limited in-situ instrumentation resulting from low accessibility [31,32]. In many cases,
the processing of satellite data such as DInSAR is the only way to monitor the spatial and temporal
fluctuations of surface water flows. This study focuses on the floodplain of the Atrato River Basin,
Colombia, a large tropical river located in one of the most biodiverse places in the world, exhibiting high
levels of endemism [33] and important wetland ecosystems [34]. The floodplain is currently affected by
the uncontrolled expansion of agriculture and in-stream mining activities of grabble and gold, which
may affect the natural flow of water and the dependent ecosystems and services [35,36]. Since local
communities rely on the ecosystem services offered by this river and its floodplains [37], we must
understand the dynamics of the water flows to plan and sustainably manage land use activities [37–40]
and preserve the livelihood of local communities.

This study aimed to determine the hydrologic connectivity between the floodplain and the main
river channel upstream, through observations of the spatial and temporal distribution of surface
water flow patterns in this ungauged floodplain. For the analysis, we used data from the Advanced
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Land Observing Satellite Phased Array type L-band Synthetic Aperture Radar (ALOS-PALSAR)
available during the period 2008 to 2010. Previous studies have provided valuable information for the
delimitation of wetlands in the study area [41], which have focused on the use of soil type information,
geomorphology, flood frequency, and land cover, rather than observations of surface water flows.
Other studies performed hydrological modeling in the upper part of the basin, excluding the wetlands
in the downstream floodplain [42,43]. The present study describes, for the first time, the general spatial
and temporal patterns of the surface water flows in the lower Atrato River basin, and the hydrological
connectivity between the River and the floodplain.

2. Materials and Methods

2.1. Study Area

The Atrato River Basin is located in the biogeographical region of Chocó, Colombia (Figure 1), with
headstream on the Western Andes mountain range and outlet into the Caribbean Sea. The basin occupies
an area of 35,700 km2 and has an average annual precipitation of 5000 mm/year that reaches up to
12,000 mm/year in the upper basin [44]. It is considered to be one of the rainiest areas of the world [45,46].
The Atrato River basin presents a bimodal seasonal precipitation pattern with peak precipitation and
runoff during May and November and a dry period that goes from January to April (Figure 1c). The basin
is mostly flat, with an average slope of 0.04% and is mainly covered by forest and wetland marshes (88%),
followed by disturbed lands (10%) used for agriculture, pastures, urban settlement, especially in its
northeastern part, and water bodies (2%). Some fractions of the basin have been opened for mining, with
large impacts on the main river channel (Figure 1a and Figure S1, Supplementary Materials). The front
of colonization is extending rapidly from the east towards the Atrato floodplains, placing a threat to the
natural dynamics of the ecosystems of the wetlands of the floodplain [34,35,37].
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in orange. Mining concessions in the basin are presented in blue and projected mining concessions are
presented in purple. (b) Zoom of the yellow square of (a) showing land cover in the study area derived
from a classification of a Landsat 8 data time series, and the only water level station on the main river
upstream of the floodplain (red dot). (c) Average monthly precipitation (for the period 2000–2018) in
the Atrato River Basin and average water level (for the period 2000–2018) at the station on the main
river channel located upstream.

2.2. Data and Pre-processing

We here used DInSAR to obtain changes of water level in space and time that could shed some
light regarding the state of hydrologic connectivity within the flood plain and that between the
floodplain and the main channel upstream. In the general DInSAR approach [47], the interferometric
phase includes the influence of the displacement, topography, atmosphere, and baseline (i.e., orbit
location). The influence components of topography and baseline can be simulated and removed during
the interferometric process using a digital elevation model and the orbit information [48]. In the
atmosphere, the radiation ionizes neutral atoms forming a layer of free electrons around the earth,
causing a delay in the SAR signal and in some cases affecting significantly the interferometric phase
(especially in the case of L-band) [49–51]. It is important to mention that ionization highly depends
on the sun’s activity and shows temporal and latitudinal variations [52]. Several techniques can be
applied to estimate and correct the ionospheric phase delay such as the techniques using the Faraday
rotation [53], estimating azimuth offsets [54], or using the range split-spectrum technique [50,55].

The ALOS-PALSAR 1 system was launched on June 2006 and operated until May 2011. This sensor
operates at L-band (Center frequency 1.270 GHz) with a wavelength of 23.62 cm, with different
polarizations (HH, HV, VV, VH), and a revisiting time of 46 days. In the present study, we used Single
Look Complex (SLC) data in strip map mode, with single polarization HH available for the study
area between 2008 and 2010. The SLC images retain both the amplitude and phase of the radar signal.
The interferometric process requires at least two images of the same area collected at different times
(repeat-pass observation), or at the same time but with different orbit, with one referred to as the
master image, and the other is the slave image. These images are known as the interferometric pair.

We obtained ALOS data from the Alaska Satellite Facility online portal (https://vertex.daac.asf.
alaska.edu/). Seven images were used for each scene of the first swath, and 8 images for each scene
of the second swath. Both swaths were needed since the Atrato River and its floodplain are located
precisely between these swaths. In total, we processed 60 acquisitions for the entire study area; all were
acquired between May and September of each year (2008–2010). Since the interferometric image pairs
were selected with a time lapse of less than 365, eight interferograms were obtained for each scene.
Table 1 displays a summary of the interferograms, indicating the time lapse and the base line for each
interferometric pair. All the scenes in both swaths were geo-coded to a spatial resolution of 25 m; have
incident angles ranging between 36◦ and 41◦ and a HH polarization.

For the present study we used a repeat-pass observation, and we referred to the oldest image
of the interferometric pair as the master image, and water level in the main channel of the Atrato
River upstream during this acquisition as WL1, and to the most recent image as the slave image, and
water level in the main channel of the Atrato River upstream during this acquisition as WL2. As such,
we analyze and refer to the chronological changes in water level and resulting interferometric phase in
chronological order.

All interferometric pairs were processed using SARscape/ENVI version 5.5 (Harris Geospatial
Solutions, Inc., Broomfield, CO, USA). The SLC master and slave data were co-registered with the 30 m
Shuttle Radar Topography Mission (SRTM) digital elevation model (http://srtm.csi.cgiar.org/srtmdata/).
This co-registration ensured that each object on the ground coincided with the same pixel in both
images, i.e., master and slave. After co-registration, the interferograms (i.e., DInSAR phase maps
between master and slave image) were generated by multiplying the master Single Look Complex data
by the complex conjugate of the slave. Figure 2 shows the steps required to obtain the interferograms.

https://vertex.daac.asf.alaska.edu/
https://vertex.daac.asf.alaska.edu/
http://srtm.csi.cgiar.org/srtmdata/
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Table 1. ALOS-PALSAR data used in the study.

Swath 1 Swath 2

Master-Slave
Dates

(year-month-day)

Time
Difference

(days)
Baseline (m)

Master-Slave
Dates

(year-month-day)

Time
Difference

(days)
Baseline (m)

20080531–20080716 46 682 20080502–20080617 46 3547
20080531–20080831 92 1479 20090620–20090805 46 737
20080716–20080831 46 798 20100508–20100623 46 118
20080831–20090719 322 948 20100508–20100808 92 286
20090719–20090903 46 279 20100508–20100923 138 278
20090719–20100606 322 589 20100623–20100808 46 404
20090903–20100606 276 373 20100623–20100923 92 388
20100606–20100906 92 93 20100808–20100923 46 90

The 30 m SRTM digital elevation model was used to simulate the interferogram expected from
topography, and remove it from the observed interferogram. The geodynamic processes could also
affect the DInSAR phase, especially in regions with high rate of vertical displacements due to surface
deformation and subsidence. In the present study, we compared the magnitude of the differences in
water level between acquisitions obtained from the interferogram analysis, with surface displacement
data, in order to determine the possible contribution of the latter to the fringe patterns observed.
The displacement data was acquired from the GNSS station APTO from the SIRGAS-CON network
available for the study area (http://www.sirgas.org/es/sirgas-con-network/stations/station-list/#).

The impact of ionosphere on the signal was not significant, most likely dues to the night imaging
(local time 23:00). To verify this, we compared two example interferograms with and without
ionospheric correction, using the range-split spectrum method [55] available in the ISCE software
developed by the California Institute of Technology and Stanford University (UNAVCO, Boulder,
Colorado, United States of America) [56] and found no distinct spatial patterns (see Figure S2 in
Supplementary Materials). It is important to mention that ionospheric phase generally shows a smooth
latitudinal variation across several kilometers with patterns unrelated to local geophysical features
such as rivers and land cover [57].

To remove other effects related to temporal and geometric effect, we applied a Goldstein 5 × 5
phase filter to the interferogram [58]. This filter is commonly used and has been proved as an effective
InSAR interferogram filter [59]. The observed interferometric fringe pattern (i.e., spatial gradient in
DInSAR phase) is used to estimate the relative water level change in the wetland between the two radar
acquisitions. The vertical water level change (∆h) can be obtained from the phase change between the
two acquisitions as follows [60]:

∆h =
λ ∗ ∆ϕ

4π cosθ
(1)

where λ is the wavelength (23.62 cm), ∆ϕ is the DInSAR phase and θ is the incident angle (for the
images used, the incident angles range between 36◦ and 41◦).

Interferometric coherence (γ) is a measurement of similarity between the two images of the
interferometric pair and varies from 0 to 1, and hence describes the quality of the signal. It is defined
as follows [61]:

γ =
S1S∗2√
|S1|

2
|S2|

2
(2)

where S1 and S2 are the signals in the first and second image, and * denotes the complex conjugate of S.
The greater the coherence, the more accurate is the estimation of the water level change.

The coherence was calculated based on the filtered interferogram. Mosaics were generated with the
interferograms corresponding to the scenes of each swath (Figure 1a) and the data was geo-coded to a
spatial resolution of 25 m.

http://www.sirgas.org/es/sirgas-con-network/stations/station-list/#
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The DInSAR phase initially obtained by the software is “wrapped”, ranging in a 2π-cycle.
We performed the unwrapping of the phase to obtain an absolute phase change by multiplying the
interferogram with the correct number of π-cycles maintaining spatial consistency. The method used
in the unwrapping process was the Minimum Cost Flow algorithm, available in the SARscape/ENVI
version 5.5 (Harris Geospatial Solutions, Inc., Broomfield, CO, USA). The method is based on the
algorithm proposed in [62]. The unwrapped phase changes could then finally be used to calculate
water level changes between the two acquisitions in all coherent areas of the interferogram.
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2.3. Surface Water Flow Analysis in the Atrato River Floodplains

The resulting interferograms represent the DInSAR phase of the signal received by the sensor,
between the interferometric pair images and in each 25-m pixel. When the water levels in the floodplains
increases or decreases, the interferogram has a non-zero phase. Our analysis focused on two main
tasks: (1) to identify source and direction of flow through the floodplain through interpretation of the
spatial and temporal fluctuations of the fringe patterns in each interferogram, and (2) to determine the
relationship between the observed interferogram phase in the floodplain and the water level changes
upstream in the main channel of the Atrato River.

For the tasks, we selected two regions of analysis taking into consideration topographic factors
such as land cover and the occurrence of fringe patterns. While the first site is located downstream,
in a flat topographic zone covered by flooded marshlands (i.e., herbaceous wetlands), the second is
located in the mid-basin, where topography is irregular and land cover is predominantly swamps
(i.e., wetlands with trees) (Figure 3 top and bottom, respectively).

In order to analyze the temporal fluctuations of the fringe patterns in the interferograms, we used
two horizontal transects. The first transect is 8-km long and traced perpendicular to the axis of the main
river (CT1; Figure 3), while the second is 40-km long, following the course of the main river, consisting
of three straight sections (CT2; Figure 3). The water level (WL) in the main channel of the Atrato
River upstream was obtained from the water level station in operation by the Colombian Institute of
Hydrology, Meteorology and Environmental Studies IDEAM in the area (Figure 1b). We analyzed the
DInSAR phase along each transect under three conditions of water level change in the main channel of
the Atrato River: i) Water level increase (WL1 < WL2); no change (i.e., WL1 ≈WL2); and water level
decrease (WL1 > WL2).

Finally, we calculated the relationship between the DInSAR phase and the water level changes
measured in the water level station. For this purpose, we traced five additional transects along different
locations of the floodplains (T1 to T5 in Figure 3). We selected their locations taking into consideration
the different land cover types, regions with a coherence value above 0.3, and the persistence of fringe
patterns in the different interferograms. Finally, we estimated the relationship between the DInSAR
phase along the transect and WL changes.
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3. Results and Discussion

3.1. Spatial Distribution of DInSAR Phase Patterns

The interferogram with the highest coherence values, the shortest baseline and the greatest
difference in water level is shown in Figure 3. This interferogram results from the pair of acquisitions
taken in June 6 and September 6, 2010 in image swath one and June 23 to September 23 in image
swath two. From Equation (1), each complete color cycle in the wrapped interferogram (Figure 3a)
corresponds to a vertical change in water level of approximately 15.1 cm for an incidence angle of
38.7◦ (at the center of the scenes). This is a relative change in relation to a reference point assumed
static. The geographical location of the fringe patterns (color ramps in Figure 3) adjacent to the Atrato
River agree with those of recurrent flooding events and under flood hazard risk [43]. These areas are
covered by both marshes and swamps. The red region in Figure 3b (latitude 7.5◦, longitude −77.1◦)
shows the most pronounced phase change and water level change pattern occurring between the two
acquisitions, indicating approximately 85 cm changes in water level (−38 radians in Figure 3b) and is
located between a topographic depression in the terrain and the confluence of an important tributary
of the Atrato River, the Riosucio River.

Water 2019, 11, x FOR PEER REVIEW  7  of  16 

 

consideration  the different  land  cover  types,  regions with  a  coherence  value  above  0.3,  and  the 

persistence of fringe patterns in the different interferograms. Finally, we estimated the relationship 

between the DInSAR phase along the transect and WL changes. 

3. Results and Discussion 

3.1. Spatial Distribution of DInSAR Phase Patterns 

The  interferogram with  the highest  coherence values,  the  shortest  baseline  and  the  greatest 

difference in water level is shown in Figure 3. This interferogram results from the pair of acquisitions 

taken  in June 6 and September 6, 2010  in  image swath one and June 23 to September 23  in  image 

swath  two. From equation 1, each complete color cycle  in  the wrapped  interferogram  (Figure 3a) 

corresponds to a vertical change in water level of approximately 15.1 cm for an incidence angle of 

38.7° (at the center of the scenes). This is a relative change in relation to a reference point assumed 

static. The geographical location of the fringe patterns (color ramps in Figure 3) adjacent to the Atrato 

River agree with those of recurrent flooding events and under flood hazard risk [43]. These areas are 

covered by both marshes and swamps. The red region in Figure 3b (latitude 7.5°, longitude −77.1°) 

shows the most pronounced phase change and water level change pattern occurring between the two 

acquisitions, indicating approximately 85 cm changes in water level (−38 radians in Figure 3b) and is 

located between a topographic depression in the terrain and the confluence of an important tributary 

of the Atrato River, the Riosucio River. 

 

Figure  3.  Interferograms  showing  the  (a)  wrapped  and  (b)  unwrapped  DInSAR  phase  in  the 

floodplains.  The  dates  (year‐month‐day)  of  the  master‐slave  images  used  to  generate  the 

interferogram  are  20100606–20100906  on  swath  one  and  20100623–20100923  on  swath  two.  The 

dashed line represents the limit between the two swaths. Transects CT1 (8 km) and CT2 (40 km) were 

used to analyze the temporal fluctuation of the water level and transects T1, T2, T3, T4 and T5 were 

used to analyze the relation between water level change in the floodplains and water level change in 

the water level station on the main river channel upstream. The red rectangles 1 and 2 are zoomed in 

Figure 5. 

A coherence map is calculated by Equation 2 and presented in Figure 4. This map corresponds 

to the interferometric pairs of Figure 3. For the study area, the highest observed coherence regions 

Figure 3. Interferograms showing the (a) wrapped and (b) unwrapped DInSAR phase in the floodplains.
The dates (year-month-day) of the master-slave images used to generate the interferogram are
20100606–20100906 on swath one and 20100623–20100923 on swath two. The dashed line represents
the limit between the two swaths. Transects CT1 (8 km) and CT2 (40 km) were used to analyze the
temporal fluctuation of the water level and transects T1, T2, T3, T4 and T5 were used to analyze the
relation between water level change in the floodplains and water level change in the water level station
on the main river channel upstream. The red rectangles 1 and 2 are zoomed in Figure 5.

A coherence map is calculated by Equation (2) and presented in Figure 4. This map corresponds to
the interferometric pairs of Figure 3. For the study area, the highest observed coherence regions (>0.5)
are associated with swamps and marshes and the lowest to forests and agricultural areas and pastures.
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Figure 4. Coherence map. The dates (year-month-day) of the master-slave images used are
20100606–20100906 on swath one and 20100623–20100923 on swath two. The white dashed line
represents the limit between the two swaths. The area demarcated by gray diagonal lines correspond
to marshes and swamps.

A zoom to the downstream and middle sections of the Atrato River (Rectangles one and two in
Figure 3, respectively) shows marked differences of surface water flow (Figure 5). Further downstream
(Figure 5a), we found continuous and wide flow patterns with a predominantly parallel orientation to
the axis of the main channel of the river. The magnitude of the DInSAR phase between acquisitions
increases from the axis of the main channel of the river towards the floodplains. In the midsection
of the basin (Figure 5b), the patterns are less continuous, patchy, and describe surface water flow in
various directions, probably due to the irregular topography and high complexity of the wetland
network. Water storage and direction of flows can be identified from these observations, providing
crucial information to model flow processes, nutrient transport and biogeochemical cycles in the Atrato
River. Similar discontinuous patterns have been found in previous studies on surface water flows in
the floodplains of the Amazon, Congo, and Brahmaputra rivers, using JERS-1 data [19,63].
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Figure 5. Zooms of Red squares (a) Nr. 1 and (b) 2 in Figure 3 with the digital elevation model, the
wrapped and the unwrapped phase interferograms. The black lines correspond to the main channel of
the Atrato River and its tributaries. The arrows indicate the direction of water flow resulting from the
DInSAR phase.

3.2. Temporal Fluctuations in the DInSAR Phase Patterns

In order to study DInSAR phase patterns under different hydrologic scenarios (i.e., 1. water level
increase, 2. no change in water level, and 3. water level decrease), we selected three interferograms
representative of each of these three conditions (Figure 6). The first unwrapped interferogram represents
water level changes in the floodplain that correspond to a water level increase in the station upstream
of 1.1 m and the third to a decrease of −0.87 m. Dashed arrows in Figure 6 show the direction
of increasing DInSAR phase. Positive DInSAR phase was found in the downstream direction in
interferogram Figure 6a along the transect CT2 (from light green color and 18 radians to dark blue
and 50 radians). Along CT1 direction, positive DInSAR phase was found as it moves away from the
river axis. Conversely, in Figure 6c we found a negative DInSAR phase in the downstream direction
along the transect CT2 (i.e., from yellow and −2 rad to orange color and −15 rad). Along CT1 direction,
negative DInSAR phase was found as it moves away from the river axis. In the no change condition,
Figure 6b, the DInSAR phase was negligible. Figure 6 represents how the floodplain “fills-up” and
“empties” with water flow from and to the river.

The Figure 7 shows the variation profiles of the water level change along transects CT1 and CT2.
Water level change was calculated from DInSAR phase using equation 1. For C1, a convex behavior
of the variation of the water level along the transect can be seen when the change in water level in
the river is positive (Figure 7a), small wave-like variations of the water level along the transect when
there is no change in water level in the river (Figure 7b), and a concave behavior of the variation of
the water level along the transect when the change in water level in the river is negative (Figure 7c).
As such, an increase in water level in the main channel had positive and larger ∆h along the transects,
whereas large but negative ∆h was found with a decrease in water level in the main channel. In general
terms, the magnitude of the ∆h always increases when moving away from the main river channel.
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Figure 7d shows the variation in ∆h for the CT2 transect, which has a longitude of 40.0 km. In a similar
way, we also found increasing absolute ∆h in the direction of the flow of the river downstream for
increasing water level in the main channel. A similar pattern was found in the Amazon River [13] and
Ciénaga Grande de Santa Marta, Colombia [8], whereas an observed increase in the discharge of the
river corresponded with increasing ∆h and water level in the downstream direction.Water 2019, 11, x FOR PEER REVIEW  10  of  16 
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Figure 6. Unwrapped interferograms for (a) increasing water level change in the main channel of the
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direction of increasing DInSAR phase and hence water level change.
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Figure 7. Water level change ∆h under three conditions in the main river in transect CT1 perpendicular
to the river axis with (a) water level increase in the main river; (b) no change in the water level in the
main river; (c) water level decrease in the main river. (d) Water level change ∆h in transect CT2 parallel
to the river axis. The blue line corresponds the DInSAR phase along the transect for the water level
increase condition, the gray line corresponds to the condition of no change, and the red line corresponds
to the condition of water level decrease in the main channel.

From the previous analysis, we derived the direction of surface water flow in the floodplains
from the retrieved water level changes and river conditions across the transects CT1 and CT2. In CT1,
an increase in water level in the main channel (Figure 7a) denotes a change from a water level profile
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WL1 to WL2 (Figure 8a). Under this condition, the water flows from the axis of the river outwards and
it appears on the interferogram as a positive change of phase. On the other hand, a negative change
in the water level (Figure 7c) denotes a change from WL2 to WL1 in Figure 8a, with corresponding
negative water level change. The derived water level profiles along transect C2 for increasing and
decreasing water levels in the main channel evidence a decreasing river channel slope and transition to
floodplain with an already flooded plain in the first time period.
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Figure 8. Description of the surface water flow in the floodplains. (a) Cross-sectional profiles of water
level across the perpendicular transect CT1 and (b) the longitudinal profile parallel to the direction of
flow of the main channel of the Atrato River CT2.

3.3. Relationship between Water Changes in the Main Channel Upstream and Floodplain

Figure 9 shows the linear relationships and coefficients of determination between the water level
change ∆h along the transects T1 to T5 obtained from DInSAR and the water level change in the
measuring station on the main channel upstream, for the dates of the images in each interferogram. First
of all, most changes in water level change calculated by DInSAR along the transects are considerably
larger than the vertical surface displacement registered in the Global Navigation Satellite System
(GNSS) station located in the study area (See Figure S3, Supplementary Materials). The station gives
evidence to a negative vertical displacement rate occurring in the region of about 0.72 cm/year. As such,
the maximum vertical surface displacement in the interferograms occurs in the interferogram with
temporal baseline of 322 days (Table 1); and corresponding to approximately 0.63 cm of surface change.
Most of the water level changes shown in the interferograms and across the transects are far larger than
the 0.63 cm threshold, evidencing that the surface water level changes observed along the transects of
our study are mainly due to hydrological processes and not due to the regions surface displacement as
observed in the GNSS station.

The transects located in areas with swamps (T4 and T5) show relative smaller linear relationships
with R2 values (around 0.5) in comparison to the transects located in areas with marshes (T1, T2 and
T3), where R2 values reach 0.87. This is evidence of different hydrological processes occurring in the
two ecosystems and determining the characteristics of surface water flow. Furthermore, the forests
may not be as dependent on the sheet flow coming from the main channel as the marshes to due to
topographical features or contributing tributaries in the vicinity that may lower the influence of local
water flow on the changes along the main river channel.

When all the transects are analyzed together, we found a significant positive relation between
water level change in the main river and the water level changes calculated from DInSAR phase in all
transects T1 to T5 in the floodplain (R2 = 0.56; Adjusted R2 = 0.55; F-statistic: 48.25; p = 2.9× 10−8 < 0.01).
Hence, the changes in the water level upstream could explain more than 56% of the DInSAR phase
along the transects of the floodplain and corresponding changes in water level. This is surprising since
the transects are spread out across different locations in the floodplain, with no consistent alignment in
relation to the direction of flow of the main channel (see Figure 5). The relatively high coefficients of
determination indicate good hydrological connectivity between the river and its floodplain. These
observations contrast with previous studies in the Ciénaga Grande of Santa Marta, Colombia [8]
where the tidal influence, the development of infrastructure, and the artificial regulation of the flow of
water towards the Ciénaga have affected dramatically the hydrological connectivity within the deltaic
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wetland system and the main river channel upstream. In this study, water discharge upstream on the
main tributary of the wetland could explain at most 17% of the variance of the change in water level in
the wetland as calculated by DInSAR.
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channel upstream.

4. Conclusions

The interferograms resulting from this study provide an important tool for understanding the
complex dynamics of surface water flow in the floodplains of the Atrato River. We found that the
spatial and temporal changes in the surface water flow of the floodplains is conditioned mainly by the
fluctuations in the main channel of the river, while in the middle part of the basin, topography and the
complex network of channels and tributaries also have an important influence. The DInSAR phase
is positively related to the changes in the water level of the main channel of the Atrato River, and
we assume that this signals natural and good hydrologic connectivity between river and floodplain.
As such, it appears that mining and agricultural activities in the floodplain, as of 2010, have not
significantly affected the hydrological connectivity in the lower basin. The information resulting from
this study can be used as input for the calibration and validation of hydrological models in ungauged
floodplains such as the Atrato River floodplain. Furthermore, this study describes, for the first time,
the spatiotemporal surface water flow patterns of the region using InSAR techniques in the study area.
This study demonstrates the potential of DInSAR for continuous monitoring of hydrological processes
in the Atrato River, Colombia. The analysis and results presented here, also provides a foundation
to improve our understanding of the complex hydrological dynamics of the Atrato river floodplain.
Finally, we recommend our analysis of flow connectivity serve as a baseline against which to assess the
consequences of agricultural and mining expansion on regional hydrology.
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