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Disclaimer

The following report is written by five students in their pursuit of a Master degree in Civil Engineering or
Applied Earth Sciences. The aim of the project is to get hands-on experience in a new and unfamiliar envi-
ronment, to enhance teamwork capabilities, to work using a multidisciplinary approach and to use the skills
accumulated over the years. To this end, a research is conducted with regard to dynamics, processes and
characteristics of Terminos Lagoon. Statements made are not fact-checked, nor should the report be consid-
ered as a source to base policy on. Thus, while containing scientifically based approaches, any results and
findings presented here reflect the current opinion of five students.
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Abstract

Terminos Lagoon is the biggest and ecologically most important fluvial-lagoon system of the southern Gulf
of Mexico. Rivers, sea and meteorology all influence the lagoon, variable over the year, resulting in a complex
situation. To protect this area, it is crucial to know how different hydrological processes, hydrodynamic pro-
cesses and spatial characteristics influence each other in this context. Using a multidisciplinary approach,
this research focused on the question: What is the influence of hydrological and hydrodynamic processes on
spatial characteristics of Terminos Lagoon, now and in the future? The study has shown that evaporation has
a larger part in the water balance during dry season, where during other seasons the water balance is simi-
lar to the annual mean. It is found that the western part of Terminos Lagoon shows different characteristics
than the eastern part, as river discharge plays a larger role in the western part of the lagoon. Secchi depth,
temperature, dissolved oxygen, sediments and salinity are all different here compared to the eastern part of
the lagoon. Salinity and river discharge, as well as air and water temperatures, show to be highly correlated.
A tidal watershed divides the lagoon in two approximately equal areas, following the mentioned separation
of east and west. Residual currents flow along the boundaries of the lagoon from east to west. A circular
residual current in the lagoon is observed near the Puerto Real inlet in created temperature and Secchi depth
maps. Nortes season shows highest salinity and lowest Secchi depths, where dry season shows lowest salin-
ity. Both inlets are expected to sedimentate and sediments outside the lagoon move westward. Climatological
influences are uncertain, though likely effects are increased water temperature, salinity, flushing time and a
decrease in residual current. Mentioned effects are likely most noticeable in the eastern part of the lagoon.
Further research is necessary to achieve ecological goals in the region.

ix





Contents

List of Figures xiii
List of Tables xvii
1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.4.1 Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4.2 Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Study area 5
2.1 Topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Seasons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Geology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Bathymetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Data collection 11
3.1 Measurement stations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Satellite Imagery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Fieldwork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.4 Delft3D-FLOW modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Data analysis & theory 17
4.1 Hydrological processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.1 Precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1.2 Evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.1.3 Evaporation rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.4 Rivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.5 Groundwater flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.6 Water balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Hydrodynamic processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.1 Tides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.2 Tidal inlet system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.2.3 Currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.4 Flushing time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Spatial characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3.1 Salinity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3.2 Water temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3.3 Dissolved oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.4 Sediments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.5 Secchi depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.4 Statistical dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.4.1 Bayesian network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.4.2 Correlation matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4.3 Semi-correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

xi



xii Contents

5 Results and discussion - Spatial distribution 47
5.1 Salinity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.2 Water temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3 Dissolved oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4 Secchi depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.5 Sediments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

6 Results and discussion - Future developments 57
6.1 Climate change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.1.1 Change in precipitation rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.1.2 Increases in atmospheric temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.1.3 Increase in sea level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.2 Morphological changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.2.1 Stability of the inlets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
6.2.2 Tidal delta and adjacent coastline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.3 Industrial contaminants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7 Conclusion 65
8 Recommendations 67
9 Acknowledgments 69
Bibliography 71
A Area and volume Terminos Lagoon 75
B Surface geology 79
C Inlet widths 81
D Temperature distribution 83
E Secchi depth from satellite imagery 93
F Delft3D-FLOWModel 107
G Boxplot description 111
H Penman calculation 113
I Tidal prism 115
J Delft3D-FLOW results on fieldwork locations 117
K Conductivity ratio to salinity conversion 121
L Flushing time 123
M Tidal constituents 125
N Semi-correlations 129



List of Figures

1.1 Visualization of the report objective. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1 Overview of the region in and around Terminos Lagoon [21] . . . . . . . . . . . . . . . . . . . . . 5
2.2 Surface geology map of Yucatan Peninsula [13] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Schematic map with stages of karst development in Yucatan Peninsula [13] . . . . . . . . . . . . 8
2.4 Schematic map of fractures in Yucatan Peninsula [13] . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.5 Bathymetry map of Terminos Lagoon [30, 53–56] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.6 Map with the location of the cross-section lines and the depth cross-sections of the Carmen

inlet and Puerto Real inlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1 Map with locations of measurement stations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Timeline of the data from measurement stations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 Fieldwork measurement locations in Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . 14

4.1 Intra-annual variation of precipitation from CONAGUA station, January 1986 - August 2018 . . . 17
4.2 Temperature and humidity box plot of hourly data from Ciudad del Carmen airport, January

1987 - December 2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.3 Windroses per season of hourly data from Ciudad del Carmen aiport, January 1987 - December

2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.4 Schematic energy balance for solar radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.5 Map representation of the location of the main river systems . . . . . . . . . . . . . . . . . . . . . 22
4.6 Average monthly discharge Palizada river from ICML-UNAM data, April 1992 - December 2014 . 22
4.7 Difference in salinity for a situation with and without Palizada river, from Delft3D-FLOW . . . . 23
4.8 Mean water balance [m3/s] of Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.9 Water balance charts for each season and mean situation . . . . . . . . . . . . . . . . . . . . . . . 25
4.10 In- and outflow of Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.11 Schematic overview of tidal watershed in a double inlet system . . . . . . . . . . . . . . . . . . . . 29
4.12 Tidal phase difference and tidal amplitude map in the Gulf of Mexico [51] . . . . . . . . . . . . . 30
4.13 Location of tidal watershed within Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.14 Schematic distribution of wind-driven and the tidal current over the depth of the water column 31
4.15 Schematic diagram of thermocline and halocline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.16 Residual currents in Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.17 Mean flushing time for different ratio of b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.18 Salinity of the water in Terminos Lagoon, measured at the observatory Semar, hourly averages

from October 2016 - August 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.19 Salinity of the water in Terminos Lagoon, measured at observatory E.Pargo hourly averages from

October 2016 - March 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.20 Water temperature, measured at observatory SEMAR, hourly averages from October 2016 - Au-

gust 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.21 Water temperature and atmospheric temperature, measured at observatory SEMAR, hourly av-

erages from October 2016 - August 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.22 Dissolved oxygen in the water at observatories SEMAR and E.Pargo, hourly averages from Octo-

ber 2016 - August 2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.23 Details of the measured dissolved oxygen concentration at observatories SEMAR and E.Pargo . 39
4.24 Sediment distribution in Campeche Sound and Southern Mexico . . . . . . . . . . . . . . . . . . 40
4.25 Bayesian network Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.26 Semi-correlation water temperature and atmospheric temperature . . . . . . . . . . . . . . . . . 45

5.1 Profile lines and measurement locations field campaigns . . . . . . . . . . . . . . . . . . . . . . . 47

xiii



xiv List of Figures

5.2 Salinity profiles field campaigns 2018 at varying depth percentages . . . . . . . . . . . . . . . . . 48
5.3 Salinity profiles of the measurement campaigns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.4 Salinity profile over depth of Estacion 6 for different seasons . . . . . . . . . . . . . . . . . . . . . 49
5.5 Depth averaged salinity of the different seasons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.6 Comparison salinity Palizada campaign to Delft3D-FLOW model for rainy season . . . . . . . . . 50
5.7 Water temperature profiles of the measurement campaigns . . . . . . . . . . . . . . . . . . . . . . 50
5.8 Spatial distribution of temperature in Terminos Lagoon for the different seasons during flood . 51
5.9 Spatial distribution of temperature in Terminos Lagoon for the different seasons during ebb . . 51
5.10 Dissolved oxygen profiles of the measurement campaigns . . . . . . . . . . . . . . . . . . . . . . . 52
5.11 Secchi depth profiles of the measurement campaigns . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.12 Secchi depth in Terminos Lagoon for different seasons during flood . . . . . . . . . . . . . . . . . 53
5.13 Secchi depth in Terminos Lagoon for different seasons during ebb . . . . . . . . . . . . . . . . . . 54
5.14 Distribution of sediment sizes in Terminos Lagoon [44] . . . . . . . . . . . . . . . . . . . . . . . . 55

6.1 Water balance for changes in precipitation rate based on the Penman calculation . . . . . . . . . 58
6.2 Change in the evaporation rate with increasing atmospheric temperature . . . . . . . . . . . . . 58
6.3 Escoffier closure curve, position of the Carmen inlet and Puerto Real inlet . . . . . . . . . . . . . 60
6.4 Size difference of the flood tidal delta of Puerto Real . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.5 Aerial map of coastline change in the period 1988-2018 . . . . . . . . . . . . . . . . . . . . . . . . 61
6.6 Morphological changes of the adjacent coast line and the tidal delta . . . . . . . . . . . . . . . . . 62

A.1 Visual and NIR spectrum in Terminos Lagoon, 13-04-2018 . . . . . . . . . . . . . . . . . . . . . . . 75
A.2 Land classification as performed for Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . 76

B.1 Surface soil types in Yucatan Peninsula . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

C.1 Illustration determination width inlet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
C.2 Major inlet widths over time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

D.1 Relative temperature in Terminos Lagoon 01-03-2014 . . . . . . . . . . . . . . . . . . . . . . . . . 85
D.2 Relative temperature in Terminos Lagoon 07-05-2015 . . . . . . . . . . . . . . . . . . . . . . . . . 85
D.3 Relative temperature in Terminos Lagoon 09-05-2016 . . . . . . . . . . . . . . . . . . . . . . . . . 86
D.4 Relative temperature in Terminos Lagoon 10-04-2017 . . . . . . . . . . . . . . . . . . . . . . . . . 86
D.5 Relative temperature in Terminos Lagoon 13-04-2018 . . . . . . . . . . . . . . . . . . . . . . . . . 87
D.6 Relative temperature in Terminos Lagoon 08-08-2014 . . . . . . . . . . . . . . . . . . . . . . . . . 87
D.7 Relative temperature in Terminos Lagoon 26-07-2015 . . . . . . . . . . . . . . . . . . . . . . . . . 88
D.8 Relative temperature in Terminos Lagoon 12-07-2016 . . . . . . . . . . . . . . . . . . . . . . . . . 88
D.9 Relative temperature in Terminos Lagoon 31-07-2017 . . . . . . . . . . . . . . . . . . . . . . . . . 89
D.10 Relative temperature in Terminos Lagoon 02-07-2018 . . . . . . . . . . . . . . . . . . . . . . . . . 89
D.11 Relative temperature in Terminos Lagoon 28-01-2014 . . . . . . . . . . . . . . . . . . . . . . . . . 90
D.12 Relative temperature in Terminos Lagoon 14-12-2014 . . . . . . . . . . . . . . . . . . . . . . . . . 90
D.13 Relative temperature in Terminos Lagoon 01-12-2015 . . . . . . . . . . . . . . . . . . . . . . . . . 91
D.14 Relative temperature in Terminos Lagoon 20-01-2017 . . . . . . . . . . . . . . . . . . . . . . . . . 91
D.15 Relative temperature in Terminos Lagoon 07-01-2018 . . . . . . . . . . . . . . . . . . . . . . . . . 92

E.1 Terminos Lagoon and cloudless measurement locations, 04-09-2018 . . . . . . . . . . . . . . . . 95
E.2 Secchi depth map Terminos Lagoon 04-09-2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
E.3 Secchi depth measurement method comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
E.4 Secchi depth in Terminos Lagoon 07-01-2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
E.5 Secchi depth in Terminos Lagoon 20-01-2017 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
E.6 Secchi depth in Terminos Lagoon 01-12-2015 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
E.7 Secchi depth in Terminos Lagoon 14-12-2014 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
E.8 Secchi depth in Terminos Lagoon 28-01-2014 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
E.9 Secchi depth in Terminos Lagoon 13-04-2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
E.10 Secchi depth in Terminos Lagoon 10-04-2017 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
E.11 Secchi depth in Terminos Lagoon 09-05-2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
E.12 Secchi depth in Terminos Lagoon 07-05-2015 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



List of Figures xv

E.13 Secchi depth in Terminos Lagoon 01-03-2014 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
E.14 Secchi depth in Terminos Lagoon 02-07-2018 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
E.15 Secchi depth in Terminos Lagoon 31-07-2017 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
E.16 Secchi depth in Terminos Lagoon 12-07-2016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
E.17 Secchi depth in Terminos Lagoon 26-07-2015 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
E.18 Secchi depth in Terminos Lagoon 08-08-2014 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

F.1 Domain Terminos Lagoon Delft3D-FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
F.2 Boundaries Terminos lagoon Delft3D-FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

G.1 Example of boxplot with description of its features [6] . . . . . . . . . . . . . . . . . . . . . . . . . 111

J.1 Salinity profile of the entrance of the Palizada river over depth for different seasons . . . . . . . . 117
J.2 Salinity profile over depth of Estacion 4 for different seasons . . . . . . . . . . . . . . . . . . . . . 117
J.3 Salinity profile over depth of Estacion 5 for different seasons . . . . . . . . . . . . . . . . . . . . . 118
J.4 Salinity profile over depth of Estacion 6 for different seasons . . . . . . . . . . . . . . . . . . . . . 118
J.5 Salinity profile over depth of Estacion 7 for different seasons . . . . . . . . . . . . . . . . . . . . . 118
J.6 Salinity profile over depth of Estacion 8 for different seasons . . . . . . . . . . . . . . . . . . . . . 118
J.7 Salinity profile over depth of Estacion 9 for different seasons . . . . . . . . . . . . . . . . . . . . . 119

M.1 Water height measurements of both locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
M.2 Tidal constituents SEMAR by toolbox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
M.3 Tidal constituents E.Pargo by toolbox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
M.4 Tidal constituents SEMAR FFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
M.5 Tidal constituents E.Pargo FFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

N.1 Empirical copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
N.2 Samples of Gaussian copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . 130
N.3 Samples of Gumbel copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . 130
N.4 Samples of Clayton copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . . 131
N.5 Samples of Frank copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . . . 131
N.6 Samples of T copula transformed to standard normal . . . . . . . . . . . . . . . . . . . . . . . . . . 132





List of Tables

2.1 Geomorphic landscapes of Terminos Lagoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4.1 Annual and seasonal mean precipitation from January 1986 - August 2018 . . . . . . . . . . . . . 18
4.2 Annual and seasonal mean atmospheric temperatures from January 1987 - December 2016 . . . 19
4.3 Total open water evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.4 Average seasonal discharge of Palizada, Chumpan, Candelaria and Mamantal river . . . . . . . . 23
4.5 Tidal constituents based on method and observatory . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.6 Classification of tides with F as the ratio between the diurnal and semidiurnal tidal constituents

and the corresponding category . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.7 F value E.Pargo and SEMAR by toolbox and FFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.8 Flushing time per season . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.9 Correlation matrix Terminos Lagoon (obtained using Uninet) . . . . . . . . . . . . . . . . . . . . . 42
4.10 Number of samples for correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.11 Critical values Pearson’s correlation with a 5% confidence interval . . . . . . . . . . . . . . . . . . 43
4.12 Interpretation of the Pearsons ranked correlation coefficient [28] . . . . . . . . . . . . . . . . . . . 44
4.13 Values of the semi correlations between water temperature and atmospheric temperature . . . 45

6.1 Comparison ûe by Escoffier and Delft3D-FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

A.1 Confusion matrix of κ1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
A.2 Kappa indices per iteration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

C.1 Landsat images used for inlet width determination . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

D.1 Acquisition dates and corresponding seasons Landsat 8 thermal imagery . . . . . . . . . . . . . . 84

E.1 Comparison field measurement and remote-sensed measurements of Secchi depth . . . . . . . 97
E.2 Acquisition dates and corresponding seasons Landsat 8 Secchi depth imagery . . . . . . . . . . . 97

F.1 Delft3D-FLOW layer thicknesses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
F.2 Physical parameters Delft3D-FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
F.3 Numerical parameters Delft3D-FLOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

H.1 Short wave radiation expressed in evaporation intensity . . . . . . . . . . . . . . . . . . . . . . . . 114
H.2 Annually and seasonally averaged Pennman parameter results . . . . . . . . . . . . . . . . . . . . 114

K.1 Constants of salinity conversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

xvii





1
Introduction

In this chapter, first of all, the background of the project area and the current situation are given. Afterwards
the problems are defined. With these problems in mind, the objective of this report is given with its corre-
sponding main and sub-research questions. The scope, describes the boundaries of the project. Finally, the
report outline and structure are explained.

1.1. Background
The lagoon is the biggest fluvial-lagoon estuary system of the southern Gulf of Mexico [38]. It is a shallow
tropical coastal lagoon connected to the Gulf of Mexico in Yucatan Peninsula. The total surface area of the
main basin is 1690 km2 (appendix A) and the mean depth is 2.6 m (subsection 2.4). The lagoon is mainly
influenced by tides, winds, heat fluxes, and freshwater inputs. It is also shaped by tidal inlet morphology.

Terminos Lagoon is a subject of many studies [47], as it is of regional importance in multiple ways. First, the
lagoon provides a variety of habitats to different species. Located in a sub-tropical, humid climate and with
access to both fresh and salt water through river and sea, Terminos Lagoon hosts a highly varied biodiversity,
yielding its protected status since 1994 [47]. It is a Ramsar site, which is a wetland site of international im-
portance given by Ramsar Convention [26]. The wetlands and its mangroves are the biggest in Latin America.
The mangroves provide a nursery to migratory birds. Furthermore, it is a frequent host to bottlenose dolphins.
Therefore, the lagoon is not only important to regional ecology, but also to ecosystems spanning a wider area.
Next, Terminos Lagoon is of economic importance for the fish and shrimp industries [46]. The area is seen
as crucial spawning grounds for Campeche Sound, an important fishing habitat in the Gulf of Mexico. The
lagoon plays thus a critical role in the food supply and ecological stability of the region. However, there is
a great industrial and coastal development in the lagoon and the adjacent areas [47]. The main urban area
nearby Terminos Lagoon is Ciudad del Carmen, with over 200.000 inhabitants [1]. The city is economically
reliant on the oil and gas exploration in the nearby Gulf of Mexico. This industry is considered crucial to the
Mexican economy and one of the main focuses of the new president [7].

1.2. Problem description
As outlined above, Terminos Lagoon has a high environmental value. However, the water properties of the
lagoon system are changing. Both environmental, such as climate change, and human loads pose a threat
to the balance between wildlife, humans, water quality and water availability [26]. The mangroves, nursing
grounds for the local fish and shrimp populations [12], are retreating [59]. Over the years, lower productivity
of species has been visible within the lagoon and loss of species would change the ecosystem [9]. A pollution
threat to the ecosystem is the oil exploration in the Gulf of Mexico, which can pose a major pollution threat
to the lagoon. This was demonstrated with the Ixtoc-1 oil spill in 1979 [58]. Moreover, globally, storms get
more intense, temperatures rises, as well as the sea level which are effects of climate change [33]. All of these
factors have an influence on the ecology, water quality and morphology of the lagoon. In order to protect the
area, now and in the future, the current state of Terminos Lagoon needs to be known.

Research in hydrological and hydrodynamic processes and their influences on water parameters of the lagoon
is required to have a proper view of Terminos Lagoon. Hydrological processes relate to the in- and outflows of
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2 1. Introduction

the lagoon, which are linked to the flushing time and thereby also with the water quality and water parame-
ters. Hydrodynamic processes like tides, currents and waves, cause differences in water parameters over time
and space.

1.3. Objective
To get insight in Terminos Lagoon, investigations and measurement campaigns are performed by the In-
stituto de Ciencias del Mar y Limnología (ICML), part of the Universidad Nacional Autónoma de México
(UNAM). The goal of this multidisciplinary project is to contribute to the research of ICML in the field of hy-
drological and hydrodynamic processes. Different from previous studies about Terminos Lagoon, here the
processes will be coupled with the spatial characteristics of figure 1.1. The research question of the project is
formulated as follows:

What is the influence of hydrological and hydrodynamic processes on spatial characteristics of Ter-
minos Lagoon, now and in the future?

In figure 1.1 the research question is visualised and the considered hydrological and hydrodynamic processes
are mentioned, as well as the spatial characteristics. Hydrological processes are all processes of the water
cycle. Hydrodynamic processes are forces and motions of fluid.

Figure 1.1: Visualization of the report objective.

To answer this research question sub-questions are determined (figure 1.1):

1. What is the water balance and what is the influence of the seasons on it?

2. How are the spatial characteristics of Terminos Lagoon distributed?

3. How can the hydrodynamic processes be recognised in the distribution of the spatial characteristics?

4. How do seasonal variations impact the spatial characteristics of Terminos Lagoon?

5. To what extent are the hydrological processes correlated with the spatial characteristics?

6. What will the consequences of future developments on hydrological processes and spatial characteris-
tics be?

1.4. Scope
The boundaries of the project are described in this section. First, the spatial scope is explained, secondly the
time scope of the research is determined.

1.4.1. Area
The Carmen inlet and the Puerto Real inlet are two main tidal inlets (figure 2.1). The Sabuncuy inlet is a
shallow and narrow channel. The influence of Sabuncuy inlet is not taken into account in this study, because
the net flow is relatively small in comparison with the principal inlets [23].
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The Palizada river enters Terminos Lagoon. The two other discharging rivers that are taken into account are
the Chumpan river and the Candelaria-Manantel river. The rest is assumed to have a negligible influence on
Terminos Lagoon, because of their relatively small discharge [47].

1.4.2. Time
The research of this report focuses on the current state of the lagoon, as it stands in 2018. The most recent
available data are used. To determine climate parameters as temperature, humidity, rainfall and wind, a pe-
riod of 30 years is considered. Predictions of future developments of Terminos Lagoon will be made by deter-
mining impact of changes through climate change, morphodynamic changes and increasing oil exploitation.

1.5. Outline
The report continues in the parts: Study area, Data collection, Data analysis and theory, Results and discus-
sion of the spatial distribution, Future developments, Conclusion and Recommendations. Afterwards, the
Bibliography and appendices are given. appendices are used to extend the main report. The following chap-
ters include:

• Chapter 2: Study area
A general description of the study area is given, with its topography, seasons, geology and bathymetry.

• Chapter 3: Data collection
The available data collections and the relevance to the project are described.

• Chapter 4:Data analysis and theory
The data are processed in this chapter. A description of the hydrological and hydrodynamic processes
is given, as well as the spatial characteristics and the statistical dependence. The data required to come
to the results are gathered or edited.

• Chapter 5: Results and discussion - Spatial distribution
In this chapter the results of the spatial distribution of the spatial variables and their seasonal variations
are given and discussed.

• Chapter 6: Results and discussion - Future developments
Possible future developments are discussed in this chapter. Correlations are used to predict the future
situations.

• Chapter 7: Conclusion
The sub-questions and the main research question are answered.

• Chapter 8: Recommendations
Possibilities for further research are described.





2
Study area

The study area is described in this chapter and divided into the topography, seasons, geology and bathymetry.

Figure 2.1: Overview of the region in and around Terminos Lagoon based on NASA Earth Observatory [21].

2.1. Topography
Terminos Lagoon (18° 26’-18° 48 ’N, 91° 14’- 91° 53 ’W ) is a shallow tropical coastal lagoon connected to the
Gulf of Mexico in Yucatan Peninsula in Mexico, see figure 2.1. The total surface area is 1690 km2 (appendix A)
with a mean depth of 2.6 m (section 2.4). Two sand barrier islands named Isla del Carmen, on which Ciudad
del Carmen is located, and Isla Aguada separate the lagoon from the adjacent continental shelf. The length
of Isla del Carmen is circa 36 km and the width varies between 800 m and 5.5 km. Isla Aguada has a length of
41 km and a width varying between 500 m and 3 km.

There are two principal coastal tidal inlets: the Carmen inlet, located southwestern of Isla del Carmen, with
a width of 3.3 km, and Puerto Real inlet located between Isla del Carmen and Isla Aguada, with a width of 3.0
km. The last and third inlet is Sabuncuy inlet, which is located 43 km northeast of Puerto Real. As described
in Section 1.4, the Subuncuy inlet is not taken into account in this study, because of the relatively small net
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flow in comparison with the principal inlets [23]. The marine waters predominantly enter the lagoon through
the eastern inlet and exit the lagoon through the western inlet [20]. However, some researchers argue the
opposite direction [23].

The western boundary of the lagoon is formed by the Usumacinta delta, which is the main sediment source of
the lagoon [16]. The Palizada river is a tributary of the Usumacinta river, which is the largest river of the Termi-
nos Lagoon discharging rivers. Two other main discharging rivers are the Chumpan river and the Candelaria-
Mamantel rivers. Additionally Terminos Lagoon receives water from the Muerto, Palancare and the Sabancuy
River, the Colax, Lagartero, Chivoj Chico and Chivoj Grande streams [25]. These last seven rivers are not taken
into account in this report for reasons described in section 1.4.

2.2. Seasons
Literature research about the different seasons of Terminos Lagoon has been carried out. Yáñez-Arancibia
and Day (1982) give a description of the seasons of Terminos Lagoon which is cited by 100 referred journal
articles:

There are three “seasons” in this region. From June until the end of September, there are almost
daily afternoon and evening showers. From October into March is the season of “Nortes” or winter
storms. These storms are generally strongest and associated with rains during November, December
and January. February through May is the dry season. [71]

Some researchers claim that May is a transition season that should not be considered as a part of the dry
season [26]. However, in this report the seasons are considered to be the same as the research by Yáñez-
Arancibia and Day (1982):

• dry season, February - May;
• rainy season, June - September;
• Nortes season, October - March.

There is an overlap between the dry season and Nortes season in February and March, because Nortes is
defined by the dominant wind direction.

2.3. Geology
Figure 2.2 shows the surface geology near Terminos Lagoon. The total list of soil types in the region of Yucatan
Peninsula, of which Terminos Lagoon is part, is given in appendix B with a short description. The numbers
corresponding to the area of Terminos Lagoon are given in table 2.1 [13]. The geomorphic landscapes are
indicated by numbers. There is an undulating plain in the northeast of the lagoon, which is a plain with a wavy
surface. The other geomorphic landscapes are plains, which have a gentle slope. Table 2.1 shows that there
are fluvial paludal environments, with river deposits and swamp deposits and coastal environments with
deposits from the sea. The present deposits in the area of Terminos lagoon are mixes of leptosols, cambisols,
gleysols, solonchak, regosols and arenosols, see appendix B.

There are no open source boring tests of the area. However, from the stratigraphic columns of Chicxulub
crater research, which lays 300 km north-east, can be found that the first 300 m consists of limestone and
marl [63]. Boring tests need to be performed to determine the exact aquifers and aquitards of the study area,
at least one boring in every geomorphic landscape, as listed in table 2.1.
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Figure 2.2: Surface geology map of Yucatan Peninsula with Terminos Lagoon in the left bottom corner and with: LP=Leptosols,
CM=Cambisols, VR=Vertisols, GL=Gleysols, SC=Solonchak, RG=Regosols, AR=Arenosols, NT=Nitisols, PH=Pheozems, HS=Histosols,
nt=Nudilithic, li=lithic, rz=Rendzic, and gl=gleyic [13]

Table 2.1: Geomorphic landscapes of Terminos Lagoon with LP=Leptosols, CM=Cambisols, GL=Gleysols, SC=Solonchak, RG=Regosols
and AR=Arenosols

Nr. Environment Geomorphic landscape Altitude Slope Rock type Surface
[m.a.s.l.] [%] [ha]

1 Coastal Undulating plain 0-4 0-2 RG/SC 233.593
3 Coastal Plain 0-4 0-2 AR/RG/SC 20,204
7 Fluvial-paludal Plain 0-35 0-5 SC/GL 227,685
9 Fluvial-paludal Plain 0-35 0-5 SC 88,529
12 Fluvial-paludal Plain 0-35 0-5 GL/LP/CM 885,307
26 Fluvial-paludal Plain 2-20 0-5 GL/SC 38,450

One of the geohazards of areas with calcareous rocks is karst, which is a common geohazard in Yucatan Penin-
sula as well. This area is characterised by landforms of dissolution such as sinkholes, also known as cenotes.
Figure 2.3 shows the development of karst in Yucatan Peninsula. The development of karst in Terminos La-
goon is relatively small in comparison with other areas in Yucatan Peninsula. At the north-east site of Ter-
minos Lagoon, development of karst is relatively high. Figure 2.4 shows the locations of fractures in Yucatan
Peninsula. The map shows that there are no fractures in the area of Terminos Lagoon.
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Figure 2.3: Schematic map with stages of karst development in Yucatan Peninsula in kiloannum or megaannum, [ka] or [ma] and with
Terminos Lagoon in the left bottom corner [13]

Figure 2.4: Schematic map of fractures in Yucatan Peninsula with Terminos Lagoon in the left bottom corner [13]

2.4. Bathymetry
The data used for the bathymetry originates from Secretaría de Marina (SEMAR) and National Institute of
Statistics and Geography of Mexico (INEGI) [30, 53–56]. The bathymetry of the lagoon is shown in figure 2.5.
The average depth of the lagoon is approximately 2.6 m with respect to mean sea level (MSL). The deepest
point can be found in the navigation channel of the Carmen inlet, which is around 11 m below MSL.
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(a) Depth range between -12.0 m – 0.5 m relative to MSL (b) Depth range between -4.5 m – 0.0 m relative to MSL

Figure 2.5: Bathymetry of Terminos Lagoon with depth in meters below mean sea level [30, 53–56]

Furthermore, the bathymetry shows that the water depth is smaller on the northeast side of the lagoon and
larger on the southeast side of the lagoon with the exception of the Palizada river discharging area. The lagoon
is shallower where the Palizada estuary is located. This is probably caused by deposition of sediment, which
comes from the river. The bathymetry shows that there is no clear distinction between tidal flats and tidal
channels. The Puerto Real inlet has an extensive flood tidal delta, there is no visible ebb tidal delta. These
deltas have changed over time. The Carmen inlet does not show any tidal deltas, this probably indicates that
this inlet is not tide dominated. In the main body of the lagoon, the bathymetry does not present channels
or intertidal flats, so there is almost no intertidal storage. This indicates a flood dominant system and the
residual transport for coarse sediment is in flood direction. This means that there is sediment import.

The cross-sections of the Carmen inlet and Puerto Real inlet are shown in figure 2.6. The maximum depth
of Carmen inlet of the cross section is 10.4 m and the maximum depth of the Puerto Real inlet is 5.6 m, see
figure 2.6b.

(a) Location of the depth cross-sections, based on NASA
Earth Observatory [21]

(b) Cross-section of the Carmen and Puerto Real in-
lets with distance from southwestern point of cross-
section to northeastern point

Figure 2.6: Map with the location of the cross-section lines and the depth cross-sections of the Carmen inlet and Puerto Real inlet





3
Data collection

In this chapter the data collection is described. The described data are necessary to obtain answers to the
main research and sub-questions posed in section 1.3. For each data set, a description is given of the method
and location of the measurements. The data collections are divided by their measurement method. First,
data from the measurement stations are described. These stations measure parameters relevant to the water
balance, as well as some spatial characteristics. Secondly, an overview of used remote-sensed data is given.
These are used to look into the distribution of some spatial characteristics and to determine morphological
features of Terminos Lagoon. Afterwards, field measurements are described, which are direct measurements
of the spatial characteristics listed in section 1.3. Last, a brief description of the Delft3D-FLOW model is given,
used to determine the lagoon hydrodynamics.

3.1. Measurement stations
The location of the measurement stations used in this research are shown in figure 3.1. The weather station
in Villahermosa and the Palizada river discharge station are not included in figure 3.1.

Figure 3.1: Map with locations of measurement stations of SEMAR, E.Pargo, airport weather station and CONAGUA station at Isla del
Carmen based on NASA Earth Observatory [21]

Ciudad del Carmen coastal observatory from ICML-UNAM is collecting data continuously at two different
locations in Terminos Lagoon: E.Pargo (Estero Pargo Estation), located in a creek close to the coastal ob-
servatory station of the ICML-UNAM, and SEMAR Estation (Secretaría de Marina), the marine harbour in
Ciudad del Carmen, see figure 3.1. These locations are chosen as measuring equipment can be left standing
here undisturbed.

At the observatories SEMAR and E.Pargo, the same type of measurements have been collected. The measure-
ments were taken every 30 minutes, starting in October 2016 up to August 2018. The measurements are used
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to define the correlation between spatial characteristics and hydrological processes. The following parame-
ters were measured:

• water pressure [kPa];
• electrical conductivity [µS/cm];
• concentration of dissolved oxygen [mg/L];
• atmospheric temperature [°C];
• water temperature [°C].

Furthermore, a dataset of the discharge of the Palizada river is provided by the ICML-UNAM. This dataset has
an interval of 22 years, with the daily discharge in m3/s, from April 1992 to December 2014.

The Ciudad del Carmen airport has an observatory providing weather data in Mexico. The location of the
weather station corresponding to Terminos Lagoon is located at Ciudad del Carmen’s airport. The airport
weather station provides hourly data from January 1972 until December 2016. The data are used to determine
the evaporation and air temperature. The variables measured by the airport weather station are:

• atmospheric temperature [°C];
• relative humidity [%];
• wind speed [km/h] and direction [°].

Moreover, the precipitation and atmospheric temperature are measured at CONAGUA station (Comisión Na-
cional del Agua), located near E.Pargo, see figure 3.1. The data lasted from September 1984 till August 2018.
However, the data before 1986 are not used, as precipitation data in the year 1985 contained unrealistic values
with respect to other years. The delivered precipitation values of 1985 were marked as erroneous.

The duration of the bright sunshine hours is measured in Villahermosa, a city about 150 km south-west of Ter-
minos Lagoon. Sunshine duration is measured in monthly averages from January 1961 till December 1990 at
the weather station in Villahermosa [69]. The duration of the bright sunshine hours is used for the calculation
of evaporation in subsection 4.1.2.

To summarize, figure 3.2 provides an overview of the time duration and type of data collected from measure-
ment stations.
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Figure 3.2: Timeline of the data from measurement stations

3.2. Satellite Imagery
In addition to in-situ collected data, satellite imagery is used to map changes in morphology of the lagoon, as
well as surface temperature variations within the lagoon. Satellite imagery is available from an earlier point
in time than most field measurements. For the purpose of this research, imagery with qualities in the visible
and thermal spectrum are used. To this end, only open source imagery is considered. All satellite imagery is
limited by overpass frequency, spatial resolution and time in orbit. These factors are considered when making
the choice between data sources.

To look into surface temperatures, the available options still in orbit are Landsat 7 and Landsat 8, with com-
parable spatial resolution. Landsat 8 is equipped with two dedicated thermal infra-red sensors, making it the
better choice between the two [4]. Landsat 8 is used to look into surface temperature fluctuations throughout
the lagoon for varying seasons. The same images are used to determine Secchi depth distribution.

Surface area of the lagoon basin and of the tidally influenced areas surrounding it, is determined using a
Landsat 8 image with low cloud cover. Its moderate spatial resolution of 30 m is adequate for purposes at
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hand. Tidal inlet widths are analysed using Landsat 4-5 Thematic Mapper, Landsat 7 and Landsat 8 images;
imagery with comparable spatial resolution and a data record dating back to the 1980’s. It is the only open
source set of imagery with such a long data record, which is required to study morphological changes. Secchi
depth is also determined using Landsat 8 images, as chosen methodology proved to be relatively easy to
implement on these. Another advantage is that thermal maps and Secchi depth maps can be compared for
the same moment in time. In appendices A and C, D and E, explanations are given on methodology applied
to extract information from mentioned imagery.

3.3. Fieldwork
A fieldwork campaign is set up by ICML-UNAM to collect in-situ data from the lagoon. The most recent
campaign consisted out of two days: 5 and 7 September 2018. During the campaign, water samples are
collected and various measurements are done. At the first day of the campaign, data are collected in a line
from the Puerto Real inlet to the Candelaria-Mamantel river. This campaign was the first of its kind. During
the second day a similar pattern of measurements is set out for the Carmen inlet and the Palizada river, similar
campaigns are performed each September, starting in 2016.

The locations are chosen to obtain information most efficient, hence the choice for points from river to tidal
inlet. There are two measurements in the river, one or two near the outlet of the river, two in the lagoon,
two near the tidal inlets, one in the sea and a last one at SEMAR. The exact locations of the measurements
performed in 2018 can be found in figure 3.3.

Figure 3.3: Fieldwork measurement locations in Terminos Lagoon based on NASA Earth Observatory [21]

At each measurement location various measurements are done. Locations are noted by their GPS locations.
Temperature, salinity, oxygen content, dissolved oxygen (DO), total dissolved solids (TDS) and conductivity
are measured at every half meter using an EXO Multiparameter sensor. The Secchi depth is measured with a
Secchi disk. A Secchi disk is a circular plate with a diameter of 20 cm, painted alternately in black and white
quarters. The Secchi depth is the depth at which the disk just not disappears from view [10].

3.4. Delft3D-FLOW modelling
Delft3D-FLOW is a finite element hydrodynamic model of Deltares and made for Terminos Lagoon by ICML-
UNAM. The domain, boundary conditions and input parameters of the Delft3D-FLOW model are given in
appendix F. The model is used to investigate the hydrodynamic processes of the lagoon. There are three
Delft3D-FLOW models used with different combinations of driving forces:
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• tides;
• tides and wind;
• tides, wind and the Palizada river discharge.

Using the data of the Delft3D-FLOW models, the main current can be defined, as well as the direction of the
flow and the presence of tidal watersheds. Moreover, the influence of the river on the lagoon is calculated, as
well as salinity distribution.





4
Data analysis & theory

This chapter is divided in four different sections: hydrological processes, hydrodynamic processes, spatial
characteristics and statistical dependence. In these different sections the data described in chapter 3 are
visualised and the theory behind the methods is explained.

4.1. Hydrological processes
In this section different hydrological processes are discussed. The precipitation, evaporation, river flow and
groundwater flow are determined in order to determine the water balance of Terminos Lagoon which will be
given at the end of this section. The different terms of the water balance give an insight in the (amount of) in-
and outflow of the lagoon.

4.1.1. Precipitation
The annual sum of precipitation in Ciudad del Carmen is 1534 mm, measured daily over a period of 30 years
by CONAGUA. Figure 4.1a shows the total monthly precipitation measured from January 1986 till August
2018, where the average monthly precipitation is 128 mm. Due to monthly variations, different seasons can
be distinguished. The rainy season starts in June, which shows high precipitation rates in comparison with
previous months. During the dry season precipitation rates are below 75 mm per month, which is low com-
pared to the average monthly precipitation. The amount of precipitation varies within the Nortes season, but
with significantly lower precipitation rates than during the rainy season. Figure 4.1b shows the box plot of
the precipitation, more information about the interpretation of a box plot can be found in appendix G. In this
figure, monthly variation is largest during the rainy season, where the precipitation rate is high.

(a) Average monthly precipitation from January 1986 -
August 2018

(b) Box plot of the precipitation, see appendix G for a
description of box plot features

Figure 4.1: Intra-annual variation of precipitation from CONAGUA station, January 1986 - August 2018

In table 4.1 the precipitation rates in millimeter per month can be found. Average precipitation rates are

17
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calculated per season and per year. Next, the precipitation is converted into cubic meter per second, where
the amount of precipitation in mm/month is multiplied by the area of the lagoon of 1690 km2 and divided by
a time factor.

Table 4.1: Annual and seasonal mean precipitation from January 1986 - August 2018

Season
Mean precipitation

[mm/month]
Mean precipitation

[m3/s]
Dry 42.7 27.4

Rainy 208.9 134.0
Nortes 100.2 64.3

Annual 128.6 82.5

4.1.2. Evaporation
Evaporation requires two processes to occur. First, there must be an energy supply to provide heat of va-
porization. Secondly, a transport mechanism must be there to remove the vapour [29]. After combining
both concepts, it is possible to derive an expression for evaporation that depends on measurable weather
elements. By making approximations, the needed weather data reduce to four components:

• daily mean atmospheric temperature [°C];
• relative humity [%];
• wind speed [m/s];
• duration of bright sunshine [h].

The obtained quantity is the evaporation rate (E0) for an open water surface exposed to the measured weather.
This method is commonly known as the Penman Method, developed by Howard Penman in 1948 [29]. Tem-
perature, humidity and wind data of the Ciudad del Carmen airport weather station (section 3.1) are used to
calculate the evaporation. Data over a period of 30 years, from January 1987 until December 2017, are used to
describe the current climate of the area. Next, the density of water in the lagoon is assumed to be 1020 kg/m3

[62]. The open water evaporation E0 is calculated using equation 4.1. More information about the formulas
and method can be found in appendix H, formula H.2 - H.7.

E0 =

{
sRN

ρλ
+ cpρa

ρλ

(es −ea)

ra

}
s +γ (4.1)

With:

RN = Earth’s net radiation [J day-1m-2]
λ = heat of evaporation (λ= 2.45 MJ/kg) [J/kg]
s = inclination evaporation curve [kPa K−1]
cp = specific heat of air with constant pressure (cp = 1004 J kg-1K-1) [J kg-1K-1]
ρa = density of air (ρa = 1205 kg/m3) [kg/m3]
ρ = density of water (ρ= 1020 kg/m3) [kg m3]
ea = actual vapour pressure of the air at 2 m height [kPa]
es = saturation vapour pressure [kPa]
γ = psychrometric constant (γ= 0.066 kPa/°C) [kPa K-1]
ra = aerodynamic resistance [day m-1]

Atmospheric temperature and humidity
The saturated vapour pressure (es) and the inclination of the saturated vapour pressure (s) are calculated
using atmospheric temperature data as input value. The saturated vapour pressure is the maximum possible
vapour pressure where condensation does not occur yet. The atmospheric temperature of Terminos Lagoon
is depicted as a box plot in figure 4.2a. The atmospheric temperature fluctuates around 28 °C. The data that
are used for the plot comes from the weather station at airport Isla del Carmen, from January 1987 until
December 2016, see also chapter 3. The average atmospheric temperatures per season are given in table 4.2.
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During the dry season (February-May), the average atmospheric temperature increases. The median of the
atmospheric temperature is constant over the rainy season. For the first half of the Nortes season the median
of the atmospheric temperature decreases, while it increases for the second half. The change in atmospheric
temperature throughout the year is relatively small in comparison with for instance the Netherlands, where
the atmospheric temperature fluctuates between -10 °C and 35 °C [65]. A maximum atmospheric temperature
measurement of 58 °C, as well as a minimum measurement of 2 °C, is unrealistic, as these outliers have a
difference of 10 °C with measurements within half an hour.

Table 4.2: Annual and seasonal mean atmospheric temperatures from January 1987 - December 2016

Season
Mean atmospheric
temperature [◦C]

Dry 27.8
Rainy 29.2
Nortes 26.2

Annual 27.7

(a) Temperature box plot of hourly data from January 1987
- December 2016, see appendix G for box plot features

(b) Relative humidity box plot of hourly data from January
1987 - December 2016, see appendix G for box plot fea-
tures

Figure 4.2: Temperature and humidity box plot of hourly data from Ciudad del Carmen airport, January 1987 - December 2016

In order to determine the actual vapour pressure, information about the humidity is needed. Humidity is the
amount of water vapour in the air, the higher the humidity, the less water can be evaporated. The relative
humidity is plotted in 4.2b, with the use of a box plot. The region is humid all year round, with an average
yearly humidity of 67 %, a peak in December and January and a minimum around April and May. Now, the
actual vapour pressure (ea) can be determined by multiplying the saturated vapour pressure with the relative
humidity.

Wind
Terminos Lagoon is located in a zone with trade winds or, more specifically, tropical easterlies. These trade
winds travel from the subtropical high zone at 30 °N towards the equator. The Coriolis effect deflects the trade
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winds to the right, resulting in moderate Northeast trades. These winds are persistent throughout the year.
However, these winds could be overruled by tropical seasonal winds [14]. The Nortes season distinguishes
itself by strong winds. The rest of the year the main wind direction is formed by a sea breeze system, with
winds predominantly from the north and the east-southeast [71]. Wind roses are made using Ciudad del
Carmen airport wind data. Main wind directions, frequencies and wind speeds are represented by these wind
roses. The wind directions, wind speed and frequency of a time period of 30 years (1987-2017) are shown in
figure 4.3.

High wind speeds are most frequent during dry season and lowest wind speeds are observed during rainy sea-
son. Looking at the frequency of occurrence, the main direction of the wind is observed to be east-southeast.
The direction of the strongest winds is north and north-northwest with speeds higher than 46 km/h. The dry
season and Nortes have an overlap in February and March which leads to a relatively similar wind rose.

(a) Dry season (b) Rainy season

(c) Nortes season

Figure 4.3: Windroses per season with wind speed in km/h in colortable and frequency in percentage on axis of hourly data from Ciudad
del Carmen airport, January 1987 - December 2016

Using the wind speed, the aerodynamic resistance ra can be calculated. Here, an empirical formula is used,
with the wind speed at 2 m height as input value [52], which is elaborated in appendix H.
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Solar radiation
The net radiation (RN) is the difference between incoming short-wave radiation Rc and reflection from the
Earth’s surface by short-wave (Rc · a) and long-wave radiation Rb. The reflective shortwave radiation is deter-
mined by the albedo factor (a). The schematic energy balance is shown in figure 4.4. In order to calculate the
net radiation, the amount of bright sunshine hours divided by the length of the day, is required. It is assumed
that the data of Villahermosa is similar to the Terminos Lagoon (chapter 4). Empirical tables are used to de-
termine the outgoing short-wave and long-wave radiation [52]. Subsequently, net radiation is found with an
empirical formula, using the assumption that the climate of Terminos Lagoon is similar to the climate of New
Delhi. The difference in latitude between Terminos Lagoon and New Delhi is small, compared to the differ-
ences in latitude between Terminos Lagoon and other locations where an empirical formula for evaporation
rate is available.

Figure 4.4: Schematic energy balance for solar radiation

4.1.3. Evaporation rates
Finally, using equation 4.1, the open water evaporation is determined, as a yearly average and an average per
season in mm/day and in m3/s. This can be found in table 4.3.

Table 4.3: Total open water evaporation

Season
Evaporation

[mm/day]
Evaporation

[m3/s]
Dry 6.4 125.2

Rainy 7.1 138.9
Nortes 4.9 95.8

Annual 5.6 109.5

4.1.4. Rivers
There are four main watershed-river systems that flow into Terminos Lagoon, see figure 4.5. The Palizada
river is part of one of the longest and most important rivers of the state, as it is the eastern branch of the
Usumacinta River. The Usumacinta branches at the mouth of Amatitlán, 25 km upstream from the town of
Amatitlán. It forms a natural boundary between the states of Campeche and Tabasco before it heads north-
east to the area of Palizada. There it branches into the Palizada river, which finally opens to Terminos Lagoon.
Another river is the Chumpan river, which develops in the coastal plain through Salsipuedes and San Joaquin
river [47]. The river opens into the Laguna El Sitio Viejo, which flows into Terminos Lagoon. On the central
southern-shore, the Candelaria river together with the Mamantel river are forming the Panlau Lagoon, which
is connected to Terminos Lagoon through the Pargos outlet. The river systems are the main contributors of
fresh water and sediments to Terminos Lagoon [47].
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Figure 4.5: Map representation of the location of the main river systems based on NASA Earth Observatory [21]

River discharge
The discharge of the Palizada river is examined, using information described in section 3.1. To give insight
in the flow of the Palizada river, the average monthly discharge is determined using daily discharge data.
This is plotted over the years in figure 4.6a. As data is provided on daily basis, the tidal influence on the
discharge is not visible. It is found that the discharge varies over the year and over the acquisition time, with
a maximum of 700 m3/s in September 2010 and a minimum of 60 m3/s in April 2010. A box plot is used to
illustrate statistic measures of central tendency and dispersion for monthly discharge. From figure 4.6b it can
be observed that the minimum average monthly discharge occurs in May, where there is a median of 75 m3/s,
while a maximum discharge of 420 m3/s is reached in October. As the Palizada is a rain-fed river, the yearly
discharge pattern is roughly in line with the precipitation pattern (4.1b).

(a) Average monthly discharge [m3/s] from April 1992 -
December 2014

(b) Box plot of the monthly discharge, see appendix G for
box plot features

Figure 4.6: Average monthly discharge Palizada river from ICML-UNAM data, April 1992 - December 2014

The Chumpan, Mamantal and Candelaria rivers are small compared to the Palizada river. The ICML does not
have discharge data series available and there are no open sources. Therefore, literature is used to approxi-
mate the seasonal and average yearly discharge of these rivers. The mean discharge of the river Chumpan is
18 m3/s [47]. On the central southern shore there are two fresh water inflows, the Candelaria of 67 m3/s and
the Mamantal with a flow of 5 m3/s [47]. The river discharges per season are summarized in table 4.4, where
the Chumpan, Mamantal and Candelaria river are combined as one inflow.
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Table 4.4: Average seasonal discharge of Palizada river from April 1993 - December 2014, and average seosonal discharge of Chumpan,
Candelaria and Mamantal river [47]

Season
Discharge Palizada

[m3/s]
Discharge Chumpan, Candelaria

and Mamantal [m3/s]
Dry 115 29

Rainy 271 120
Nortes 256 104

Annual 234 90

River influence
To determine the effect of the Palizada river, two Delft3D-FLOW models are used. One model includes tides,
wind and the Palizada river, and the other model includes only tides and wind. The effect of the river on the
lagoon is determined by subtracting the salinity in the case the Palizada river is included by the salinity in
the case there is no Palizada river simulated. In figure 4.7 this effect on the salinity in Terminos Lagoon for
different seasons is shown.

(a) Dry season (b) Rainy season

(c) Nortes season

Figure 4.7: Difference in salinity for a situation with and without Palizada river, from Delft3D-FLOW

4.1.5. Groundwater flow
Rain water and sea water infiltrate through permeable limestone and marl layers. The total groundwater
discharge (Q [m3/day]) can be calculated with Darcy’s law [67]:

Q = K A
∆h

∆L
(4.2)

With:

K = hydraulic conductivity [m/day]
∆h = hydraulic head gradient [-]
∆L = distance between two points [-]
A = area of the flow [m2]

The hydraulic conductivity of the limestone marl layer depends on the degree of fracturing and is assumed
to be equal to 7·10-5 m/s for the matrix and 1·10-3 m/s for the fractures [70]. However, figure 2.4 (section
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2.3) shows that there are no fractures in the study area. Therefore, a hydraulic conductivity of 7x10-5 m/s is
chosen. The hydraulic conductivity of the limestone and marl layers can be determined more precise with a
falling head test [67] or other laboratory tests if samples are available.

The hydraulic head in the aquifers is required to determine the groundwater flow. Smith et al. (1999) deter-
mined the groundwater flow to Terminos Lagoon with a permeability range for gravel and silt and the largest
measured hydraulic head difference [57]. To give an approximation of the groundwater discharge the differ-
ence in hydraulic gradient times the area from the research of Smith et al. (1999) is used with a hydraulic
conductivity of 7·10-5 m/s:

Q = K A
∆h

∆L
= 7 ·10−5 ·243.921 = 0.017074m3/s (4.3)

4.1.6. Water balance
A water balance is set up in order to understand the water system of Terminos Lagoon. The overview of the
yearly average water balance in figure 4.8 shows that the exact amounts of the water balance terms range
from 0 to 324 m3/s. The yearly average water balance indicates a large influence of river discharge on the
lagoon system, as this is the largest term in the water balance. Precipitation and evaporation have the same
order of magnitude. Both terms are relatively small compared to the river discharge and net flow of the inlets.
The groundwater flow is negligible small (chapter 4.1.5). An assumption is made that the permeability of the
surface deposits, (chapter 2), is relatively high. Due to this assumption and the high vegetation levels near the
shore, water will infiltrate earlier than it could runoff. Therefore, the runoff is neglected in the water balance.
Now, the net flow through the inlets, which is seaward directed, is mainly caused by the river discharge. This
net flow through the inlets is the largest outflow component of the water balance. As explained later in sec-
tion 4.2.3, there is a residual current from the Puerto Real inlet towards the Carmen inlet. Therefore, the net
outflow through the Carmen inlet is expected to be larger than 293 m3/s. The quantities of the water balance
are in the same range as previous studies [47]. The difference can be the result of the Chumpan, Candelaria
and Mamantel rivers which were not taken into account in other studies. As the actual flow through the tidal
inlets was not measured, the model cannot be properly tested. Furthermore, the evaporation and precipi-
tation are assumed to be constant over the lagoon, this might be not the case. Moreover, the groundwater
flow calculation in subsection 4.1.5 is an approach. There is not a detailed geological investigation done with
piezometer heights, fractures and weathering of the aquifer.

Figure 4.8: Mean water balance [m3/s] of Terminos Lagoon

Figure 4.9 and 4.10 show that seasons are of significant influence on the water balance. In figure 4.9 the
different terms are expressed in a percentage of the total seasonal in- and outflow of the water balance with
the net flow of the inlets as unknown value. Both the rainy season and Nortes are comparable with the average
yearly water balance. Relative influences of water balance components, between rainy season and Nortes, do
not differ more than 5% from one another. Generally, the rainy season has the largest water fluxes. In contrast
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to the rainy season and Nortes, the dry season shows a different distribution of the relative terms of the water
balance. The evaporation during dry season is of relatively large influence on the water balance, although
the net amount of evaporation is less than the rainy season. The net inlet flow of the dry season is low, as
precipitation and discharge of the rivers are both relatively low compared to the yearly average situation. No
data is available of the seasonal differences in groundwater flow.

(a) Dry season (b) Rainy season

(c) Nortes season (d) Annual mean values

Figure 4.9: Water balance charts for each season and mean situation
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Figure 4.10: In- and outflow of Terminos Lagoon

4.2. Hydrodynamic processes
In this section first the tides and corresponding tidal climate are analysed. Secondly, the tidal inlet system is
discussed, with the location of the tidal watershed and resulting tidal prisms. These parameters will later be
used to investigate the stability of the tidal inlets. Thirdly the currents inside and outside the lagoon. Lastly
the flushing time of the lagoon is discussed.

4.2.1. Tides
The water level variations due to the tidal forcing determines to a large extent the water in- and outflow of
Terminos Lagoon. Tides are the result of gravitational attraction of the Sun and the Moon on the seas. They
are composed of individual sinusoidal tidal harmonic components, which are called tidal constituents. Tidal
constituents arise due to the changing position of the Earth relative to the Sun and Moon and the rotation of
the Earth. Each tidal constituent has its own wave period and amplitude. The sum of the tidal constituents re-
sults in a unique local tidal signal. The amplitude of the tidal constituent determines the relative importance
to the water level variations, for example the tidal constituents with the largest amplitude have the largest
influence on the tidal climate. The tidal climate can be a diurnal tide, semi-diurnal tide, or a mix of both. A
semi-diurnal tide means that two high waters and two low waters can be observed daily.

According to David (1998) [20], the tidal climate is mixed, mainly diurnal with a mean tidal range of 0.3 m in
the Carmen inlet. In the Puerto Real inlet and the basin, the tidal climate is mixed mainly semidiurnal. These
tidal ranges are based on two months of data. Another paper, written by Esparza [23], uses one year of data
and found that the tidal patterns vary from mixed mainly diurnal in the tidal inlets of the lagoon, to diurnal
inside the lagoon. ICML has a larger data set of the water pressure available, with approximately two years of
data. This makes it possible to perform a new calculation of the tidal climate.

At the observation stations E.Pargo and SEMAR, locations indicated in figure 3.1, the water pressure (p) is
measured. This pressure is converted to a water height by correcting it for the atmospheric pressure and
using equation 4.4. In the calculation the assumption is made that the density is constant at 1025 kg/m3 and
the gravitational constant is 9.8 m2/s.

h = p

ρ · g
(4.4)

With:

p = water pressure [kPa]
ρ = density of water (1025 kg/m3) [kg/m3]
g = gravitational acceleration (9.8 m/s2) [m/s2]
h = water height [m]
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With the known water level variations the tidal constituents are determined using two methods: the tidal
fit toolbox of MATLAB and a Fast Fourier Transformation (FFT). The tidal fit toolbox of MATLAB returns the
tidal constituents after loading the data file of the water level into MATLAB. FFT does not return the tidal
constituents directly. The periods of tidal constituents are constant and known, as they are predicted using
the orbits of the Sun and Moon. These periods are turned into frequencies. Based on the water level variations
a signal is created by the FFT. After the FFT the signal is turned into a plot with frequency and amplitudes.
The largest amplitudes can be distinguished, and the corresponding frequency can be found. Thereafter the
frequency of the largest amplitudes is compared to the frequency of the tidal constituents. In this way the
tidal constituents with the largest tidal amplitudes are found.

Table 4.5: Tidal constituents based on method and observatory

E.Pargo SEMAR
Order FFT MATLAB Toolbox FFT MATLAB Toolbox

1 O1 K1 K1 O1
2 K1 O1 O1 K1
3 M2 S1 M2 M2
4 S1 M2 S1 P1
5 Q1 P1 Q1 Q1
6 N2 SSA N2 N2

Table 4.5 gives the results of the Matlab Toolbox and FFT using water pressure measurements at observatories
E.Pargo and SEMAR. Only the six tidal constituents with the largest amplitudes are shown. In appendix M,
more tidal constituents of the MATLAB toolbox can be found and the entire signal of the FFT. Although the
results of both methods are not exactly similar, the results are comparable. The diurnal constituents O1 and
K1 are dominant.

The tidal climate can be classified by the factor F, which indicates the ratio between the diurnal and semi-
diurnal tidal constituents. The value for F is calculated with formula 4.5 [15]. Table 4.6 gives information to
interpret the results.

F = K 1+O1

M2+S2
(4.5)

With:

K 1 = amplitude of the lunar-solar declinational diurnal constituent [m]
O1 = amplitude of the principal lunar diurnal constituent [m]
M2 = amplitude of the principal lunar semidiurnal constituent [m]
S2 = amplitude of the principal solar semidiurnal constituent [m]

Table 4.6: Classification of tides with F as the ratio between the diurnal and semidiurnal tidal constituents and the corresponding
category

F Category
< 0.25 Semidiurnal

0.25 - 1.5 Mixed mainly semidiurnal
1.5 - 3.0 Mixed mainly diurnal

>3.0 Diurnal

Implementation of the results of the Matlab Toolbox and FFT leads to values of factor F shown in table 4.7.
Based on the classification categories in table 4.6 it can be concluded that both methods give the same clas-
sification of the tides per observatory. At observatory E.Pargo the tide can be classified as diurnal and at ob-
servatory SEMAR as mixed mainly diurnal. In general the tide evolves from mixed mainly diurnal to mainly
diurnal when it propagates further in the lagoon from SEMAR to E.Pargo measurement stations.
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Table 4.7: F value E.Pargo and SEMAR by toolbox and FFT

E.Pargo SEMAR
MATLAB toolbox 3.4 2.4

Fast Fourier Transformation 3.6 1.6

4.2.2. Tidal inlet system
Terminos Lagoon is part of a tidal inlet system, which refers to the combined system of inlet, basin and ebb-
tidal delta. The inlet is part of the tidal inlet system and refers to the connection between the sea and the
lagoon. Terminos Lagoon has three connections to the Gulf of Mexico, from west to east: the Carmen inlet,
the Puerto Real inlet and Sabancuy inlet. The Sabancuy inlet will be neglected, as described in the scope
of the area, see subsection 2.1. Therefore, the tidal inlet system of Terminos Lagoon can be considered as a
double inlet system. A double inlet system implies that the basins of the two inlets are not separated by land
boundaries, they are separated by a watershed.

Tidal watershed
Due to the water surface elevation of the tide, there is an inflow and outflow of water between the sea and the
lagoon. The volume of water, that enters the lagoon between mean low tide and mean high tide, is known as
the tidal prism. The tidal prism influences processes with respect to the morphology and water quality. If a
lagoon has multiple inlets, the situation becomes more complex. The tidal wave propagates through different
inlets and will meet somewhere behind the barrier island. As a result the flow velocities at this location will
be minimal, as well as the water exchange.

In case of Terminos Lagoon, the basin can be divided into two individual parts. A schematic overview of the
lagoon is given in figure 4.11. One basin Ab,1 that receives water from the Carmen inlet and one basin Ab,2

that receives water from the Puerto Real inlet. The division line, which separates them, is called the tidal wa-
tershed. Two types of tidal watersheds can be distinguished: the hydraulic tidal watershed and the morpho-
logical tidal watershed. The hydraulic tidal watershed is the place in the basin where the standard deviation
of the depth averaged flow velocity is minimal [68]. Due to the low flow velocities at the hydraulic watershed,
the suspended particles in the water are able to settle, resulting in an elevation of the bed level compared
to the surrounding bed. This is called the morphological watershed. In a state of equilibrium the hydraulic-
and morphological watershed are at the same location. In a non-equilibrium state the morphological water-
shed follows the hydraulic watershed with some delay [68]. The location of the tidal watershed is mandatory
for determining the tidal prism of the individual inlets, which subsequently influences the stability of these
inlets.



4.2. Hydrodynamic processes 29

Figure 4.11: Schematic overview of tidal watershed in a double inlet system

The following theory on the location of the watershed is based on Vroom (2018). The location of the tidal
watershed is predominantly determined by four parameters:

• The amplitude ratio of the tidal waves entering the lagoon.

a = η̂1

η̂2
(4.6)

• The phase difference of the tidal waves entering the lagoon.

ϕ=|ϕ1 −ϕ2 | (4.7)

• The relative channel length (ratio between length of the barrier island and tidal wavelength, with wavenum-
ber indicated by k).

2π

Lt i d al w ave
·Lbar r i er i sl and = k ·Lbar r i er i sl and (4.8)

• The bottom friction (σ).

Different scenarios can be described considering the idealized case of a channel in which two tidal waves
propagate in opposite direction. A requirement for a tidal watershed to exist is that it need to be located in the
realistic domain. The realistic domain is defined between 0 < x < Lbarrier island, in other words the watershed
must be located in between the tidal inlets.

In the situation with an amplitude ratio of a=1, the watershed is located in the middle of the barrier island
as long as the phase difference (φ) is smaller than the relative channel length. Otherwise there will be no
tidal watershed. The phase difference only determines the magnitude of the flow velocities at the watershed,
as long as the requirement φ < kLbarrier island is valid. The larger the phase difference, the larger the flow
velocities. In the situation in which the amplitude ratio a6=1, the watershed is shifted in the direction of the
inlet with the largest tidal amplitude.

The magnitude of the amplitude ratio has impact on the influence of the phase difference, meaning that
for a larger ratio the existence of a tidal watershed is less certain: there are stricter conditions for φ. On
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the other hand, a larger relative channel length provides less severe conditions for the phase difference (φ
) and amplitude ratio (a) in order to have a tidal watershed. The situation becomes more complex when
considering the bottom friction. Bottom friction increases the influence of the phase difference and decreases
the influence of the wave amplitude. Therefore, the tidal watershed will shift in the direction of the inlet where
the wave enters last. However, if the friction becomes higher, the shifting effect is counteracted, as the wave
length decreases and therefore the relative phase difference is smaller. Terminos Lagoon is a relatively shallow
lagoon with a mean depth of approximately 2.6 m (section 2.4). The bottom friction can thus be expected to
be of significant influence on the tidal wave propagation and therefore on the location of the watershed.

Previous research about the tidal current in the southern shelf of the Bay of Campeche indicated an am-
phidromic point in front of the coast of the Yucatan Pelinsula [51]. This is shown in figure 4.12. An am-
phidromic point is a location in sea where the tidal range is equal to zero. Due to Coriolis, the tidal wave
spins around the amphidromic point. In the Northern Hemisphere this is directed in counterclockwise direc-
tion. This implies that the tidal wave arrives first at the Carmen inlet and propagates in the direction of the
Puerto Real inlet. In figure 4.12 the dashed line shows the amplitude of the M2-tide and the solid line shows
the phase difference in degrees. Based on this figure, the phase difference of the tidal wave arriving at the two
inlets is estimated at 7.5 °, which corresponds to half an hour.

Figure 4.12: Tidal phase difference (solid line) and tidal amplitude (dashed line) map in the Gulf of Mexico [51]

The available water pressure data (section 3.1) only allows to investigate the tidal amplitude at the Carmen
inlet. There are no measurements of the Puerto Real inlet available. Therefore, the amplitude ratio is de-
termined based on the research by L.T. David and B. Kjerfve (1998), who defined a tidal amplitude in the
Carmen inlet of 0.31 m and in the Puerto Real inlet 0.34 m [20]. Based on these results, the location of the
tidal watershed will be located closer to the Puerto Real inlet. Bottom friction is expected to be of significant
influence, meaning the phase difference influences the location of the tidal watershed. Due to the decreasing
wavelength and wave celerity, the location of the tidal watershed would be shifted towards the Carmen inlet.
The net result of both the amplitude ratio as well as the bottom friction would be a tidal watershed located
somewhere around the middle of the barrier island.

This hypothesis is tested using the Delft3D-FLOW model. The model which only includes tides is used. As
described before, the hydraulic tidal watershed can be found at the location where the standard deviation of
the depth averaged flow velocity is minimal [68]. The standard deviation of the depth averaged flow velocity is
shown in figure 4.13. The white line shows the location of the tidal watershed based on the model results. This
allows to determine the surface area of both basins and accordingly the tidal prisms using the tidal range. The
tidal watershed divides the lagoon in a western and an eastern part, respectively 871 km2 and 816 km2. The
tidal range is based on the water level measurements at SEMAR, see section 3.1. From figure M.1a the tidal
range is determined to be approximately 40 cm. The tidal prism is calculated with the formulas in appendix I
and is 256.5·106 m3 for the Carmen inlet and 278.4·106 m3 for the Puerto Real inlet. These volumes will later
be used in the calculation of the stability of the tidal inlets (subsection 6.2).
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Figure 4.13: Location of tidal watershed within Terminos Lagoon, white areas are land

4.2.3. Currents
Currents may occur due to wind, tides, waves and density differences. As a result of different types of forcing,
changes in the vertical velocity profile and direction of the currents occur. The currents are responsible for,
among others, the distribution of heat, sediments, salt and oxygen through the lagoon. Three different kinds
of currents are distinguished in the lagoon: wind-driven currents, tide driven currents and density driven
currents. These currents, together with the inflow of the Palizada river, result in a residual current. Using the
Delft3D-FLOW model, the depth averaged velocities are calculated. Accordingly the residual current is deter-
mined. Figure 4.16 shows the residual currents for the different seasons. Outside the lagoon the wave driven
currents are considered, which are important to analyse the sediment transport of the adjacent coastline.

Wind-driven currents
The wind causes a shear stress on the water surface causing the water column to move in the same direction
as the wind. The friction can be determined with the quadratic friction law, shown in equation 4.9. Because
of the quadratic term in this law, a doubling of the wind velocity, results in a quadrupling of the current
velocities. During strong wind events, the wind currents can be significantly higher than the current velocities
due to tides. Furthermore the velocity profiles of wind- and tide driven currents are different. Figure 4.14 gives
a representation of both currents over the water column.

Figure 4.14: Schematic distribution of wind-driven and the tidal current over the depth of the water column
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τwi nd =Cd ·ρa ·W 2 (4.9)

With:

τwi nd = wind shear stress [kg/m/s2]
Cd = drag coefficient of the wind [-]
ρd = density of air [kg/m3]
W = wind velocity [m/s]

For a wind driven current to develop, it takes hours and a fetch of tens of kilometers. Terminos Lagoon has
two prevailing wind directions with strong winds ("Wind" in section 4.1.2). Terminos Lagoon has a long fetch,
and therefore wind is likely to be an important driver for the currents in the basin.

Density driven currents
Fluids with differences in density may drive currents. These differences in density may arise because of tem-
perature differences and/or differences in salinity. Water temperature and salinity of the water in Terminos
Lagoon can differ locally. In figure 5.5 in section 5.1 the spatial distribution of salinity is given. The differences
in salinity between the freshwater of the Palizada river and the water of the lagoon results in local density dif-
ferences in the water column (appendix J). Furthermore, there might be temperature differences between
water from the lagoon, rivers and sea. If there is a clear distinction between high and low values for these pa-
rameters, there is a large gradient which is called a thermocline for temperature (figure 4.15a) or a halocline
for salinity (figure 4.15b). The difference in density results in pressure differences spatially, which causes a
flow from high pressure to low pressure.

(a) Thermocline (b) Halocline

Figure 4.15: Schematic diagram of thermocline and halocline, the shape is based on measurements of Estacion 5 (appendix F.2)

Tide driven currents
Tides can be divided in a vertical tide and a horizontal tide. The vertical tide is the rise or fall of the water
surface. The horizontal tide is the direction of the flow, also called the tidal current. The direction of the hor-
izontal tide determines if the current is a flood tidal current or an ebb tidal current. The velocity of the flood
tidal current is in the same direction as the flood propagates. The ebb tidal current is in opposite direction.
Usually the vertical- and horizontal tide do not occur simultaneously. There can be a phase difference in
which the horizontal tide leads the vertical tide. The occurrence of this phase difference depends on friction
and (partial) reflections in the basin. Due to the shallowness of Terminos Lagoon, bottom friction plays an
important role in the propagation of the tides, causing the flow velocity to lead the surface elevation. If fric-
tion is dominant over inertia, the phase difference will be between 0 and 45 °[14]. To simplify the horizontal
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tide the assumption is made that the phase difference between vertical tide and horizontal tide has a maxi-
mum of 45 °, as the lagoon is shallow and friction is expected to be dominant. This assumption is later used
in the figures with thermal imagery in subsection 5.2.

Wave driven currents
The propagation of waves results in a mass and momentum flux in wave propagating direction. Because of
continuity this mass transport generates a return current in the shoreface, outside the lagoon, as the water
does not pile up against the coast. This is called the undertow. There is a net onshore directed transport
of water between the wave crest and the wave through. The undertow is the return current that is offshore
directed and takes place in the lower part of the water column. In the situation in which the waves approach
the coastline under an angle, an alongshore current is generated. The direction of the alongshore current
depends on the angle of approach of the waves.

Residual currents
The combination of the before mentioned currents over a certain time period translates into a residual cur-
rent. In figure 4.16 the residual currents of the different seasons are presented. The vectors in grey show the
velocity and direction of the flow at their position. In red the main residual current is shown. These figures
are based on the Delft3D-FLOW model including tides, wind and the Palizada river.

(a) Dry season (b) Rainy season

(c) Nortes season

Figure 4.16: Residual currents in Terminos Lagoon

The results in figure 4.16 show that the residual current of Terminos Lagoon is directed from the Puerto Real
inlet to the Carmen inlet. Another distinct feature is the circulating current in the eastern part of the lagoon.
During the dry season, the size of the circulating pattern increases and includes more of the northern and
western parts of the lagoon than during Nortes and the rainy season. The effect of the seasons on the inflow
of the Palizada river is also notable. During the dry season the residual current shows lower flow velocities
than during rainy season and Nortes, which is probably due to lower discharge rates during this season, see
table 4.4. The flow pattern exposes a current from east to west along the edges of the lagoon. Besides all these
flows, there are some areas which show no residual motion. It seems there are more places without residual
motion during the Nortes and the rainy season than during the dry season. Overall the lagoon can be roughly
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split into two parts based on the modelled current patterns: the east part, with the current circulation, and
the west part, with the currents along the edges and the Palizada river input.

The residual current direction is determined by the Delft3D-FLOW model. A limitation of this model is that
it gives an approximation of the situation. To make sure the model returns reliable predictions the model
should be calibrated using field measurements. To compare the residual current of the model and the residual
current in the field, Eulerian measurements in the field are needed. Also the other parameters that drive
the residual current (wind speed, the tidal constituents and the river inflow) should be verified. For these
parameters there are already measurements taken. To further increase the reliability of the model the inflow
of the Chumpan river, Candelaria river and Mamantel river should be included in the model. Also the wave
climate is not included in the model. There are no measurement of the wave climate close the to Terminos
Lagoon, so this would be hard to add to the model and calibrate. A verification of the model will increase the
reliability of the model. Moreover, some input values of the Delft3D-model are assumed to be constant. For
example the bottom friction will change in space and the position of the landboundaries may change in time.

4.2.4. Flushing time
According to Monson et al. (2002) [40], the flushing time is defined as a parameter describing the water body
exchange characteristics without distinguishing underlying physical processes or any spatial distribution. A
large flushing time can contribute to high pollution levels in the lagoon, as substances cannot flow out of the
lagoon. Within this study, different flow rates are employed for the flushing time estimate based on the tidal
prism, the river discharge, and the different seasons (dry, wet, Nortes). The calculation of the flushing time is
elaborated in appendix L. As the tidal flow factor (b) is unknown, a sensitivity analysis is performed. The tidal
flow factor is the fraction of effluent water that is returning to the lagoon each flood tide. This factor b varies
between 0 and 1, respectively the ratio where the entire tidal prism volume contributes to the water exchange
and the ratio where the tidal flow does not renew the water in the lagoon. Results are shown below in table
4.8. Figure 4.17 shows the mean flushing time in days, where factor b varies between 0 and 1.

Table 4.8: Flushing time per season

Flushing time for ratio b [days]
Season 0.0 0.25 0.5 0.75 1.0

Dry 8.12 10.74 15.86 30.34 348.75
Rainy 7.80 10.20 14.71 26.40 128.44
Nortes 7.84 10.26 14.85 26.84 139.50

Annual 7.87 10.34 15.01 27.37 155.00

Figure 4.17: Mean flushing time for different ratio of b [days]

In Terminos Lagoon the yearly average flushing time ranges between 8 and 155 days, for a tidal flow factor
of 0 and 1 respectively, see figure 4.17. As this wide range is not an informative result, research should be
conducted into the returning flow at the tidal inlets in order to precisely define the flushing time of the la-
goon. Furthermore, it is be found that the flushing time varies over the seasons due to the difference in river
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discharge. The larger the factor of tidal returning flow, the more the seasonal difference will become.

4.3. Spatial characteristics
In this section, different spatial characteristics are touched on. Salinity, water temperature and dissolved oxy-
gen data, measured at SEMAR and E.Pargo, are visualised. Sediments near Terminos Lagoon are presented.
Explained is the use of remote-sensed data products to obtain measures of temperature and Secchi depth.

4.3.1. Salinity
Water salinity is measured during the field measurement campaigns and at the stationary observatories of
E.Pargo and SEMAR. At the observatory stations, see figure 3.1, the salinity is not measured directly. The
salinity is expressed in practical salinity unit, PSU, which is a unit based on the properties of sea water. The
practical salinity unit is the salt concentration in g/kg. Based on the measured conductivity and temperature
at these locations, the salinity can be derived. This derivation is done following the example of Foffonof and
Millard [24]. The calculation is elaborated in appendix K.

The salinity at both stations is plotted in figure 4.18 and 4.19. The data sets of the observatory SEMAR and
E.Pargo have a duration of respectively 22 and 16 months. Both data sets show gaps, especially the data set
of observatory E.Pargo. It has a large gap from April to October 2017. The reason for these gaps is unknown.
Although data is missing, visualisation seems to confirm that SEMAR and E.Pargo show a similar deviation
in the box plot. The data set of observatory SEMAR is missing data in the month September and has limited
data available in the month August. From the SEMAR data, seasonal variability can be observed. In the period
October to February, which is a part of the Nortes season, the deviation of salinity is large, while the salinity is
almost constant in April, which is part of the dry season. The large deviation in salinity could be explained by
the strong wind events during the Nortes season. A clear pattern can be observed in the median of the salinity.
The maximum monthly median salinity is measured in the month April, which is part of the dry season. This
could be explained as a result of the reduced fresh water inflow of the rivers, see the discharge rates in table
4.4, which in turn are a result of the lower precipitation rates, see figure 4.1.

(a) Salinity at observatory SEMAR (b) Box plot of the salinity at observatory SEMAR, see ap-
pendix G for box plot features

Figure 4.18: Salinity of the water in Terminos Lagoon, measured at the observatory Semar, hourly averages from October 2016 - August
2018
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(a) Salinity at observatory E.Pargo (b) Box plot of the salinity at observatory E.Pargo see ap-
pendix G for box plot features

Figure 4.19: Salinity of the water in Terminos Lagoon, measured at observatory E.Pargo hourly averages from October 2016 - March 2018

4.3.2. Water temperature
Temperature of water is measured at depth during the field measurement campaigns and at fixed height at the
observatory stations. Spatial variation of surface water temperature per season is investigated using satellite
imagery. The water temperature at the observatory station SEMAR has a yearly fluctuation between a min-
imum temperature of 22.6 °C, in January, and a maximum temperature of 34.6 °C in August. During the dry
season an increase in atmospheric temperature is observed, while during the Nortes season the atmospheric
temperature is decreasing. On a daily basis the water temperature fluctuates with 1 to 3 °C. The range of daily
fluctuation in temperature are smaller for water, compared to air. This is intuitive; water warms and cools
slower than air. The fluctuations in the water temperature are related to the fluctuations in the atmospheric
temperature. The water temperature, however, reaches its daily maximum on average 2.5 hours later than
the atmospheric temperature. In other words, there is a lag between the water temperature and atmospheric
temperature. These findings are depicted in figures 4.20 and 4.21.

(a) Water temperature at observatory SEMAR (b) Box plot of the water temperature at observatory SE-
MAR, see appendix G for box plot features

Figure 4.20: Water temperature, measured at observatory SEMAR, hourly averages from October 2016 - August 2018
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(a) Water temperature and atmospheric temperature at
observatory SEMAR

(b) Phase shift between water temperature and atmo-
spheric temperature at observatory SEMAR

Figure 4.21: Water temperature and atmospheric temperature, measured at observatory SEMAR, hourly averages from October 2016 -
August 2018

Temperature fluctuations in space and between seasons are looked at using satellite imagery. Landsat 8 has
two distinct thermal bands in the infra-red spectrum, which can be used to easily obtain top of atmosphere
brightness temperature [5, 34]. This temperature can then be used as reference material. It is, however, at-
mosphere uncorrected. As in-situ measurements and temperatures as calculated using Landsat images differ,
the temperature maps resulting from processing Landsat imagery will not be used as direct temperature mea-
surements. They can, however, be used to look into the spatial patterns of temperature within and near the
Terminos Lagoon. Extracting temperature from the Landsat imagery is done as follows.

The Digital Numbers (DN) provided by the raw data are first converted to at-sensor spectral radiance using
equation 4.10:

Lλ = ML ·Q + AL (4.10)

With:

Lλ = spectral radiance [W/(m2· sr ·µm)]
ML = radiance multiplicative scaling factor for the band [-]
AL = radiance additive scaling factor for the band [-]
Q = pixel value [DN]

Band 10 is used as thermal band. Now the atmosphere uncorrected surface temperature can be determined
using equation 4.11:

T = K2

Ln( K1
Lλ+1 )

−273.15 (4.11)

With:

T = top of atmosphere brightness temperature [°C]
Lλ = spectral radiance [W/(m2· sr ·µm)]
K1 = thermal conversion constant for the band [-]
K2 = thermal conversion constant for the band [-]

All necessary constants are provided in the meta file, included with the data. A total of five images per season
are collected, one for every year since 2014. Tides for each acquisition are determined using the tidal signal
found in subsection 4.2.1. Following this, top of atmosphere brightness temperature pattern in the lagoon is
compared per season.
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4.3.3. Dissolved oxygen
Dissolved oxygen (DO), is a water quality parameter that is important for aquatic life [2]. Different species
need different amounts of dissolved oxygen. Roughly there are two groups, bottom feeders and shallow water
fish. They need, respectively, minimum amounts of oxygen between 1-6 mg/L and 4-15 mg/L. In the northern
Gulf of Mexico a concentration of dissolved oxygen less than 2 mg/L is considered to be the limit at which
water can no longer support living aquatic organisms [41]. This is called hypoxia. Measurements of dissolved
oxygen are performed at the observatory stations, E.Pargo and SEMAR, and during the field measurement
campaigns.

Dissolved oxygen has different sources, as it can enter the water through air by diffusion, or by aeration via
wind and via photosynthesis, where oxygen is produced as by-product. The process of photosynthesis causes
daily variations of oxygen concentration. During the day the concentration of dissolved oxygen increases due
to sunlight. This is in contrast to the night, where the amounts of dissolved oxygen are used in respiration
by the organisms [2]. Therefore, the dissolved oxygen concentrations are higher during the day than at night.
Furthermore, the concentrations at the SEMAR station are expected to be higher than concentrations of the
E. Pargo station, as, in general, concentrations are higher in open water than in small channels. This is due to
the fact that open water receives more oxygen via diffusion and wind.

Figure 4.22 shows the measured dissolved oxygen concentrations at SEMAR and E. Pargo respectively. The
original SEMAR data is shifted by +0.69 in the period 26 October 2016 until 11 February 2017 and by +0.19 in
the period 11 February 2017 until 4 August 2017, as measurements were not calibrated properly. By applying
these offsets to the data, the minimal values are artificially set to zero. This has implications on the reliability
of the dissolved oxygen levels. However, the fluctuations can still be analysed. In figures 4.23a and 4.23b
small parts of the data are given to investigate the daily fluctuations. The red line in the plots indicates the
hypoxia limit of 2 mg/L [41]. Dissolved oxygen concentrations below this limit occur for both the SEMAR and
E.Pargo stations. Furthermore, concentrations at both stations vary over the length of the day. Remarkably the
peaks in the concentrations occur mostly at night instead of midday. This is unexpected as photosynthesis
is maximum in the daytime. Finally, it is expected that concentrations of dissolved oxygen at SEMAR are
higher than at E.Pargo, as tidal and wind influences are higher at the SEMAR station. However, this can not
be confirmed due to different measurement periods.

It can be found that these measurements of dissolved oxygen are erroneous, as measurements are incomplete
and not in line with expectations. Therefore, dissolved oxygen measurements from the observatories SEMAR
and E.Pargo are not further used within this research.
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Figure 4.22: Dissolved oxygen in the water at observatories SEMAR and E.Pargo, hourly averages from October 2016 - August 2018

(a) Detail of the dissolved oxygen concentration at obser-
vatory SEMAR

(b) Detail of the dissolved oxygen concentration at obser-
vatory E.Pargo

Figure 4.23: Details of the measured dissolved oxygen concentration at observatories SEMAR and E.Pargo

4.3.4. Sediments
A literature study is conducted to find sediment distribution of Terminos Lagoon, as sediments distribution
data are not available. In figure 4.24 a distribution of the sediments in Campeche Sound and Southern Mexico
is given. The sediments at the bottom of the sea, located in front of Terminos Lagoon inlets, are mainly
carbonate salty silt and carbonate mud. Mud is a mixture of material with a silt and clay size. Carbonate salty
silt is possibly transported through the Puerto Real inlet and carbonate mud through the Carmen inlet.
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Figure 4.24: Sediment distribution in Campeche Sound and Southern Mexico, with the location in longitude and latitude [47]

4.3.5. Secchi depth
According to Lee et al. (2016) the transparency or water clarity is the first order description of the quality
status of an aquatic environment [36]. It is a measure of depth from water surface level to the depth where
one can still see into the water. Higher Secchi depths means clearer water. Lower Secchi depths means more
turbid or colored water. The Secchi depth depends on day’s conditions and the eyesight of the observer.
Processes that are dependent on the underwater light field are biological, physical and chemical processes,
like photosynthesis, sediment suspension and nutrient cycling respectively [10]. Secchi depth is measured
during the fieldwork campaigns and by processing satellite imagery.

During fieldwork campaigns the transparency is measured by visual observation, the method is described
in chapter 3.4. Secchi depth is also determined using Landsat 8 imagery, using a semi-analytical scheme
[36, 48]. This methodology is chosen as it links remote-sensed measurements directly to Secchi depth. A
Landsat 8 image of the 4 September 2018 is compared to the field campaign measurements of the 5 and
7 September 2018 for quality assessment of the chosen method, which is presented in appendix E. Secchi
depth determination using remote-sensed imagery is deemed appropriate to look into spatial distribution of
the parameter, though absolute values of these measurements cannot be guaranteed to be valid.

Secchi depth (Zsd) through remote-sensed imagery is determined mainly using the following formula:

Zsd = 1

2.5Mi n(K tr
d )

l n(
|0.14−R tr

r s |
0.013

) (4.12)

With:

K tr
d = Diffuse attenuation coefficient at the transparent window of the water body [m-1]

within the visible domain (410-665 nm wavelength)
R tr

r s = Remote-sensing surface reflectance corresponding to this wavelength [sr-1]

To obtain surface reflectance Rrs
tr from the Landsat 8 imagery, the Acolite algorithm is used, as detailed in

Vanhellemont and Ruddick (2014) [66]. Kd
tr is derived using a mix of empirical and analytical formula’s,

which are described in appendix E. A total of five images per season are processed, similar to the ones used
to look into thermal structure within the lagoon. Tides for each acquisition are determined using the tidal
signal found in 4.2.1. Secchi depth in the lagoon is then compared per season.

4.4. Statistical dependence
In this section the correlations between the hydrological processes and spatial characteristics (salinity and
water temperature) of the SEMAR data are presented. The Bayesian network of Terminos Lagoon is given,
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subsequently the correlation matrix is shown. The purpose of the Bayesian network is to achieve a better
understanding in the dependence of the individual parameters based on the available data. This information
is used to draw conclusions about consequences of future developments. Lastly, the highest correlations will
be investigated in detail by the application of semi-correlations.

The dependence between two variables, variables X and Y, can be quantified in different ways. Pearson’s
correlation coefficient (ρX Y ) is a measure to quantify the linearity between the variables X and Y [32]. The
correlation coefficient can be positive, if X grows than Y grows, or negative, if X grows than Y decreases. The
Pearson correlation coefficient is defined between -1 and 1. The values are defined as follows:

• X and Y are fully independent, ρXY=0;
• X and Y are perfectly dependent,ρXY= ± 1;
• X and Y are dependent, -1 < ρXY < 1.

The Spearman rank correlation is another measure to quantify the degree to which X and Y depend through a
possibly non-linear but monotonic function of each other. This method ranks the original data of X and Y on
the interval from 0 to 1, in contrast to Pearson. Based on these ranks the correlation coefficient is determined.

4.4.1. Bayesian network
A Bayesian network (BN) is a graphical model for representing multivariate probability distributions. The
purpose of constructing a network is to model conditional dependence. Accordingly, one can conduct infer-
ence on the random variables.

A Bayesian network is build out of nodes, where each node represents an individual random variable such as
the atmospheric temperature, and directed arcs, which represent dependence between two nodes. The arcs
connect the nodes which are expected to have a dependence, for example the discharge is expected to have
an influence on the salinity. The direction of the arc is essential, as discharge is expected to have an influence
on the salinity, not vice versa.

In figure 4.25 the BN of Terminos Lagoon is shown. As not all data are available for the same time span,
indicated by figure 3.2 in section 3.1, it is required to construct the Bayesian network with three different
’clusters’. Each cluster is a small Bayesian network with parameters recorded at the same time. The precipi-
tation is recorded in cluster 1 (October 2016 - August 2018) as well as cluster 2 (April 1992 - November 2014),
indicated as P and P2. As precipitation has a perfect positive correlation with itself (correlation of 1.0), this
parameter is used to connect clusters 1 and 2. The same is true for the atmospheric temperature connecting
clusters 1 and 3. The discharge and evaporation are expected to have an influence on the salinity. As these pa-
rameters have not been measured in the same period, their correlation is determined based on their monthly
average values. This leads to 12 values which are used to compute the correlation.

The text on the arcs expresses the type of correlation. Some values indicate conditional rank correlations,
which are the correlations between two nodes given other parameters. For instance Sal AT | P means the
rank correlation between salinity and atmospheric temperature given the precipitation. This should not be
confused with unconditional rank correlations which are given in the correlation matrix in table 4.9.
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Figure 4.25: Bayesian network Terminos Lagoon

4.4.2. Correlation matrix
Uninet is used to obtain the correlation matrix. Uninet is a software package, which can couple random
variables to a Bayesian network [8].

Table 4.9: Correlation matrix Terminos Lagoon (obtained using Uninet), with WT = Water temperature, AT = Atmospheric Temperature,
P = Precipitation, Sal = Salinity, Ev = Evaporation, Q = Discharge

WT AT P Sal P2 Ev AT2 Q
WT 1 0.779 0.481 0.314 0.481 0.486 0.779 0.262
AT 0.779 1 0 0.613 0 0.617 1 0
P 0.481 0 1 -0.333 1 0 0 0.530

Sal 0.314 0.613 -0.333 1 -0.333 0.355 0.613 -0.732
P2 0.481 0 1 -0.333 1 0 0 0.53
Ev 0.486 0.617 0 0.355 0 1 0.617 0

AT2 0.779 1 0 0.613 0 0.617 1 0
Q 0.262 0 0.530 -0.732 0.530 0 0 1

The correlation coefficients are checked with the critical values for Pearson’s correlation, for a two-sided test,
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with a level of confidence of 5%. These critical values are given in table 4.11 [42] and depend on the number
of samples (n) (table 4.10). These values are used to check the non-hypothesis: you cannot say that the
correlation coefficient is not equal to 0. If a correlation coefficient from table 4.9 is larger than the critical
value, than the non-hypothesis can be rejected and the correlation is not 0. The non-hypothesis cannot be
rejected for the correlations WT-Sal, AT-P, Sal-P, Sal-Ev, Ev-P, Ev-Q and Q-AT. Some of these correlations need
a larger number of samples, therefore more data is required.

Table 4.10: Number of samples for correlations, with WT = Water temperature, AT = Atmospheric Temperature, P = Precipitation, Sal =
Salinity, Ev = Evaporation, Q = Discharge

Parameter 1 Parameter 2 Number of samples Rejected (X) not rejected (x)
WT AT 22 X
WT Sal 18 x
WT P 22 X
AT Sal 18 X
AT P 22 x
Sal P 19 x
Sal Q 11 X
Sal Ev 11 x
Ev P 368 x
Ev Q 273 x
Q AT 272 x
Ev AT 169776 X
P Q 272 X

Table 4.11: Critical values Pearson’s correlation with a 5% confidence interval

Number of samples - 2 Critical value Pearson
9 0.602

10 0.576
11 0.553
12 0.532
13 0.514
14 0.497
15 0.482
16 0.468
17 0.456
18 0.444
19 0.433
20 0.423

> 100 0.195

The correlation coefficients for which the non-hypothesis is rejected can be interpreted using the definitions
of table 4.12. As the interpretation of correlation coefficients vary per context, for simplicity the interpreta-
tions of Hinkle (1988) [28] are used. The strength of the correlation is not dependent on the sign.

From the correlation coefficient matrix (table 4.9) can be observed that the salinity is mostly dependent on
the discharge, which has a negative correlation of -0.732. This can be explained by the freshwater inflow
which lowers the salinity in the lagoon. The water temperature is mostly dependent on the atmospheric
temperature with a positive correlation of 0.779. These two correlations are the only parameters that have a
high correlation. There are three combinations that have a moderate positive correlation: atmospheric tem-
perature - evaporation, atmospheric temperature - salinity and precipitation - discharge, with a correlation
coefficient of 0.617, 0.613 and 0.530 respectively. However, a side note must be made with respect to the
correlation between atmospheric temperature and evaporation. The data set of evaporation is not based on
measurements, but is calculated using Penman’s equation, equation 4.1. The values of different data sets are
used, including the atmospheric temperature data set. So, this results in a higher correlation. The correlation
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Table 4.12: Interpretation of the Pearsons ranked correlation coefficient [28]

Size of correlation coefficient Interpretation
0.90 to 1.00 (-0.90 to -1.00) Very high positive (negative) correlation
0.70 to 0.90 (-0.70 to -0.90) High positive (negative) correlation
0.50 to 0.70 (-0.50 to -0.70) Moderate positive (negative) correlation
0.30 to 0.50 (-0.30 to -0.50) Low positive (negative) correlation
0.00 to 0.30 (0.00 to -0.30) Negligible correlation

atmospheric temperature - salinity, probably contains some intermediate steps. Two possible reasons for
this correlation are: higher atmospheric temperature corresponds to periods of lower precipitation and thus
lower discharges which results in a higher salinity, or higher atmospheric temperature results in higher pre-
cipitation rates, less water in the basin and thus a higher salinity. The correlation between precipitation can
be explained by the fact that the Palizada river is a precipitation river. Higher precipitation rates will result in
a higher discharge.

The results are based on datasets of different locations. The consequence of this is that the correlation coef-
ficients may be weaker than they would be in reality. Also the measurement frequencies of the datasets are
different. This has a large effect for cluster 1. To determine the correlation, all the measurements are monthly
averages for cluster 1. This reduces the datasets of cluster 1 to 22 values to compute the correlations. For
cluster 2 and cluster 3 the entire dataset is used.

4.4.3. Semi-correlations
Semi-correlations are a tool to validate how well a certain copula describes the bivariate distribution of vari-
ables X and Y. In this method the empirical data of X and Y is transformed to standard normal, meaning X
and Y have a mean equal to zero and a standard deviation equal to one. Accordingly this data is plotted and
divided into quadrants where the vertical line is located at the mean of the X data and the horizontal line is
located at the mean of Y data. The definition of the quadrants is as follows: Quadrant 1 is the north eastern
quadrant, Quadrant 2 is the north western quadrant, Quadrant 3 is the south western quadrant, Quadrant 4
is the south eastern quadrant. Next, the correlation coefficients of each quadrant are calculated, which are
called the semi-correlations. Like the correlation coefficients the semi-correlations have a value between -1
and 1 to express the linear dependence between variables X and Y. These values are compared to several fam-
ilies of copulas, for example the Gaussian copula, to determine which copula represents the empirical copula
best. It might be the case that one copula is best in describing a certain quadrant while another quadrant is
not well described by the same copula. Therefore the choice for a copula also depends on which quadrant
is of most interest. For instance in the case of flooding (maxima) the upper quadrant is the most important,
while in the case of drought (minima) the lower quadrant is most important.

In section 4.4.2 it was found that only two correlations can be indicated as a high correlation. Firstly the
water temperature and atmospheric temperature and secondly the salinity and discharge. As mentioned
before the correlation between salinity and discharge is only based on the 12 monthly averaged values due
the non-corresponding measuring times. Therefore, only the correlation between water temperature and
atmospheric temperature is investigated using semi-correlations.

Water temperature and atmospheric temperature
Figure 4.26 shows the bivariate distribution of the water temperature and atmospheric temperature trans-
formed to standard normal. Based on the correlation of these parameters different copulas are fitted from
which the semi-correlations are calculated. The plots of these copulas can be found in appendix N.
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Figure 4.26: Semi-correlation water temperature and atmospheric temperature

Table 4.13 shows the Pearson’s correlations for each quadrant, for the empirical copula as well as the other
copulas. At first sight, there is not a distribution which represents the empirical data well in each quadrant.
The lower tail, in quadrant 3, is best described by T. The upper tail, in quadrant 1, is best described by Clayton.
The remaining quadrants 2 and 4 are reasonably represented by respectively T and Frank. Overall, the T-
copula is considered to give the best representation of the empirical bivariate distribution.

Table 4.13: Values of the semi correlations between water temperature and atmospheric temperature

Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4
Empirical 0.0442 0.2110 0.5974 0.1314
Gaussian 0.2802 0.1321 0.3747 0.0729

Gumbel 0.7038 0.1712 0.4181 0.2302
Clayton 0.1759 -0.0459 0.7703 0.0281

Frank 0.3747 0.1183 0.3592 0.1940
T 0.5083 0.2258 0.5117 0.0478





5
Results and discussion - Spatial

distribution

In this section the results and discussion of the spatial distribution of salinity, water temperature, dissolved
oxygen, Secchi depth and sediments are given. Where possible, the seasonal distribution of the spatial char-
acteristics is presented. The profile line of the fieldwork measurement locations can be observed in figure 5.1.
The point indicated with the yellow arrow in figure 5.1b is an additional measurement, which was added a few
hours later after hypoxia was measured. Measurements of the field campaigns were taken during upcoming
flood.

(a) Palizada campaign measurement locations and corre-
sponding profile lines

(b) Candelaria campaign measurement locations and
corresponding profile line

Figure 5.1: Profile lines and measurement locations field campaigns, background image from Landsat 8 13-04-2018

5.1. Salinity
Salinity at different depth percentages is shown in figure 5.2 for the fieldwork measurements done in Septem-
ber 2018. The depth percentages are similar to the three depth percentages of the Delft3D-FLOW models.
Percentages per line indicate at what depth percentage the salinity is calculated. Depth averaged salinity
profiles of the Palizada and Candelaria profiles are given in figure 5.3.

Figure 5.4 shows different modelled salinity depth profiles. In appendix J more results of the salinity profiles
over depth from different stations and seasons are given. In figure 5.5 the depth averaged salinity in PSU is
shown for the three different seasons at station 6 (close to the Palizada river mouth, see appendix F), deter-
mined with Delft3D-FLOW. This model included tides, wind and the Palizada river discharge.
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Figure 5.2: Salinity profiles field campaigns 2018 at varying depth percentages

(a) Salinity of Palizada measurement campaigns (b) Salinity of Candelaria measurement campaign

Figure 5.3: Salinity profiles of the measurement campaigns

Figures 5.2 and 5.3 show that salinity spikes significantly when water reaches the lagoon. The two measure-
ment campaigns show similar patterns in salinity, where depth averaged salinity increases from river outlet to
tidal inlet. Along the chosen lines, salinity in the lagoon is lower than at sea. From the field measurements it
seems that the eastern part of the lagoon is mixed better over depth and is slightly more saline, as the salinity
of the top, middle and bottom parts of the lagoon lay closer together for the Candelaria campaign than the
2018 Palizada campaign (figure 5.2). This is probably due to the shallower regions of the eastern Terminos
Lagoon, in comparison with the western lagoon.

As the Palizada is the biggest contributor of fresh water to the lagoon, lower salinity in the western part of the
lagoon would be expected. However, this expected lower salinity in the western part does not show in the
field measurements. Also, the differences between different years show larger deviation in salinity than the
difference between the eastern and western part of the lagoon in one year.

Figure 5.3 shows that in 2017, the salinity was lower than salinity in 2016 and 2018. At larger water depth,
salinity is mainly higher than in shallower water layers, showed by figure 5.2. This can be a result of different
tides or weather conditions at data collection moments. The top 20% layer for the Candelaria campaign is
lacking data points near the river mouth. This lack of data points explains the intersection of the top 20 %
line with the other two lines.

From the modelled depth averaged salinity in figure 5.5, it turns out that there is variation in salinity in space.
The variation in salinity is strongly related to the discharge of the Palizada river and thus the seasons. The
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(a) Dry season (b) Rainy season (c) Nortes season

Figure 5.4: Salinity profile over depth of Estacion 6 for different seasons

difference can be seen if the dry season, figure 5.5a, is compared to the rainy and Nortes season, figure 5.5b
and figure 5.5c respectively. From the fieldwork measurements and the Delft3D-FLOW model follows there is
also variation in salinity over depth. However, this variation in salinity over depth at one location is smaller
than 0.1 PSU, according to the Delft3D model. This means the system can be considered as well mixed. The
effect of the river on the salinity becomes clear in figure J.2 and figure J.3. In these figures, the salinity of the
upper layer is larger than the salinity deeper in the water column, this changes at Estacion 6, see figure J.4.
These figures show variation of salinity over depth. However the field measurements (figure 5.2) indicate that
the variation at one location and at one specific moment in time is larger than the variation of the salinity
over depth by the Delft3D-FLOW model.

(a) Depth averaged salinity - dry season (b) Depth averaged salinity - rainy season

(c) Depth averaged salinity - Nortes season

Figure 5.5: Depth averaged salinity of the different seasons

Combining figures 5.5 and 5.3a, figure 5.6 is created. While the modelled seasonal averaged values are re-
markably close to the measured salinities, negligible differences in salinity over depth are present in the
model. Figure 5.6 represents the western part of the lagoon. Salinity is overestimated for the eastern part
of the lagoon by about 10 PSU. The salinity of the Palizada river being set to zero in the Delft3D model thus
seems appropriate. More fresh water outlets should be included in the Delft3D-FLOW model to better model
the eastern lagoon.
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Figure 5.6: Comparison salinity Palizada campaign to Delft3D-FLOW model for rainy season

5.2. Water temperature
The water temperature profiles of Palizada and Candelaria campaigns are shown in figure 5.7. The profiles
follow the line of the fieldwork campaigns as shown in figure 5.1.

Figure 5.7 shows that the temperature is increasing from Palizada and Candelaria to river outlet. From the
river outlet to the tidal inlet, the temperature decreases for the Candelaria campaign. For the Palizada cam-
paign the temperature fluctuates. The water temperature over the lagoon are less constant for the Candelaria
campaign than the Palizada campaign. The coolest year, 2017, shows lowest water temperatures.

(a) Water temperature profiles of Palizada measurement
campaigns

(b) Water temperature profile of Candelaria measurement
campaign

Figure 5.7: Water temperature profiles of the measurement campaigns

Figure 5.8 shows the spatial distribution of top of atmosphere brightness temperature within Terminos La-
goon for dry, rainy and Nortes seasons during flood tide. These figures are chosen as representative for that
specific season. A comparison at peak horizontal ebb for two seasons is given in figure 5.9. Temperature
distribution maps for other dates can be found in appendix D.
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(a) Dry season, 07-05-2015 (b) Rainy season, 26-07-2015

(c) Nortes, 20-01-2017

Figure 5.8: Spatial distribution of temperature in Terminos Lagoon for the different seasons during flood. White indicates cooler regions,
red indicates warmer regions

(a) Dry season, 01-03-2014 (b) Nortes, 28-01-2014

Figure 5.9: Spatial distribution of temperature in Terminos Lagoon for the different seasons during ebb. White indicates cooler regions,
red indicates warmer regions

Figures 5.8 and 5.9 show that the water temperature is higher close to land surfaces. This warmer water
spreads along the dominant local flow direction. This temperature structure comes back in figure 5.7a and
5.7b. The swirls in the middle of the lagoon observed in these figures roughly correspond with the circulating
residual current in the eastern part of the lagoon. This confirms the presence of the residual current as de-
scribed in subsection 4.2.3. During dry season, the northward movement of the circulating residual current
cannot be seen in the water temperature distribution. Tides are distinguishable by looking into water tem-
perature distribution. During ebb, a zone with different temperatures than its surroundings is visible from
tidal inlet into the sea. The opposite is true during flood. The lagoon main basin has often a higher water
temperature than the sea, the western part most often has a higher water temperature than the eastern part.
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During Nortes, the temperature difference between west and east follows the boundary of the tidal water-
shed (subsection 4.2.2). This is visible in figures 5.8c and 5.9b. During ebb, the water that is flowing out of
the lagoon is flowing further away during Nortes than during dry season, which is seen in the larger temper-
ature zones at the Carmen inlet during Nortes. This is visible in figure 5.9. The reason for this might be the
additional water that flows out of the lagoon due to the larger river discharge in the Nortes season. Conform
the field measurements, the temperature from Palizada river to Carmen tidal inlet is close to constant, with
highest temperatures close to the river outlet.

Temperature structures over a large area are easily disturbed by clouds. For the rainy season, this causes prob-
lems in acquiring clear thermal images of the lagoon. The low overpass frequency of the Landsat missions,
15 days, gives high uncertainty of good circumstances on a given day. Other problems are the tides. These are
distinguishable from resulting images, but should always be taken into account when using applied method-
ology.

5.3. Dissolved oxygen
Figure 5.10 shows the dissolved oxygen concentration according to the field measurements along the lines of
both Palizada and Candelaria river in figure 5.10a and 5.10b respectively.

(a) Dissolved oxygen profiles of Palizada measurement
campaign

(b) Dissolved oxygen profile of Candelaria measurement
campaign

Figure 5.10: Dissolved oxygen profiles of the measurement campaigns

In 2017, the average lowest dissolved oxygen concentration is measured for the Palizada measurement cam-
paign, see figure 5.10. The east side of the lagoon has lower dissolved oxygen concentrations than the west
side of the lagoon. It is noticeable that dissolved oxygen concentrations show high variations. Furthermore,
as only daytime dissolved oxygen concentrations are measured, daily variations cannot be investigated.

5.4. Secchi depth
Figure 5.11 shows the Secchi depth results along the line of the fieldwork campaigns, respectively Palizada
and Candelaria in 5.11a and 5.11b. It shows the lowest measured Secchi depths at the river outlet. The field-
work results show that water tends to get clearer away from the river, up until right after the inlet, where
Secchi depth drops again. Changes over the years are relatively small, though noticeable. The 2016 Palizada
campaign has clearer water in the direction of the Carmen inlet, which is most likely due to a combination
of upcoming ebb and the location of the last measurement. The east has clearer water than the west of the
lagoon.

In figure 5.12 the Secchi depth from remote-sensed data is shown for the three different seasons. These figures
are chosen as representative for the corresponding season, during flood tide. Secchi depth from remote-
sensed data is also determined during ebb for dry season and Nortes, which are shown in figure 5.13. The
west of the lagoon and the Carmen inlet have relatively low Secchi depth, which probably is the result of the
Palizada river. This result comes back in the fieldwork data (figure 5.11). High sediment output of this river
and flow in western direction seem to accumulate more light-reflecting particles in the west, compared to
elsewhere in the lagoon. In the tidal flats near the Puerto Real inlet there is a local minimum, possibly caused
by erosion of the tidal delta. The water of Terminos Lagoon seems more clear in the centre and east of the
lagoon. In between these clearer areas, more turbid water is observed. This turbid water can be a result of
particles from eroding tidal flats as they move from the inlet and follow the residual current. Along the coast
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(a) Secchi depth profiles of Palizada measurement cam-
paign

(b) Secchi depth profile of Candelaria measurement cam-
paign

Figure 5.11: Secchi depth profiles of the measurement campaigns

of Isla del Carmen and in the western lagoon, Secchi depth is low. Water near river mouths are more turbid
than surrounding areas, as the rivers bring with them more light-reflecting particles. It is also evident that
there are more sunlight reflecting particles near the western banks of the mainland outside of the lagoon
than along the coast of Isla Aguada.

(a) Dry season, 07-05-2015 (b) Rainy season, 08-08-2014

(c) Nortes season, 20-01-2017

Figure 5.12: Secchi depth in Terminos Lagoon for different seasons during flood
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(a) Dry season, 01-03-2014 (b) Nortes season, 28-01-2014

Figure 5.13: Secchi depth in Terminos Lagoon for different seasons during ebb

Nortes seems to be significantly less turbid than other seasons. The surrounding landscape and the Gulf of
Mexico further from the coast, assumed to provide a relatively constant Secchi depth, but the Secchi depth
changes during all seasons in this area. These differences may be attributed to differences in atmospheric
properties between the seasons. It cannot be concluded whether this attributes to all of the differences ob-
served. Similar as in thermal imagery (figure 5.9), it seems from figure 5.13 that during ebb in the Nortes
season water is transported further out of the lagoon than during ebb in dry season. The field measured
Secchi depths look similar to the remote-sensed Secchi depths for the western Terminos Lagoon in the rainy
season, see figure 5.11 and 5.12. Secchi depth discrepancy between field measurement and remote-sensed
measurements is larger for the eastern lagoon than the western part.

The eastern part of the lagoon seems significantly clearer than the western part, which is in line with the
field measurements. This is most likely caused by the combination of flow patterns and the Palizada river.
Generally, the residual current is in the direction of the Carmen inlet and the Palizada river is the biggest
contributor of sediments to the region. Based on Secchi depth, the Terminos Lagoon can be divided in two
parts: in a more clear eastern part and a more turbid region in the western part. The turbidity of the centre
and east of the lagoon seem to be strongly tidally dependent. This also explains the relatively large "jump"
in Secchi depth for the two measurement points of the Candelaria campaign, which were measured close to
each other at different times.

5.5. Sediments
Sediments are deposits that settle the bottom of a liquid. The amount of the deposits is unknown, therefore
a quantitative description of the sediments is not given. However, the distribution of the sediment sizes is
available, see figure 5.14. In this figure the sediments are divided by grain sizes: clay < 0.002 mm, 0.002 < silt
< 0.063 mm and 0.063 mm < sand < 2 mm.

Sand size sediment is present at Puerto Real inlet, the navigation channel of the Carmen inlet and the coast
of Isla del Carmen. Sediments with a silty clay size are located at the Candelaria en Mamantel estuary, at
the east of the lagoon and at some smaller regions in the middle of the lagoon. A mix of sand, silt and clay
sized sediments are deposited at the Palizada estuary, the Carmen inlet and a region across the lagoon. The
sediments in the rest of the lagoon consist of silty and clayey sand deposits (figure 5.14).
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Figure 5.14: Distribution of sediment sizes in Terminos Lagoon [44]

Sediments are transported by currents, so the sediment distribution is influenced by the residual current
direction (figure 4.16) [14]. The distribution of alluvial sediments depends on the river discharge. It can
be assumed that the alluvial sediments have a relatively large range in grain sizes: from clay to sand [11].
The sediments imported at the Puerto Real inlet are carbonate salty silts, which have a greater grain size
than carbonate mud, that is imported by the Carmen inlet (see figure 4.24). Figure 5.14 also shows that the
sediment size is larger near the Puerto Real inlet than the Carmen inlet. However, there is a difference in
grain size, because in figure 5.14 the sediments near the Puerto Real inlet have a sand size and the sediments
outside the Puerto Real inlet have a silt size (figure 4.24). One reason of this difference could be that two
different soil classification rules are used.

The area of the present alluvial sediments, with a wide range of particle sizes, is greater for the Palizada river
than for the Candalaria, Chumpan and Mamantel rivers. So the Palizada river transports more alluvial sedi-
ments than the other rivers. The discharge is higher for the Palizada river than the other discharging rivers.
So a higher river discharge could lead to a greater distribution area of alluvial sediments. By looking at figure
5.14, it seems the Palizada river sediments are deposited in an area from the outlet of the Palizada river to the
Carmen inlet, so the direction of the sediment transport by the river is expected to go from the Palizada outlet
to the Carmen inlet. This is conform the residual current in figure 4.16.

The Secchi depth is lower for the zones with sand silt clay sized material and sand sized sediments. The Secchi
depth is higher for silty and clayey sand. These results could mean that the sand silt clay sized material con-
tains more sediments that can be in suspension in comparison with the silty and clayey sand. The presence
of erosion could be a reason why the Secchi depth is smaller in the zones with sand silt clay sized material.
The suspended sediments from erosion lead to lower Secchi depths, visible in figure 5.12.
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Results and discussion - Future

developments

In this chapter possible future developments will be discussed. First developments in climate change will
be touched on, then the potential morphological changes of Terminos Lagoon. Finally, input of industrial
contaminants into the lagoon will be briefly discussed.

6.1. Climate change
According to Eugene Y. Chan [17] climate change refers to a gradual change in the Earth’s climate and physical
geography that accompany an increase in the Earth’s temperature. Today, it is one of the greatest challenges
facing life on Earth [17]. Both international and regional effects can be distinguished. Acknowledged effects
are sea level rise, increase in global temperature and more extreme weather events.

Likewise, Terminos Lagoon could be influenced by changes in climate. Though most models agree on the
sign of change for atmospheric temperature and precipitation rates on a global scale [33], exact numbers
are difficult to predict. For Terminos Lagoon, increased atmospheric temperatures and sea level are likely
to occur. Precipitation rate changes are more uncertain, as mentioned models show changes in sign of pre-
cipitation rate change per season [33]. Relevant to this study is how various hydrological and hydrodynamic
processes, as well as the spatial characteristics within Terminos Lagoon will change. Hence, the scenarios
that are considered on the case of Terminos Lagoon are:

• change in annual precipitation rate;
• increase in atmospheric temperature;
• increases in sea level.

The scenarios will be described using the information gathered in the previous chapters. Information from,
among others, the water balance and statistical dependencies are used to substantiate possible consequences
following said scenarios. These consequences are qualitatively in nature, though quantitatively where possi-
ble.

6.1.1. Change in precipitation rate
Changes in precipitation rate influence the influx of fresh water into the lagoon. All rivers that flow into the
lagoon are rain-fed rivers and therefore will be influenced by a change in precipitation rate. The moderate
positive correlation of 0.53 between precipitation and discharge confirms this (section 4.4). A change in wa-
ter influx will change the net outflow through the inlets as well. Probable changes in precipitation are hard
to quantify. Therefore, both an increase and decrease of 20 %, arbitrarily chosen extreme scenarios, in yearly
average precipitation rate are looked at for the water balance. New water balances are made, under the as-
sumption that an increase in precipitation would increase the influx of fresh water through both rain and
river by the same margin. They are shown in figure 6.1.
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(a) Increase of precipitation with 20% (b) Decrease of precipitation with 20%

Figure 6.1: Water balance for changes in precipitation rate based on the Penman calculation

Following figure 6.1, it is found that an increase of precipitation will lead to relatively higher net flow through
the inlets. The opposite applies for a decrease in precipitation. Although relative changes are small, absolute
changes are of significant influence. Note that inflow always equals outflow and both inflow parameters,
precipitation and discharge rivers, are increased relatively the same, resulting in relatively the same relevance
on the water balance for both an increase and decrease in precipitation.

A consequence of an increase in precipitation is that more water has to be transported from river to the tidal
inlet. Biggest absolute change would be for the Palizada river, assuming all rivers are affected relatively the
same. Residual flow velocities through the inlets will increase likely, most noticeable at the Carmen inlet.

Another effect of a change of precipitation is a change in salinity of the lagoon. According to table 4.9, there is
a high negative correlation between river discharge and salinity of -0.732. Higher precipitation rates are likely
to decrease salinity and vice versa.

6.1.2. Increases in atmospheric temperature
Another possible effect of climate change is an increase in atmospheric temperature, and therefore an in-
creasing evaporation rate. In figure 6.2 the evaporation rates as a result of increasing atmospheric tempera-
ture are shown. These evaporation rates are a result of changing the temperature term in the Penman calcu-
lation (appendix H).

Figure 6.2: Change in the evaporation rate with increasing atmospheric temperature
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Atmospheric temperature increase has a positive effect on the lagoons evaporation rate and the water tem-
perature. Both correlations between, atmospheric temperature & water temperature and atmospheric tem-
perature & evaporation are high and moderate with 0.779 and 0.617, respectively (table 4.9). Figure 6.2 shows
a linear relation between atmospheric temperature increase and evaporation rate. An increase of 1 °C will
lead to 0.16 mm/day, or 3.12 m3/s extra evaporation, according to the Penman calculation. The increase in
evaporation will affect the water balance, where the outflow via evaporation will become a larger part. There
is more outflow through evaporation, which decreases the net outflow via the inlets under the assumption
other water fluxes remain unchanged. Relatively speaking, these effects will influence dry season most, as
the evaporation rate has the relative largest influence in the water balance during dry season (figure 4.9).
The water balances of rainy and Nortes seasons will not be affected as much by evaporation increases, as
evaporation is a smaller component of the water balance for these seasons.

By examination of the top of atmosphere brightness temperature, the eastern part of the lagoon is slightly
cooler than the western part of the lagoon (appendix D). The eastern part is also shallower (figure 2.5). A
thinner layer of water warms faster than a thick one. Thus, disregarding other influences, the eastern part of
Terminos Lagoon likely warms more easily than the western part.

6.1.3. Increase in sea level
A higher sea level will lead to an increase in the water level of the lagoon, as both mediums are connected.
This implies that the volume of the basin increases, as well as the surface area of the tidal inlets. The tidal
prism is not expected to increase significantly. The combined effect of the increase of surface area of the tidal
inlet and a nearly unchanged tidal prism is a decrease in flow velocities through the inlet. This will result
in sedimentation in the inlet. In section 6.2 the morphological changes of the inlets are investigated more
thoroughly.

According to equation L.1, a larger volume of water will increase flushing time, as the tidal prism is not ex-
pected to increase significantly and therefore the volume of tidal flow is also not expected to increase. An
increase of 10 cm of water level theoretically decreases flushing time by 3.8 % in this context. Assuming no
other changes, sea level change does not have a significant impact on the local water balance of Terminos
Lagoon.

6.2. Morphological changes
The coastal zone is shaped by different natural processes, such as tides and currents, but also by anthro-
pogenic interference. In this subsection the coastal area is divided in three components: the tidal inlets, the
tidal delta and the adjacent coastline. Escoffier stability concept is used to test whether the inlet system is
in equilibrium [22]. Next, the morphological changes over time are visualized to see how the tidal delta and
the adjacent coastline evolve over time. Erosion may result in damage to existing infrastructure. On the other
hand, sedimentation may result in required dredging activities to maintain the shipping channels.

6.2.1. Stability of the inlets
Tidal inlets exhibit a dynamic morphology due to locally strong tidal currents. The cross-sections of the inlets
change over time. The stability of the inlets has significant influence on the flow patterns inside the lagoon.
The following definition of inlet stability is used:

"The inlet is considered stable when it is not migrating and when its cross-sectional area is fixed at
an equilibrium value Aeq or performs steady oscillations about Aeq." [61]

The position of the inlets is more or less fixed by the foundation of the bridges over both inlets, though the
shape of the inlets can change. The cross-sectional stability of an inlet is investigated by applying the closure
curve by Escoffier [22]. Escoffier related the maximum entrance channel velocity to the geometry of the inlet:

ûe = π ·P

Aeq ·T
(6.1)

With:

ûe = maximum cross section averaged entrance velocity [m/s]
T = tidal period for a diurnal tide [s]
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Aeq = equilibrium cross-sectional area of the inlet below mean sea level [m2]
P = tidal prism [m3]

The amplitude of the velocity, which is the maximum cross section averaged entrance velocity (ûe), is cal-
culated using the equation of Escoffier, see formula 6.1. The tidal prism is already calculated based on the
location of the tidal watershed and the tidal range (subsection 4.2.2). To estimate the tidal period, a part of
figure M.1a is used. In this figure, the amount of tidal cycles is counted and divided by the time to determine
the tidal period. This gives a tidal period of 24 hours and 35 minutes. The cross sections of the tidal inlets
are shown in figure 2.6 (section 2.4). The areas for the Carmen inlet and the Puerto Real inlet are respec-
tively 20,100 m2 and 12,900 m2. Results of the maximum cross section depth averaged entrance velocities are
shown in table 6.1. Velocities are also calculated with Delft3D-FLOW. From the Delft3D-FLOW model, which
included tides, wind and the Palizada river discharge, it follows that the depth averaged magnitude of the flow
velocity of the Puerto Real inlet is 0.794 m/s and the velocity of the Carmen inlet is 0.486 m/s, see table 6.1.

Table 6.1: Comparison ûe by Escoffier and Delft3D-FLOW

Inlet
Escoffier ûe

[m/s]

Delft3d-
FLOW ûe

[m/s]
Carmen inlet 0.446 0.486

Puerto Real inlet 0.766 0.794

To determine whether the tidal inlet is stable or unstable, the maximum cross section averaged entrance
velocity should be around 0.9 m/s, which is a constant that only depends on the sediment diameter [22].
Escoffier and Delft3D-FLOW show that the maximum flow velocity in the inlets is smaller than 0.9 m/s, see
table 6.1. So, this means that the inlets are not yet in equilibrium. How the cross sections of the inlets evolve
over time can be schematically presented in the Escoffier curve. The Escoffier curve is a graph that shows
the relation between the cross sectional area of the inlet and the maximum flow velocity. From the graph
it follows that the inlet closes between A and B. Between B and E the inlet adapts till it reaches the natural
equilibrium of point D. This can be achieved by erosion of the inlet, if the inlet is between B and D, or by
sedimentation, if the inlet is between D and E. The position of the Carmen inlet and Puerto Real inlet in the
graph are based on the cross sectional area (section 2.4). The maximum flow velocity in the Carmen inlet is
lower and the cross sectional area is larger than the Puerto Real inlet. Therefore, the position of both inlets
must be between point D and E in the Escoffier curve. The arrows in the figure show how the velocity and the
inlet area change in time, based on their start position. Figure 6.3 shows the positions of the Carmen inlet
and the Puerto Real inlet.

Figure 6.3: Escoffier closure curve, position of the Carmen inlet and Puerto Real inlet with on the x-axis the cross-sectional area and on
the y-xis the maximum channel velocity in m/s [14]

It becomes clear that maximum flow velocities in the Carmen inlet are too low to maintain the flow area.
The residual current direction of the Carmen inlet is outwards the lagoon, this is shown in subsection 4.2.3.
So, when the discharges of other rivers, Candelaria, Mamatal and Chumpan will be taken into account, it
is possible that the magnitude of the maximum flow velocity will increase. Nevertheless, it is not likely that
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the maximum flow velocity will exceed the equilibrium flow velocity of 0.9 m/s, because the volume of water
transported by the river is just a fraction of the tidal prism. Thus, the Carmen inlet is expected to sedimentate
till it reached point D, the natural equilibrium, in figure 6.3. The flow velocities in the Puerto Real inlet are
close to 0.8 m/s. As well as the Carmen inlet, it is not likely that the flow velocities will increase by taking
into account the discharge of the Candelaria, Mamantal and Chumpan. The discharge of these rivers will
presumably flow out through the Carmen inlet according to figure 4.16.

6.2.2. Tidal delta and adjacent coastline
Due to the tides there is an exchange of sediment between the basin and the areas outside the basin. This sed-
iment exchange leads to sediment deposits, which are called tidal deltas. The tidal deltas consist of channels
and flats. The delta located outside the basin is called an ebb tidal delta. The delta located inside the basin it
is called flood tidal delta. This second type of delta can exist, because the flow is diverging after arriving at the
lagoon, resulting in lower flow velocities and particle sedimentation. Tidal deltas show a dynamic behaviour.
The interaction between waves and tides determines the morphology of the tidal delta. A wave dominated
climate results in a stronger flood tidal delta, as the waves push the sediment landwards and the ebb tidal
delta cannot spread out.

The Puerto Real inlet has a clear flood tidal delta, with channels and flats. When comparing the size of the tidal
flats, it is found that they have retreated. This is shown in Figure 6.4 where the areas in red have retreated in
the period from 1984 until 2016. The increase of vegetation might indicate that the flood tidal delta increased
in height, although the decreased area of the flood tidal delta indicates a decreased volume of the flood tidal
delta.

Figure 6.4: Size difference of the flood tidal delta of Puerto Real with in red the drowned flat area between 1984 and 2016 [3]

The sediment of the tidal delta may origin from different locations, such as the adjacent coastline, the basin
or from offshore. In figure 6.5 the change of the adjacent coastline around the Carmen inlet is presented. The
red line represents the situation of the coastline in 1988, the map shows the situation of 2014.

Figure 6.5: Aerial map of coastline change in the period 1988-2018, the red line represents the coastline in 1988 [3]
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If the different observations and the knowledge about the 2.longshore current are combined, figure 6.6 can
be made. The possible future development of the tidal delta and the adjacent coastline may be predicted. If
the coastline is considered from east to west a longshore current can be distinguished. This longshore current
is also directed from east to west and transports sediment. On the eastern side of the Puerto Real inlet the
adjacent coastline is showing a small retreat of the coastline over time. At the Puerto Real inlet a decrease
of the flood tidal delta is observed. This means that longshore currents are transporting more sediment in
western direction after the Puerto Real inlet. Between the Puerto Real inlet and the Carmen inlet the coast
line is stable. The artifical beach widening of Ciudad del Carmen should not be taken into account in the
natural sediment transport. The western part of the lagoon imports sediment. This results in erosion of the
adjacent coast line in western direction of the Carmen inlet. This beach widening and the erosion on the
western side of the Carmen inlet can be seen in figure 6.5. What is striking, is that sediment transport at the
tidal inlets is in opposite direction of the residual current. This also contradicts the sediment distribution
study (section 5.5). Thus, to get a good prediction of future morphological changes near Terminos Lagoon,
future research is required, especially on the sediment transport near the Carmen inlet.

Figure 6.6: Morphological changes of the adjacent coast line and the tidal delta

6.3. Industrial contaminants
Ciudad del Carmen is the gateway to the oil reserves just off the coast. This oil exploitation can pose a major
pollution threat to the ecological stability of Terminos Lagoon. One of the biggest oil spills ever recorded, Ixtoc
I in 1979, is a testimony to this fact as it had great impact on the local biodiversity around Terminos Lagoon
[50, 58]. However, the amount of pollution that can be traced back to the oil industry remains unclear. Next
to that, similar pollutants to those from oil industry activity reach the lagoon from rivers upstream [45, 58]. As
measurable indicator of industry’s effect on the environment, often is looked at trace metals [37, 43], which
can move up the food chain for negative effects [39].

Looking at the trace metal measurements, collected a year after the oil spill in 1979, it seems that most pol-
lution in the lagoon comes from the river systems [45]. The Palizada river contributes most to this pollution,
with highest particulate trace metal concentrations. Páez-Osuna (1987) also notices that the sea shelf near
the Carmen inlet might be influenced from trace metals from upstream. Upstream from the Palizada river,
there are industries present, most likely responsible for the pollution. The environmental risk due to up-
stream industry can thus be regarded as high in the western part of the lagoon, but lower in the eastern areas



6.3. Industrial contaminants 63

of the lagoon.

Most industrial contaminants in Terminos Lagoon originate from the Palizada river. Heavy metal particles
released by industries are mostly bigger and heavier than sediments carried by the river system. These par-
ticles also reflect sunlight, so contaminant might affect Secchi depth, though unclear is by which margin.
The particles will follow the dominant current, which flows from the river mouth through the Carmen inlet,
see figure 4.16. More upstream industrial activity will most likely lower local Secchi depth. It will harm the
ecosystem of the western part of Terminos Lagoon main basin the most, because of aforementioned reasons.

Increase in offshore oil-industry activity might affect Terminos Lagoon as well. Contaminants most likely
enter the lagoon through the Puerto Real inlet. Areas affected most are the places where the residual current
is directed to, starting at the Puerto Real inlet. This is close to the boundaries of the lagoon and the middle
of the eastern part of the lagoon, where a circular current is present. Contamination entering through the
Puerto Real inlet reaches a larger area of the lagoon than contamination entering through the Palizada river
due to this circular current. It likely also gets relatively more dispersed.





7
Conclusion

Terminos Lagoon is an important ecosystem, locally and regionally. The lagoon is prone to change, which
might harm the local ecosystem. To better protect the area, knowledge is required on hydrodynamic and hy-
drological processes, and their relation to spatial characteristics of the lagoon. To this end, data sources with
different temporal and spatial scales are analysed and compared, taking seasonal differences and potential
future developments into account. In this chapter sub-questions are answered to give an answer on the main
question: ’What is the influence of hydrological and hydrodynamic processes on spatial characteristics of
Terminos Lagoon, now and in the future?’

A water balance is made by examining hydrological processes. From the inputs of the water balance, it is
concluded that the largest input of fresh water is the Palizada river. According to the results of the Penman
method, yearly average evaporation is about one third more than annual precipitation. It is found that the
groundwater flow is negligible small and therefore the inflow of Terminos lagoon is determined by the pre-
cipitation and river flow. Nortes and rainy season show a water balance similar to the mean water balance.
During dry season evaporation plays a relatively bigger role, being in the same order of magnitude as the
discharge of the rivers in this season.

The distribution of the spatial characteristics is investigated. According to the results of a Delft3D-FLOW
model, the salinity is higher in the eastern part of the lagoon than the western part. However, the field mea-
surements show smaller differences between the measurements of the Palizada and Candelaria campaign. A
reason for these differences in salinity is that only the Palizada river was modelled in Delft3D, while there are
more sources of freshwater input. From top of atmosphere brightness temperature maps, is concluded that
the water temperature is higher close to land surfaces and generally higher in the main basin than at sea. The
western part of the lagoon has often a higher water temperature than the eastern part of the lagoon. Field
measurements showed that the east side of the lagoon has lower dissolved oxygen concentrations than the
west side of the lagoon. The Secchi depth increases from the river to the inlet, from where the Secchi depth
drops again in the direction of the Gulf of Mexico. The east and centre of the lagoon have clearer water than
the west of the lagoon. River deposits seem to accumulate more light-reflecting particles in the west. The
sediments in the western part of the lagoon have a wider range in grain size than the eastern part, due to the
river deposits of the Palizada.

It is investigated how hydrodynamic processes are visible in the distribution of the spatial characteristics. A
Delft3D-FLOW model gave reason to expect a circular residual current in the eastern lagoon. Based on this
current the lagoon can be split in two parts. The eastern part shows a circular residual current. The western
side shows a residual current which follows the boundaries of the lagoon from east to west. The Palizada
river has a strong influence on the residual currents near its river mouth. The tidal watershed divides the
lagoon in two equal areas which are more or less in line with the areas of the residual currents. The same
division of the lagoon was observed in the distribution of the spatial characteristics. The Secchi depth and the
top of atmosphere brightness temperature follow the residual currents during flood. The calculated Secchi
depths show also that the regions with a lower residual current are less turbid. This confirms the modelled
direction of the residual current. The effect of the river inflow in the lagoon could be recognised in the Secchi
depth and the water temperature. The river discharge contains suspended sediments, which is visible in

65



66 7. Conclusion

Secchi depth patterns. Moreover, the water from the river transports heat from the land to the water in the
lagoon, along similar patterns. This also confirms the direction of the residual current. Secchi depth and
temperature distribution show strong tidal dependencies. During ebb water flows out of the lagoon, lowering
Secchi depth and showing a clear seaward pattern of water temperature. During flood, the lower Secchi depth
and deviating temperatures flow into the lagoon, mainly follow the residual currents.

Seasonal variations are observed in the spatial characteristics as they show variation throughout the year.
During the Nortes season the salinity is the lowest, during the dry season the highest. The temperature differ-
ence between west and east follows the boundary of the tidal watershed during Nortes. The lagoon is signifi-
cantly less turbid during Nortes than other seasons. Conclusions about the seasonal differences in dissolved
oxygen and sediment distribution could not be drawn.

The statistical dependence between the hydrological processes and spatial characteristics is investigated by
the application of a Bayesian network. The considered hydrological processes were river discharge, evapora-
tion, precipitation and atmospheric temperature. The considered spatial characteristics were water temper-
ature and salinity. The largest correlation is found between the atmospheric temperature and water temper-
ature with a positive correlation of 0.779. Furthermore, the salinity is mostly affected by the river discharge
of the Palizada river. A negative correlation coefficient of -0.732 is found. The evaporation and precipitation
showed low correlations with the spatial characteristics.

Effects of climate change could include a temperature increase, sea level increase and a change in precipita-
tion rate. Increased air temperatures can lead to increased water temperature and evaporation rates. This is
likely to become most apparent in the eastern part of the lagoon. The direct effects of a higher air tempera-
ture will be most noticeable during dry season. A sea level rise causes more sedimentation at tidal inlets and
higher Secchi depths. The flushing time is expected to decrease in this case. Locally, the sea level rise does not
have significant impact on the water balance. A change in precipitation rate will influence the input of fresh
water in the lagoon. As the rivers emerging in the lagoon are positively correlated with precipitation, river
flow is likely to change as well. Due to these changes the net flow through the inlets changes. An increase
in precipitation will lead to a relatively higher net flow trough the inlets. The opposite applies for a decrease
in precipitation rate. The increase in fresh water influx to the lagoon most likely reduces the salinity of the
lagoon.

Looking at the evolution of the adjacent coastline and the flood tidal delta over the last 30 years, a prediction
of the future development of the adjacent coastline and the flood tidal delta can be made. From east to
west the following changes can be expected: retreat of the adjacent coastline east from the Puerto Real inlet,
erosion of the flood tidal delta at the Puerto Real inlet and erosion of the adjacent coastline west from the
Carmen inlet. Besides the adjacent coastline and the flood tidal delta also the inlets will develop. At this
moment the inlets are not stable and they will move to an equilibrium. To decrease the cross sectional area
of the inlets and reach a natural equilibrium, both inlets will sedimentate.

Most industrial contaminants originate from the rivers that enter the lagoon, especially the Palizada river.
Industrial contaminants can negatively effect the Secchi depth and harm the ecosystem of mainly the western
part of the lagoon. Oil industry can cause major pollution in the Gulf of Mexico, although the specific effects
on Terminos Lagoon are unsure. Most likely the contaminants will follow the residual current, flowing from
the Puerto Real inlet to the eastern and middle part of Terminos Lagoon.



8
Recommendations

In this report the influence of hydrological and hydrodynamic processes on spatial characteristics are inves-
tigated using fieldwork measurements, a Delft3D-FLOW model, measurement stations and satellite imagery.
The results of the fieldwork campaigns are compared with the Delft3D-FLOW model and satellite imagery
studies where possible, to achieve more reliable results. Further research is needed to validate and expand
these results in order to protect the lagoon. In further research, models should be optimized, as well as the
measurement campaigns.

Delft3D-FLOW is used to determine the residual current direction. The current direction can be verified with
GPS trackers or with dye tracing. With GPS trackers, the water flow of the surface can be determined and
with dye tracing the water flow of the total water column can be investigated. These measurements can be
performed in, for example, the river outlets and at tidal inlet system. Results can be used to validate flow
models.

The greatest discrepancy between fieldwork measurements and Delft3D-FLOW model, are the salinity distri-
bution in the eastern lagoon. This could be due to the Chumpan, Candelaria and Mamentel river discharges,
which are not taken into account in Delft3D models to lower computational effort. Moreover, some input
parameters are taken as constant in the Delft3D-FLOW model, while these are not constant in the real situa-
tion. The model needs to be optimized after comparing the results with field measurement data. A Delft3D
flexible mesh could be used for this optimization. With a flexible mesh, the grid size can be decreased in areas
where more details are required, for instance the inlets. On the other hand, grid sizes can be increased in less
interesting areas, the Gulf of Mexico for example. A Delft3D flexible mesh model could decrease the model
runtime, which makes it possible to run more models in a shorter time, to add more rivers to the model or
look more upstream on the river.

Field measurements and sample testing can be used to validate the Delft3D-FLOW model. Slight changes in
measurement methodology might improve reliability of the field measurements. First, preferably the cam-
paigns should be scheduled during a satellite overpass. This can improve the use of satellite imagery to look
into a variety of characteristics. Overpass dates can be predicted for landsat, for example, by using the predic-
tion calendar [64]. Furthermore, sediment sieving tests are recommended to look into sediment distribution
over time in Terminos Lagoon. Last, with the current measurement locations little information is gained in
the center of the lagoon. Collecting samples in this area will increase the knowledge on hydrological and
hydrodynamic processes and distribution of spatial characteristics in Terminos Lagoon.

While a complete water balance is created, it is based on the assumption that groundwater flow is negligible
and net flow through tidal inlets equals the “gap” in between estimated in- and output to Terminos Lagoon.
Preferably, these are measured as well to improve the accuracy of the water balance. Near both tidal inlets
ADCP (Acoustic Doppler Current Profiler) measurements could be performed to get insight into flow veloci-
ties through the inlets. Moreover, the rate of return could be determined in order to define the flushing time
of the lagoon. Next, similar ADCP measurements could be performed in the four largest discharging rivers.
Preferably measurements should be repeated monthly. In order to get a view of groundwater flow, the sur-
rounding area can be obtained by performing an extensive fieldwork campaign, installing piezometers over a
regular grid surrounding Terminos Lagoon and sampling testing to obtain the hydraulic conductivity. Other
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uncertainties include the assumption that evaporation and precipitation are equal over the whole lagoon.
These uncertainties can be reduced by setting up weather stations in and around the lagoon, near the Pal-
izada and Candelaria river outlets for example. This can increase the accuracy of the spatial distribution of
parameters over the lagoon.

The determined correlations between hydrological processes and spatial characteristics are useful in objec-
tively finding relations between varying parameters in a given region. Main obstacle in finding more accurate
correlations between parameters, are gaps in datasets. Some parameters had lasting corresponding time-
series of data, while other corresponding timeseries were relatively short. Second, found correlations are
expected to differ from reality, as they are not all measured at the same location. Recommended is to keep
running the current measurement stations, in order to expand existing timeseries. If possible, a measurement
device could be installed at the east side of the lagoon, to get a more comprehensive view of statistical cor-
relations between hydrological processes, hydrodynamic processes and spatial characteristics of the whole
lagoon.

Morphology of Isla del Carmen will change in the future, though contradictory processes have been observed.
Future research is required to get insight in these processes. Possible additional research could be done on
the future morphological developments of the island, the currents and tides present near the Carmen inlet,
or a wave model for the lagoon could be created.
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A
Area and volume Terminos Lagoon

The area of Terminos Lagoon needs to be known to determine a water balance. The total surface area also is
required to determine how much water flows in and out of the lagoon due to tidal forces. Then two definitions
are required, as within the water balance river outlets are considered boundary conditions of the main basin,
while a different area is considered influenced by tides. Other work has shown to use variable surface areas
for the lagoon. According to David & Kjerfe (1997), the lagoon has a surface area of 2500 km2, while Ramos-
Miranda et al. (2005) used a surface area of 1661 km2 for the lagoon main basin. The discrepancies between
studies encountered forced to redefine the surface areas required.

Determining both surface areas of the lagoon is done by land classification. Classification methodology is
similar to the methodology described by Soto-Galera et al. (2010), except images were not pre-classified.
This is not required as here no spatio-temporal relation is sought for. To distinguish between land and water,
GRASS 7.4.0 and a Landsat 8 imagery is used. Landsat 8 imagery is selected as it is easily accessible, the spatial
resolution is moderate and comparable available imagery extends over 30 years back. This last feature can be
useful in future research, if the past morphological changes of the lagoon would be investigated using satellite
imagery. The moderate spatial resolution of 30x30 meter [4] is good to obtain a good estimate of the surface
areas of the different water bodies. The image selected, overpass at April 13 2018, is chosen for its nearly zero
cloud cover and relatively recent collection time. As water bodies are to be found, band 3, band 4 and band
5 are used, corresponding to green, red and near-infra red (NIR) bands. Using the NIR band is beneficial, as
classification is often more accurate and water bodies can be observed far easier using NIR. A comparison
between the visible spectrum and NIR is shown in figure A.1. Training classes are made by hand, thus using
the NIR band is crucial in accurately defining borders between land and water in the more murky waters.
Jensen (1989) shows that in some cases using a NIR band instead of a blue band can be more beneficial than
using both.

(a) RGB-composite image (b) Near infrared image

Figure A.1: Visual and NIR spectrum in Terminos Lagoon, 13-04-2018
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76 A. Area and volume Terminos Lagoon

A.1. Classification
130 training camps are created using in-field experience on varying parts of the lagoon. The training camps
contained 3 different classes: water, land and shallows. Water in mangroves are assumed to be of negligible
impact on the total water volumes, hence the choice for no separation of land classes. The shallows class
was deemed necessary as it was clear the algorithm classified shallow water as beach more often than not.
For each training class spectral signatures are created, which in turn were used in a maximum-likelihood
discriminant analysis classifier. The spectral signature of shallow water thus is more similar to that of land
than that of water. For both creating the spectral signatures and the classifier, pre-built functions within
GRASS are available. The result is depicted in A.2b. It can be seen that in the eastern part of the main body of
the lagoon, some irregularities occur. This is due to the combination of clouds and shallows. Of the resulting
classification only the water bodies are kept, shallows and water are merged. The Gulf of Mexico is cut off at
the most narrow part of both major tidal inlets. To obtain the main basin only, also the smaller, surrounding
lagoons are removed. To obtain the tidally influenced parts of the lagoon, the Delft3D modelled surface area
is replicated. Resulting surface areas of the lagoon are 1690 km2 and 1687 km2, for the main lagoon water
body and tidally influenced lagoon respectively. See also A.2c and A.2d. Note that these surface areas are
almost the same size.

(a) RGB-composite image (b) Classification result

(c) Area considered as main basin (d) Tidally influenced area

Figure A.2: Land classification as performed for Terminos Lagoon

A.2. Quality assessment
Quality assessment of the resulting classification is done by a k-fold cross validation of 5. k-fold cross valida-
tion of 5 means the training camps are partitioned into 5 equal sizes, of which 4 parts will be used to train the
classifier and 1 to validate the newly trained classifier. This process is done with random selection of parti-
tioning 5 times [49]. Thus 5 times a random 20 % of the training camps are used to validate a classifier made
using the remainder 80 % of the training camps. Validation of each iteration is done using confusion matrix
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and κ index.[19] Accuracy and κ index should be comparable every time, the average gives an indication of
accuracy and κ index of the actual classification, which used all of the training camps for training. There is
no similar classification exercise done in documented history, hence the choice for this validation method.
Advantage of the validation method is that most training camps are used as both for validation and training.
The κ index is a measure of agreement or accuracy, which takes into account that truth and prediction can
overlap based on chance. It takes on a value between 1 to in between 0 and -1. The higher the κ index, the
better the result is compared with a random result. It is defined as follows [18].

κ= p0 −pe

1−pe
(A.1)

With:

po = the proportion of units in which the training camps and classification agreed [-]
pe = the proportion of units for which agreement is expected by chance [-]

Average accuracy and κ index of all iterations are 0.996 and 0.981, respectively. This indicates that classifica-
tion went well and the result is significantly better than a random result. Note that accuracy is suspiciously
high. Reason is probably due to the low number classes and the fact that some training camps were signifi-
cantly larger than others, while having quite homogeneous spectral signatures. This inflates accuracy and κ
index. An individual confusion matrix and κ indices are shown in table A.1 and A.2 respectively. Confusion
matrices read as follows: from top to down can be read which training camp is classified as what class. The
aim is to determine water outlining, thus the "Water" and "Shallows" classes are taken together.

Table A.1: Confusion matrix of κ1, besides accuracy, all numbers are in km2

Training Classes - "Truth"
Classification - "Prediction" Water Land Row totals

Water 33.151 0.300 33.451
Land 0.058 3.999 4.057

Column total 33.210 4.298 37.508
Accuracy 0.990

Table A.2: Kappa indices per iteration

Iteration Accuracy κ index
1 0.990 0.952
2 1.000 0.992
3 0.996 0.992
4 1.000 0.983
5 1.000 0.987

So, as an example, κ calculation for table A.1 becomes:

p0 = 33.151+3.999

37.508
= 0.990

pe = 33.210

37.508
· 33.451

37.508
+ 4.298

37.508
· 4.057

37.508
= 0.790+0.012 = 0.802

κ= 0.990−0.802

1−0.802
= 0.952

Thus in this case kappa index becomes 0.952, which means results are significantly better than a random
result.





B
Surface geology

Figure B.1: Surface soil types in Yucatan Peninsula

The soils in the area of Terminos Lagoon are briefly described. Leptosols are shallow soils on calcareous rocks.
Cambisols are moderately developed soils, characterized by weathering of the parent material. Geysols are
permanently wet and reduced at shallow depth. Solonchak is a salt-affected soil. Refosols are deep mineral
soils derived from unconsolidated material and well drained and medium textured. The last present soil is
arenosols, which are sandy soils with a slight to moderate profile developement. This description comes from
"Major Soils of the World" of O. Spaargaren (2001) [60]. A more extensive description is written in this article.
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C
Inlet widths

The change in width of the two major inlets, the Carmen and the Puerto Real inlet, is determined using satel-
lite imagery. To this end, Landsat thematic mapper images are used, as it is the longest comparable time
series available. The Landsat thematic mappers have a moderate spatial resolution, 30 meter, and overpasses
at an interval of 15 days. [4] The selected images were selected based on quality, cloud cover and collection
date. The inlets need both to be visible in the image and the time of year should be about the same every
image, as seasonal changes then can be excluded from influencing channel width. There is approximately
five years in between images, though this is not always the case due to aforementioned image requirements.
The selected images are presented in C.1.

Table C.1: Landsat images used for inlet width determination

Mission Image collection date
Landsat 4-5 TM 2 April 1988
Landsat 4-5 TM 8 April 1993

Landsat 7 19 April 2000
Landsat 7 11 March 2003
Landsat 7 9 April 2008
Landsat 8 1 March 2014
Landsat 8 28 March 2018

Width is determined by drawing polygons on either side of the channel. Then minimal distance between
polygons is calculated using GRASS 7.4.0. Figure C.1 illustrates this method. Resulting inlet widths are pre-
sented in figure C.2.
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Figure C.1: : Polygons on either shore and calculated shortest distance between them

Figure C.2: Major inlet widths over time



D
Temperature distribution

Temperature fluctuations in space and between seasons are looked at using satellite imagery. Landsat 8 has
two distinct "thermal" bands in the infra-red spectrum, which can be used to easily obtain top of atmosphere
brightness temperature [5, 34]. This temperature can then be used as reference material. It is, however,
uncorrected for atmosphere. As in-situ measurements and temperatures as calculated using Landsat data
differ, the temperature maps resulting from processing Landsat imagery will not be used as direct tempera-
ture measurements. They can, however, be used to look into the spatial patterns of temperature within and
near Terminos Lagoon.

Extracting temperature from the Landsat imagery is done as follows.

The Digital Numbers (DN) of band 10 provided by in the raw data are first converted to at-sensor spectral
radiance:

L = ML ·Q + AL (D.1)

With:

L = Spectral radiance [W/(m2 · sr · µm)]
ML = Radiance multiplicative scaling factor for the band [-]
AL = Radiance additive scaling factor for the band [-]
Q = Pixel value [DN]

Band 10 is used as thermal band. Now the top of atmosphere brightness temperature can be determined.

T = K2

Ln( K1
Lλ

+1)
−273.15 (D.2)

With:

T = Top of atmosphere brightness temperature [°C]
L = Spectral radiance [W/(m2 · sr · µm)]
K1 = Thermal conversion constant for the band [-]
K2 = Thermal conversion constant for the band [-]

All necessary constants are provided in the meta file, included with the data.
Table D.1 shows the selected acquisition dates for the thermal images shown in figures D.1 to D.15. All images
are scaled to show the variation in the basin as good as possible, at maximum there is a difference of three
degrees Celsius between white and red. Warmer regions are a deeper color red, colder regions are more white.
Table D.1 also shows the standard deviation of the temperature for the main basin. Tides are also shown, to
give an indication in what direction flow is expected. For example, At the seventh of January, 2018 the image
was collected at "Flood" vertical tide and "Ebb" horizontal tide, indicating peak flood is just surpassed in
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horizontal tide. The Semar site is used for tide determination, as it is in the Carmen inlet. As one would expect
from expected precipitation patterns, dry season shows the lowest spatial fluctuation in temperature, while
rainy season shows most. Influx of more water through rivers seems to cool water in the lagoon during Rainy
season. Note that rainy season tends to be very cloudy more often than not, hence the images of rainy season
2016 to 2018 are visibly contaminated, explaining the large deviation in temperature. Rainy season images
for 2014 and 2015 are more comparable to other images though, which show higher deviation in temperature
as well. In some cases flow patterns can be observed. Most often water near land is the warmest water.

Landsat 8
acquisition date

Corresponding
season

σ temperature
main basin (°C)

Vertical tide
Semar

Horizontal tide
Semar

07-01-2018 Nortes 0.175 Flood Ebb
20-01-2017 Nortes 0.215 Flood Flood
01-12-2015 Nortes 0.183 Ebb Ebb
14-12-2014 Nortes 0.019 Flood Ebb
28-01-2014 Nortes 0.199 Ebb Flood
13-04-2018 Dry 0.159 Ebb Flood
10-04-2017 Dry 0.212 Ebb Ebb
09-05-2016 Dry 0.171 Flood Ebb
07-05-2015 Dry 0.210 Flood Flood
01-03-2014 Dry 0.146 Ebb Ebb
02-07-2018 Rainy 0.670 Flood Flood
31-07-2017 Rainy 1.618 Flood Flood
12-07-2016 Rainy 0.834 Flood Flood
26-07-2015 Rainy 0.238 Flood Flood
08-08-2014 Rainy 0.380 Flood Flood

Table D.1: Acquisition dates and corresponding seasons Landsat 8 thermal imagery
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Figure D.1: Relative temperature in Terminos Lagoon, 01-03-2014 (Dry season)

Figure D.2: Relative temperature in Terminos Lagoon, 07-05-2015 (Dry season)
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Figure D.3: Relative temperature in Terminos Lagoon, 09-05-2016 (Dry season)

Figure D.4: Relative temperature in Terminos Lagoon, 10-04-2017 (Dry season)
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Figure D.5: Relative temperature in Terminos Lagoon, 13-04-2018 (Dry season)

Figure D.6: Relative temperature in Terminos Lagoon, 08-08-2014 (Rainy season)
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Figure D.7: Relative temperature in Terminos Lagoon, 26-07-2015 (Rainy season)

Figure D.8: Relative temperature in Terminos Lagoon, 12-07-2016 (Rainy season)
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Figure D.9: Relative temperature in Terminos Lagoon, 31-07-2017 (Rainy season)

Figure D.10: Relative temperature in Terminos Lagoon, 02-07-2018 (Rainy season)



90 D. Temperature distribution

Figure D.11: Relative temperature in Terminos Lagoon, 28-01-2014 (Nortes season)

Figure D.12: Relative temperature in Terminos Lagoon, 14-12-2014 (Nortes season)
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Figure D.13: Relative temperature in Terminos Lagoon, 01-12-2015 (Nortes season)

Figure D.14: Relative temperature in Terminos Lagoon, 20-01-2017 (Nortes season)
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Figure D.15: Relative temperature in Terminos Lagoon, 07-01-2018 (Nortes season)



E
Secchi depth from satellite imagery

The Secchi depth is recorded during the field measurement campaigns. Remote sensing imagery is used to
look into the spatial distribution of Secchi depth. To this end, a semi-analytical scheme [36] and Landsat 8
imagery is used to determine the Secchi depth. This methodology is chosen as it links remote-sensed mea-
surements directly to Secchi depth. Another considered option is to create a turbidity index, an index with
a strong correlation with Secchi depth, as described by Güttler [27]. A downside of this other method is the
need for two control points: one with high and one with low turbidity. These could not be identified with con-
fidence near Terminos Lagoon. Remote-sensed Secchi depth is compared to field measurements for quality
assessment.

What follows is a brief description of the applied semi-analytical scheme. All steps are more elaborated on by
Lee [36]. Secchi depth (Zsd) can be expressed as:

Zsd = 1

2.5Mi n(K tr
d )

ln(
|0.14−R tr

r s |
0.013

) (E.1)

With:

K tr
d = diffuse attenuation coefficient at the transparent window of the water body

within the visible domain (410-665 nm wavelength) [m-1]
R tr

r s = remote-sensing surface reflectance corresponding to this wavelength [sr-1]

Rrs
tr and Kd

tr are both from Landsat 8 measurements. While top of atmosphere reflectance is directly ob-
tained from Landsat 8 data products [5], Rrs

tr is the reflectance at surface level. Therefore an atmospheric
correction should be applied. Following the example of Lee (2016), Rrs

tr is obtained using the Acolite algo-
rithm detailed in Vanhellemont and Ruddick (2014) [66], version Python 20180925.0. Kd is a function of sun
zenith angle, as well as absorption a and backscattering bb coefficients of the upper water column, which can
be derived from Landsat 8 data. To obtain these coefficients, first Rrs needs to be converted to its subsurface
counterpart, rrs (sr-1).

rr s (λ) = Rr s (λ)

0.52+1.7Rr s (λ)
(E.2)

Which is a function of the ratio bb/(a+bb) and can be expressed as:

rr s (λ) = (g0 + g1
bb(λ)

a(λ)+bb(λ)
)

bb(λ)

a(λ)+bb(λ)
(E.3)

With model constants:

go = 0.089 [sr-1]
g1 = 0.125 [sr-1]
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Then from this quadratic function there is by substituting u = bb/(a+bb).

u(λ) = −g0 +
√

(g0)2 +4g1 · rr s (λ)

2g1
(E.4)

Hence, for any wavelength where there is a measurement of rrs, and one knows either a or bb, the other can
be analytically determined. Through this logic, a is first estimated at a reference wavelength (λ0):

a(λ0) = aw (λ0)+∆a(λ0) (E.5)

With:

aw (λ0)= absorption coefficient of pure water at reference wavelength
∆a(λ0)= contributions of non-water constituents

aw is assumed constant, for all wavelengths. ∆ a(λ0) is estimated empirically from the rrs spectrum, following
QAA version 6 [31, 35]. Now bb(λ0) can be determined with equation E.3, which gives

bbp (λ0) = u(λ0) ·a(λ0)

1−u(λ0)
−bbw (λ0) (E.6)

With:

bw (λ0)= backscattering coefficient of pure water at reference wavelength
bbp = backscattering coefficient of particles

bw(λ) values are provided in literature. Here the values provided by Lee (2016) are used [36]. Other bbp values
can be estimated following a power-law function:

bbp (λ) = bbp (λ0)(
λ0

λ
)η (E.7)

With:

η = exponent estimated empirically from rrs spectrum [31] [-]
λ = wavelength evaluated [nm]

η is estimated as:

η= 2.0(1−1.2exp(−0.9
rr s (443)

rr s (561)
)) (E.8)

With:

rr s (443)= Subsurface equivalent remote-sensing surface reflectance for λ = 443 (band 1) [sr-1]
rr s (561)= Subsurface equivalent remote-sensing surface reflectance for λ = 561 (band 3) [sr-1]

Now a(λ) is easily derived using bbp(λ) and u(λ).

a(λ) = (1−u(λ))(bbw (λ)+bbp (λ))/u(λ) (E.9)

Finally, Kd
tr can be modeled as:

K tr
d (λ) = (1+m0 ·θs )a(λ)+ (1−γbbw (λ)

bb(λ)
) ·m1 · (1−m2) ·e−m3·a(λ)bb(λ) (E.10)

With model parameters:

m0 = 0.005
m1 = 4.26
m2 = 0.52
m3 = 10.8
γ = 0.265
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Figure E.1: Terminos Lagoon and cloudless measurement locations, 04-09-2018

θs is the solar zenith angle in air in degrees, determined with 90- (solar elevation angle), which is provided in
the Landsat 8 data metafile. Min(Kd

tr) in equation E.1 then is the Kd
tr from the band with lowest Kd

tr, band 3
in this case. This corresponds to green light.

First image to be treated is the overpass at 4 September 2018. It is chosen for the small temporal gap between
image retrieval and field measurement campaigns: there is an temporal offset of 1 day for the Candelaria
campaign and 3 days for the Palizada campaign. A color image and the remote-sensed Secchi depth are pro-
vided in figures E.1 and E.2, respectively. Clouds over the lagoon are present in the image, having a negative
influence on the quality of the resulting Secchi depth chart. A comparison between field measurements and
Secchi depth chart still is possible, by using the cloud free parts of the Secchi depth chart. To this end, fig-
ure E.2 also contains the field measurement locations which have been found to be uninfluenced by clouds.
The field measurements are performed between 10.00 h and 14.00 h, whereas the image overpass is collected
around 11.30 h. The overpass corresponds to peak flood horizontal tide. The field measurements correspond
to rising horizontal tide, thus the measurement sets are assumed comparable. The relatively small differences
between field- and remote-sensed measurement acquisition are therefore assumed negligible. The compar-
ison between field- and remote-sensed measurements are given in figure E.3 and table E.1. This compari-
son shows that, taking field measurement uncertainty into account, 6 out of 10 measurement locations have
remote-sensed Secchi depth within 10 cm of the field measurements, 2 are within 20 cm and 2 have a larger
discrepancy. Take note that the larger differences are observed near the tidal inlets. These regions show large
change in visibility over small distances, as seen near the Carmen inlet in figure E.2. Moreover, the three
biggest discrepancies are found for the Candelaria campaign. R2 is defined to be 0.576. There are just ten
control points, so based on this comparison the chosen method cannot be validated definitively. The empir-
ical parts of the chosen semi-analytical method showed in other work, however, to be improvable [48]. The
same study noticed the method can be applied universally. It is thus decided Secchi depth will be investigated
spatially at different moments using the earlier described semi-analytical method, which is necessary to find
seasonal and spatial differences in Secchi depth.
The selection of images has similar requirements to those used for thermal imagery. Landsat 8 imagery with
lowest cloud cover available, one image representing a season per year. The same images are used as the ones
used to create thermal maps of the region. The images are given in table E.2. Resulting images are shown in
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Figure E.2: Secchi depth map Terminos Lagoon 04-09-2018

Figure E.3: Secchi depth measurement method comparison. Width of the bars is the measurement uncertainty in the field measure-
ments: 5 cm
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Table E.1: Comparison field measurement and remote-sensed measurements of Secchi depth

Measurement
location

Fieldwork
campaign

Field
measurement

[cm]

Remote-sensed
measurement

[cm]
1 Palizada 30 28.11
2 Palizada 30 30.68
3 Palizada 60 51.86
4 Palizada 60 57.53
5 Palizada 60 60.77
6 Palizada 45 66.55
7 Palizada 50 65.53
8 Candelaria 100 75.35
9 Candelaria 130 84.89

10 Candelaria 210 83.06

figure E.4 to E.18.

Table E.2: Acquisition dates and corresponding seasons Landsat 8 Secchi depth imagery

Landsat 8
acquisition date

Corresponding
season

Vertical tide
Semar

Horizontal tide
Semar

07-01-2018 Nortes Flood Ebb
20-01-2017 Nortes Flood Flood
01-12-2015 Nortes Ebb Ebb
14-12-2014 Nortes Flood Ebb
28-01-2014 Nortes Ebb Flood
13-04-2018 Dry Ebb Flood
10-04-2017 Dry Ebb Ebb
09-05-2016 Dry Flood Ebb
07-05-2015 Dry Flood Flood
01-03-2014 Dry Ebb Ebb
04-09-2018 Rainy Flood Flood
02-07-2018 Rainy Flood Flood
31-07-2017 Rainy Flood Flood
12-07-2016 Rainy Flood Flood
26-07-2015 Rainy Flood Flood
08-08-2014 Rainy Flood Flood
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Figure E.4: Secchi depth in Terminos Lagoon 07-01-2018

Figure E.5: Secchi depth in Terminos Lagoon 20-01-2017
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Figure E.6: Secchi depth in Terminos Lagoon 01-12-2015

Figure E.7: Secchi depth in Terminos Lagoon 14-12-2014
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Figure E.8: Secchi depth in Terminos Lagoon 28-01-2014

Figure E.9: Secchi depth in Terminos Lagoon 13-04-2018
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Figure E.10: Secchi depth in Terminos Lagoon 10-04-2017

Figure E.11: Secchi depth in Terminos Lagoon 09-05-2016
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Figure E.12: Secchi depth in Terminos Lagoon 07-05-2015

Figure E.13: Secchi depth in Terminos Lagoon 01-03-2014
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Figure E.14: Secchi depth in Terminos Lagoon 02-07-2018

Figure E.15: Secchi depth in Terminos Lagoon 31-07-2017
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Figure E.16: Secchi depth in Terminos Lagoon 12-07-2016

Figure E.17: Secchi depth in Terminos Lagoon 26-07-2015
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Figure E.18: Secchi depth in Terminos Lagoon 08-08-2014





F
Delft3D-FLOW Model

Some Delft3D-FLOW models are readily available. Due to long run times, often multiple days, there are also
different models that do not take all the parameters into account to improve the run time. The models that
are available are:

• comprehensive model (wind, tides and river discharge);
• comprehensive model without Palizada river (wind, tides);
• tidal model (tides).

Which model will be used in what circumstance, depends on the purpose at hand. The comprehensive model
is described below. The other models have the same settings, except the driving forces.

F.1. Data input
Delft3D-FLOW requires different kinds of data input. First the domain is defined, which consists of a hori-
zontal grid, vertical grid and the bathymetry. The particular model used also includes wind, so input of the
wind is needed. To include the tides the tidal constituents at the boundaries need to be known.

F.1.1. Domain
This model makes use of a Cartesian coordinate system. The horizontal grid is a curvilinear grid. The system
has 159 cells in M-direction and 137 cells in N-direction. In this grid, also a large part (approximately 185
km x 45 km) of the sea is included. This part of the sea is import for the simulation of the tides entering the
lagoon. A visualization of the grid is shown in figure F.1a. The vertical grid is divided in 9 layers of different
thickness. The model uses a σ-layer. This means that thickness of the layer is a constant percentage of the
water depth. So these layers have a different thickness in space. The reason to choose a σ-layer is because
layers with a smaller thickness have a higher accuracy. So the most interesting parts, bottom and surface,
of the water column have the smallest layer thickness. Table F.1 shows how the water column is divided in
layers.

Table F.1: Delft3D-FLOW layer thicknesses

Layer Thickness [%]
1 3
2 6
3 11
4 17
5 26
6 17
7 11
8 6
9 3
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The bathymetry that is used, is a non-uniform bathymetry.The bathymetry of the Terminos Lagoon is shown
in figure F.1

(a) Grid (b) Bathymetry

Figure F.1: Domain Terminos Lagoon Delft3D-FLOW

F.1.2. Processes
In Delft3D-FLOW different kinds of processes can be taken into account. In this model the temperature and
salinity are selected, also the wind is selected. These processes are important, because they can vary a lot
over the different seasons. Salinity varies in time and space, because input water is both fresh and salt: fresh
water from the rivers and salt water from the sea. Both the wind direction and speed varies over the different
seasons.

F.2. Boundary conditions
The boundaries are formed by Este01 till Este05 and Norte01 till Norte13, these boundaries are shown in
figure F.2. The flow condition has an open boundary, which is the water level and is forced by astronomic
components. The astronomic forcing is formed by tidal constituents. The amplitude and phase of the tidal
constituents differs a bit for every location in the grid.

F.3. Parameters
The physical parameters and numerical parameters are described.
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Figure F.2: Boundaries Terminos lagoon Delft3D-FLOW

F.3.1. Physical parameters

Table F.2: Physical parameters Delft3D-FLOW

Parameter Value Unit
Hydrodynamic constants

Gravity 9.81 [m/s2]
Water density 1000 [kg/m3]
Air density 1 [kg/m3]

Bottom roughness Chézy
U 65 [m1/2/s]
V 65 [m1/2/s]

Background horizontal
Horizontal eddy viscosity 100 [m2/s]
Horizontal eddy diffusivity 100 [m2/s]

Heat flux model (Ocean)
Water surface area 0 [m2]
Sky cloudiness 0 [%]
Secchi depth 2 [m]
Dalton number for evaporative heat flux 0.0013 [-]
Stanton number for heat convection 0.0013 [-]
Interpolation linear [-]
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Numerical parameters

Table F.3: Numerical parameters Delft3D-FLOW

Parameter Value Unit
Drying and flooding check at Grid cell centres and faces
Depth specified at Grid cell corners
Depth at grid cell centres: Maximum
Threshold depth 0.1 [m]
Marginal depth -999 [m]
Smoothing time 60 [min]
Advection scheme for momentum Cyclic
Advection scheme for transport Cyclic
Forester filter (horizontal) Included
Forester filter (vertical) Included

F.4. Output
The output storage contains 1 year of data, with a timestep of 1 minute. The map results are stored every 240
minutes and the history interval is 120 minutes. The output returns a map which covers the entire grid. The
history interval can be seen at all the points shown in figure F.2.



G
Boxplot description

Figure G.1: Example of boxplot with description of its features [6]

A box plot is a graphically presentation of the distribution of data, an example is shown in figure G.1. The plot
consists of one rectangular, two whiskers and outliers. 50 Percent of the data falls into the rectangular, which
is called interquartile range (IQR). The top border of the rectangular is the upper quartile, or third quartile
(Q3), with 75 % of the data below this quartile. The bottom border of the rectangular is the lower quartile,
or first quartile (Q1), with 25 % of the data below this border. The median lays within the rectangular and is
the mid point of the dataset. One half of the data points has a value higher than the median and the other
half has lower values. The median is not equal to the mean, but the median could have the same value as
the mean. The top of the above whisker is the upper adjacent value, or maximum value, which is equal to
Q3+1.5IQR. The bottom of the lower whisker is the lower adjacent value, or minimum value, which is equal
to Q1−1.5IQR. All the data points that are outside the Q1−1.5IQR - Q3+1.5IQR range are outliers.
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Penman calculation

The method of Penman is used to determine evaporation from an open water body. It is given in equation
H.1 [52]:

E0 =

{
sRN

ρλ
+ cpρa

ρλ

(es −ea)

ra

}
s +γ (H.1)

With:

RN = Earth’s net radiation [J day-1m-2]
λ = heat of evaporation (λ= 2.45 MJ/kg) [J/kg]
s = inclination evaporation curve [kPa K−1]
cp = specific heat of air with constant pressure (cp = 1004 J kg-1K-1) [J kg-1K-1]
ρa = density of air (ρa = 1205 kg/m3) [kg/m3]
ρ = density of water (ρ= 1020 kg/m3) [kg m3]
ea = actual vapour pressure of the air at 2 m height [kPa]
es = saturation vapour pressure [kPa]
γ = psychrometric constant (γ= 0.066 kPa/°C) [kPa K-1]
ra = aerodynamic resistance [day m-1]

The saturation vapor pressure (es ) and the inclination of the evaporation curve (s) are given by:

es (Ta) = 0.61exp

(
19.9Ta

273+Ta

)
(H.2)

s = des

dTa
= 5430es

(273+Ta)2 (H.3)

With:

Ta = atmospheric temperature [°C]

The actual vapor pressure can be calculated with:

ea(Ta) = RH ·es (Ta) (H.4)

With:

RH = relative humidity [-]

The aerodynamic resistance is:

ra = 245

(0.54u2 +0.5)
· 1

86400
(H.5)

With:
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u2 = wind speed at 2m height [m/s]

The Earth’s net radiation (RN) can be calculated with the reflected long wave (RB) and the reflected short wave
(1-r)RC.

RN = (1− r )RC −RB (H.6)

The reflected short wave is (1− r )RC . RC is calculated with an empirical relationship for the New Delhi case
[52].

RC = (0.21+0.48 ·n/N )RA (H.7)

With:

RA = the short wave radiation expressed in evaporation intensity [kgm-2day-1]
N = maximum amount of sun hours [day-1]
n = sunshine duration [day-1]

The RA is given in table H.1 at 20°latitude of northern hemisphere.

Table H.1: RA/λ in J day-1m-2, maximum amount of sun hours (N) and sunshine duration (n) per day per month

Lat 20° Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
RA/λ 10.8 12.4 14.0 15.2 15.7 15.8 15.8 15.4 14.4 12.9 11.3 10.4
N 11.0 11.5 12.0 12.6 13.1 13.3 13.2 12.8 12.3 12.0 11.2 10.9
n 5.4 6.5 8.1 7.2 9.0 7.2 8.1 7.9 5.6 4.8 5.7 4.6

The net reflected long wave can be determined with the following empirical relation:

RB =σ(273+Ta)4(0.47−0.21
p

ea)
(
0.2+0.8 · n

N

)
(H.8)

With:

σ = Stefan-Boltzmann constant (σ= 4.9 ·10−3J day−1m−2K−4) [J day-1m-2K-4]

The evaporation can now be calculated, using formula H.1. Results are given in table H.2 for yearly average
and each season.

Table H.2: Annually and seasonally averaged Pennman parameter results

Parameter Annual Dry Rain Nortes Unit
Ta 27.737 27.806 29.202 26.222 °C
es 3.886 3.902 4.241 3.546 kPa
s 0.233 0.234 0.252 0.215 kPa°C
RH 70.8 67.8 70.8 72.4 %
ea 2.749 2.647 3.004 2.567 kPa
us 5.001 5.519 4.878 4.877 m/s
ra 8.860 8.148 9.048 9.049 ·10−7 day/mm
RC /(λρ) 5.986 6.788 8.054 5.667 mm/day
RB /(λρ) 1.161 1.351 1.286 1.375 mm/day
RN /(λρ) 4.466 5.030 6.284 3.952 mm/day
E0 5.556 6.409 7.061 4.888 mm/day



I
Tidal prism

The tidal prism is described as the wet volume in a basin between high water and low water. For a two-inlet
tidal basin the tidal prism can be calculated by the following equations [68].

Ab1 + Ab2 = Ab (I.1)

If the tidal range of the two inlets is constant the following equation may be used.

H1 +H2 = H (I.2)

The following equation expresses the ratio between the areas of the basin split by the tidal watershed.

0 ≤β= Ab1

Ab
≥ 1 (I.3)

α f e = 0.41−0.24 ·10−9 Ab (I.4)

Finally the tidal prism can be calculated based on the results of all these results with the following formula.

P =β(1−α f e1 +2.5 ·10−9 ·α f e1

√
β
√

Ab)Ab ·H (I.5)

P = (1−β)(1−α f e1 +2.5×10−9 ·α f e1

√
β
√

Ab)Ab ·H (I.6)

With:

Ab = basin area [m2]
H = tidal range [m]
β = ratio of basin area [-]
α f e1 = parameter for a basin [-]
P = tidal prism [m3]
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J
Delft3D-FLOW results on fieldwork

locations

In the figures below the salinity profile over depth of different measurement points is showed. The exact
location of the different stations can be seen in figure F.2. On the y-axis is the depth shown as percentage.
The x-axis shows the salinity in PSU. The red horizontal lines show the 20 % and 80 % depth. These lines are
added, so the fieldwork measurements can be divided into similar depth percentages.

(a) Dry season (b) Rainy season (c) Nortes season

Figure J.1: Salinity profile of the entrance of the Palizada river over depth for different seasons

(a) Dry season (b) Rainy season (c) Nortes season

Figure J.2: Salinity profile over depth of Estacion 4 for different seasons
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(a) Dry season (b) Rainy season (c) Nortes season

Figure J.3: Salinity profile over depth of Estacion 5 for different seasons

(a) Dry season (b) Rainy season (c) Nortes season

Figure J.4: Salinity profile over depth of Estacion 6 for different seasons

(a) Dry season (b) Rainy season (c) Nortes season

Figure J.5: Salinity profile over depth of Estacion 7 for different seasons

(a) Dry season (b) Rainy season (c) Nortes season

Figure J.6: Salinity profile over depth of Estacion 8 for different seasons
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(a) Dry season (b) Rainy season (c) Nortes season

Figure J.7: Salinity profile over depth of Estacion 9 for different seasons





K
Conductivity ratio to salinity conversion

Measurements of conductivity and temperature are converted to practical salinity using the calculations in
the paper of Foffenhof and Millard [24]. These calculations are elaborated below.

Table K.1: Constants of salinity conversion

a b c d e k
0 0.008 0.0005 0.6766097 3.426e-2 2.070e-5 0.0162
1 -0.1692 -0.0056 2.00564e-2 4.464e-4 -6.370e-10
2 25.3851 -0.0066 1.104259e-4 4.215e-1 3.989e-15
3 14.0941 -0.0375 -6.9698e-7 -3.107e-3
4 -7.0261 0.0636 1.0031e-9
5 2.7081 -0.0144

Firstly, the conductivity data are transformed into the conductivity ratio, which is the ratio between the mea-
sured conductivity and the conductivity of standard seawater (S=35, t=15, p=0):

R = C (S, t , p)

C (35,15,0)
(K.1)

With:

R = conductivity ratio [-]
C = conductivity [µs cm-1]
S = salinity [PSU]
t = water temperature [°C]
p = atmospheric pressure [decibar]

This ratio can be divided into three parts:

R = Rp ·Rt · rt (K.2)

With:

Rp (S, t , p) = C (S, t , p)

C (S, t ,0)
= 1+ p(e1 +e2p +e3p2)

1+d1t +d2t 2 + (d3 +d4t )R
(K.3)

Rt (S, t ) = C (S, t ,0)

C (35, t ,0)
(K.4)

rt (t ) = C (35, t ,0)

C (35,15,0)
= c0 + c1t + c2t 2 + c3t 3 + c4t 4 (K.5)
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122 K. Conductivity ratio to salinity conversion

A standard atmospheric pressure at sea level is used which is defined as 101.325 decibar. Accordingly, the
conductivity ratio Rt is derived using equation K.2:

Rt = R

Rp · rt
(K.6)

The last step in the calculation is calculating the practical salinity:

S = a0 +a1R1/2
t +a2Rt +a3R3/2

t +a4R2
t +a5R5/2

t +∆S (K.7)

With:

∆S = t −15

1+k(t −15)
· (b0 +b1R1/2

t +b2Rt +b3R3/2
t +b4R2

t +b5R5/2
t ) (K.8)



L
Flushing time

The flushing time is defined as the time needed for the water of the lagoon to be exchanged. Equation L.1
shows the expression of the flushing time.

T f =
V

Q
(L.1)

With:

T f = flushing time [s]
V = volume of the lagoon [m3]
Q = volumetric flow rate through the system [m3/s]

Considering that the flushing time can be influenced by the tidal and river flow, the following formula can be
distinguished [40]:

T f =
V

(1−b)QT +QR
(L.2)

With:

T f = flushing time [s]
V = Volume in the lagoon [m3]
QT = volume of the tidal flow [m3/s]
QR = volume of the river flow [m3/s]
b = fraction of water that returns at flood tide [-]

The ratio b varies between 0 and 1, respectively the ratio where the entire tidal prism volume contributes to
the water exchange and the ratio where the tidal flow does not renew the water in the lagoon. As this factor is
unknown for the inlets of Terminos Lagoon, a sensitivity analyses is performed where factor b varies between
0 and 1. Furthermore, within this calculation different river flow rates are employed for the different seasons
(dry, wet Nortes) and for the annual average. The assumption is made that the lagoon is well mixed, to ensure
an equal resulting flushing time encompasses the whole lagoon.

The volume of the reservoir is determined using the average depth from the bathymetry, see section 2.4,
where values above MSL are not taken into account. The area of the lagoon is determined at 1687 km2, see
appendix A, and the corresponding average depth is 2.572 m. This gives a volume of:

V = 1687 ·106 ·2.572 = 4339 ·106m3 (L.3)

The discharge of the rivers is calculated in section 4.1.4, see table 4.4. The flow of the tidal discharge can be
calculated using the time between ebb and flood and the volume of water flowing trough the inlets. The tidal
period is determined at 24 hours and 35 min, see 6.2. The tidal prism of both the Puerto Real and Carmen inlet
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is 534.9 million m3, see chapter 4.2.2. The total contribution of the tidal flow can be calculated by multiplying
the tidal prism with the tidal period.

Finally, the flushing time can be calculated, using the values mentioned above.



M
Tidal constituents

M.1. Matlab toolbox for tidal constituents
To obtain the tidal constituents, the Matlab toolbox for tidal consituents is used. The toolbox detrends the
data. After that it uses the least squares method to fit tidal components to the data. This toolbox makes
a distinction between 38 different tidal constituents. The amplitude of some of the tidal constituents is so
small they return NAN values. These tidal constituents are not taken into account and removed from the
figures.

Besides calculating the tidal constituents and plotting the measured values, it is also possible to make a pre-
diction about the tidal signal in the past and of the future, based on the calculated tidal constituents.

M.2. Tidal constituents by Fast Fourier Transformation
The Fast Fourier Transformation is a method to distinguish different frequency components. The compo-
nents are sinusoidal oscillations with different amplitudes and phases. In the graphs, the height of the peak
shows the importance of the frequency. The most important tidal constituents are showed in table 4.5.

(a) Water height measurements SEMAR (b) Water height measurements E.Pargo

Figure M.1: Water height measurements of both locations
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Figure M.2: Tidal constituents SEMAR by toolbox
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Figure M.3: Tidal constituents E.Pargo by toolbox
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Figure M.4: Tidal constituents SEMAR FFT

Figure M.5: Tidal constituents E.Pargo FFT



N
Semi-correlations

In section 4.4.3 the correlation between water temperature and atmospheric temperature is investigated by
the application of semi-correlations. For this purpose the data is transformed to standard normal and plotted
in figure N.1. Accordingly the bivariate distribution is compared to the Gaussian-, Gumbel-, Clayton-, Frank-
and T-copula to find out which copula describes the pairs of variables the best. These copulas are shown in
figures N.2 to N.6 and are based on the correlation between the water temperature and atmospheric tem-
perature of the empirical data. The amount of samples of the fitted copulas are equal to the amount of data
points of the empirical copula.

Figure N.1: Empirical copula transformed to standard normal
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Figure N.2: Samples of Gaussian copula transformed to standard normal

Figure N.3: Samples of Gumbel copula transformed to standard normal
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Figure N.4: Samples of Clayton copula transformed to standard normal

Figure N.5: Samples of Frank copula transformed to standard normal
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Figure N.6: Samples of T copula transformed to standard normal

In each quadrant the correlation is calculated in order to compare the goodness of fit of the copulas with
respect to the empirical copula. These results are given in table 4.13 in section 4.4.3.
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