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Abstract 

The Grijalva-Usumacinta basin in southeastern Mexico has experienced an increase in 
flooding and the high level of vulnerability of the 6.7 million inhabitants makes flooding 
a big issue. There are multiple factors that have driven the change with land use changes 
being one of the most researched. While climate change has intensified extreme precipi-
tation events globally, the projected future flood changes remain less extensively re-
searched, and especially the studies in Central America are rare. 
 
The goal of this master’s thesis was to research the impact climate change has on flooding 
in the Grijalva-Usumacinta river basin. There were two main aims of the study. Firstly, 
the likely changes in precipitation and temperature due to climate change were analysed 
by using the NEX-GDDP climate projections for close and far future periods of 2031–
2050 and 2051–2070. The study focused on two climate forcing levels, RCP 4.5 and RCP 
8.5, and five general circulation models (GCMs) were used: BCC-CSM1-1, BNU-ESM, 
CanESM2, GFDL-CM3 and MIROC-ESM. Secondly, changes in discharges and flow pat-
terns under the changing climate were analysed with a focus on extreme discharge events. 
The discharges were produced using VMod distributed hydrological model for simulating 
the hydrology of the basin. 
 
The results show disparity among the GCMs of the direction of change in precipitation 
and discharge while the magnitude of changes can be remarkable. Three of the GCMs 
showed decreases in precipitation and two increases, and the directional changes in dis-
charges corresponded to these. The changes were larger under higher climate forcing and 
further future. Under far future climate, both the high flow index as well as return levels 
of events with return periods of 5, 10 and 20 years can increase with more than 40% in 
Tenosique along the Usumacinta River and more than 100% in Villahermosa along the 
Grijalva River. In general, the changes in precipitation cause an even larger change in 
discharges and the large extreme events are likely to change the most. These findings 
highlight the importance of climate change as one of the factors possibly impacting future 
changes in flooding and this knowledge supports the planning of flood mitigation and 
adaptation in the Grijalva-Usumacinta River basin.  
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Tiivistelmä 

Grijalva-Usumacintan valuma-alue Kaakkois-Meksikossa on kärsinyt lisääntyneestä tul-
vimisesta, ja väestön poikkeuksellinen haavoittuvaisuus tulvimiselle tekee ongelmasta 
erityisen haasteellisen tällä 6,7 miljoonan asukkaan valuma-alueella. Tulvimiseen alu-
eella vaikuttavat useat tekijät, joista maankäytön muutokset kuuluvat eniten tutkittuihin. 
Maailmanlaajuisesti ilmastonmuutos on lisännyt sään ääri-ilmiöiden määrää, kuten 
rankkasateita, mutta samaan aikaan näiden vaikutuksia tulvimiseen on tutkittu selvästi 
vähemmän, eikä tutkimuksia Väli-Amerikan alueelta ole juuri lainkaan. 
 
Tämän diplomityön tavoitteena oli tutkia ilmastonmuutoksen vaikutuksia tulvimiseen 
Grijalva-Usumacintan valuma-alueella. Ensimmäisessä vaiheessa työssä tutkittiin ilmas-
tonmuutoksen vaikutuksia sadantaan ja lämpötiloihin NEX-GDDP ilmastoskenaarioita 
hyödyntäen. Ajallisesti työssä keskityttiin kahteen tulevaisuuden ajanjaksoon 2031–2050 
ja 2051–2070. Päästöskenaarioiksi valittiin RCP 4,5 ja RCP 8,5, ja näillä ajetuista globaa-
leista ilmastomalleista poimittiin viisi: BCC-CSM1-1, BNU-ESM, CanESM2, GFDL-CM3 
and MIROC-ESM. Toisessa vaiheessa tutkittiin ilmastonmuutoksen vaikutuksia virtaa-
miin näitä samoja ilmastoaineistoja hyödyntäen painottaen analyysissä huippuvirtaamia, 
jotka viestivät eniten tulvimisen muutoksista. Virtaamien tuottamiseksi valuma-alueen 
hydrologiaa mallinnettiin käyttäen VMod-nimistä hydrologista mallia. 
 
Tuloksissa yksittäiset ilmastomallit erosivat skenaarioiltaan suuresti toisistaan: kaksi 
malleista näytti sadannan kasvua ja kolme vähenemistä. Virtaamien muutosten suunnat 
vastasivat näitä sadannan muutoksia erilaisuudessaan, mutta samanaikaisesti muutokset 
olivat suuruudeltaan huomattavia. Virtaamissa tapahtuvien muutosten havaittiin olevan 
suurempia suuremmalla päästöskenaariolla ja kauemmalla tulevaisuuden ajanjaksolla. 
Jälkimmäisellä ajanjaksolla tutkitut virtaamaindeksit kasvoivat jopa yli 40 % Tenosiquen 
kaupungin läheisyydessä ja yli 100 % Villahermosan kaupungin läheisyydessä. Lisäksi sa-
dannan muutokset näyttivät aiheuttavan itseään suuremman muutoksen virtaamissa. 
Näiden tulosten perusteella ilmastonmuutos tulisi lukea mukaan tekijöihin, jotka voivat 
tulevaisuudessa aiheuttaa muutoksia tulvimisessa, ja näin ollen se tulisi ottaa huomioon 
tulvimista koskevassa suunnittelussa Grijalva-Usumacintan valuma-alueella. 
 

Avainsanat tulviminen, huippuvirtaama, GCM, NEX-GDDP, RCP4.5, RCP8.5  

 

 

  



 

Preface 

 

This master's thesis is part of the Water and Vulnerability in Fragile Societies project 

(WATVUL) that explores the processes driving water related vulnerabilities in Cambo-

dia, Indonesia, and Mexico. The focus area of my thesis was in Mexico and, in specific, 

assessing the future climate change impact on flood dynamics in the Grijalva-Usumacinta 

River basin. I would like to thank Maija Taka and my supervisor Matti Kummu for ar-

ranging this extremely interesting subject for my thesis. Thank you for the funding of this 

MSc position to Maa- ja vesitekniikan tuki ry (Majakka). 

 

Special thanks to my advisor, Alexander Horton for all the guidance, insightful comments 

and encouragement throughout the process. I am also grateful for him for giving me the 

readily calibrated VMod model for use in this study as well as providing me a thorough 

introduction to the model and the research he had already done in the Mexico context. 

Furthermore, thanks to my supervisor Matti Kummu and advisor Marko Kallio, for all 

the ideas along the thesis process as well as the valuable comments on my work. Finally, 

thanks to the entire Water and Development Group for a nice working environment and 

a sense of community even in these times of remote working. 

 

I would also like to thank the modelling groups responsible for the availability of the 

climate scenarios. The climate scenarios used in the study were from the NEX-GDDP 

dataset, prepared by the Climate Analytics Group and NASA Ames Research Center us-

ing the NASA Earth Exchange, and distributed by the NASA Center for Climate Simula-

tion (NCCS). 

 

 

 

Espoo 16.7.2020 

 

 

Maiju Narikka 



 

 

 

Contents 
 
Abstract 

Tiivistelmä 

Preface 

Contents 

Abbreviations 

1 Introduction ............................................................................................................... 1 

2 Background ............................................................................................................... 3 
2.1 Study area ........................................................................................................... 3 

2.2 Factors affecting flooding in the basin ................................................................. 5 
2.3 Predicted changes in precipitation, runoff and flooding ....................................... 6 

3 Materials and Methods............................................................................................... 8 
3.1 Climate change data ............................................................................................ 8 

3.1.1 The data used ............................................................................................... 9 
3.1.2 Choice of GCMs .......................................................................................... 9 

3.1.3 Bias correction of climate data ................................................................... 13 
3.1.4 Analysis of changes in temperature and precipitation ................................. 13 

3.2 Modelling with VMod distributed hydrological model ...................................... 14 

3.2.1 Basic Principles .......................................................................................... 14 
3.2.2 Data used for model set-up, calibration and validation ................................ 15 

3.2.3 Dam operation ............................................................................................ 16 
3.2.4 Locations of interest ................................................................................... 16 

3.3 Scenarios of hydrological changes ..................................................................... 17 
3.3.1 Scenarios used for VMod runs.................................................................... 17 

3.3.2 Weighted ensemble of results ..................................................................... 18 
3.3.3 Analysis of hydrological changes ............................................................... 19 

4 Results ..................................................................................................................... 21 
4.1 VMod model performance ................................................................................. 21 

4.2 Bias correction of climate data .......................................................................... 23 
4.2.1 Chosen bias correction method ................................................................... 23 

4.2.2 Bias correction impact on future climate scenarios ..................................... 26 
4.3 Changes in climate ............................................................................................ 27 

4.3.1 Current climate........................................................................................... 27 
4.3.2 Changes in temperature .............................................................................. 29 

4.3.3 Changes in precipitation ............................................................................. 31 
4.4 Changes in discharge ......................................................................................... 37 

4.4.1 Monthly flow regime .................................................................................. 37 
4.4.2 High and low flows .................................................................................... 40 

4.4.3 Return levels .............................................................................................. 44 
4.4.4 Linkage between changes in climate and discharges ................................... 47 

5 Discussion ............................................................................................................... 48 
5.1 Changes in climate ............................................................................................ 48 

5.2 Changes in discharges ....................................................................................... 49 
5.3 Limitations and way forward ............................................................................. 51 

6 Conclusions and recommendations .......................................................................... 55 
References ....................................................................................................................... 57 

List of appendices............................................................................................................ 63 

Appendices 



 

 

 

Abbreviations 
 

CMIP5 Coupled Model Intercomparison Project, Phase 5 
GCM General Circulation Model 
IMTA Mexican Institute of Water Technology 
NEX-GDDP NASA Earth Exchange Global Daily Downscaled Projections  
NSE Nash-Sutcliffe Efficiency 
RCP Representative Concentration Pathway 

 

 

 



 

1 

 

1 Introduction 

Climate change has intensified extreme precipitation at the global scale and heavy precipi-

tation is likely to increase also during this century (Myhre et al., 2019; Seneviratne et al., 

2012). This can impact flooding in some catchments, but the projected changes in flooding 

due to precipitation increases remain a less studied topic on all continental, regional and 

catchment scales compared to precipitation changes (Seneviratne et al., 2012), and hardly 

any studies have been done in Central America. At the same time, Central America is one of 

the climate change hot-spots meaning that the climate change impact can be particularly 

distinct in the area (Giorgi, 2006).  

 

This study focuses on the Usumacinta-Grijalva river basin in the states of Chiapas and Ta-

basco in southeastern Mexico which is the rainiest part of Mexico and the river basin has the 

largest natural surface runoff out of the rivers flowing into the Gulf of Mexico (CONAQUA, 

2010). There is a long history of flooding in the area (Valdés-Manzanilla, 2016) and floods 

in the basin have increased both spatially and in magnitude (Gama et al., 2011). For example, 

the disaster of 2007 flooded 70% of Tabasco state with over a million people being left 

homeless (Aparicio et al., 2009) showing well the magnitude of the problem in the area. At 

the same time, the vulnerability of the population in the catchment has increased, especially 

in the capital of Tabasco, Villahermosa (Areu-Rangel et al., 2019). Also, in the state of 

Chiapas, more than 75% of municipalities were categorized to the classes of high and very 

high social vulnerability (IMTA, 2015). 

 

The basin is characterized by two very different rivers both of which have been suffering 

from flooding. Out of the two rivers Grijalva and Usumacinta, Grijalva has been more ex-

tensively studied related to flooding (Areu-Rangel et al., 2019; Marengo et al., 1999; 

Nygren, 2018; Palomeque-De la Cruz et al., 2017) most likely due to the biggest population 

concentration, Villahermosa, being located along Grijalva. The Grijalva basin has also ex-

perienced more modifications than the Usumacinta basin, including construction of four 

dams and urban growth especially in the area of Villahermosa (Aparicio et al., 2009). On 

the contrary, the Usumacinta River is still unregulated and has an annual flood cycle (Yáñez-

Arancibia et al., 2009) which has caused recorded flood damages already in the 19th century 

(Rugeley, 2014). 

 

Multiple factors have been increasing the problems caused by flooding, such as land use 

change and population growth (Aparicio et al., 2009; Areu-Rangel et al., 2019; Pedrozo-

Acuña et al., 2014) as well as intensification of hurricanes (Mulholland et al., 1997). Climate 

change has also been pointed out to be a likely additional contributor to the flooding problem 

(Areu-Rangel et al., 2019; Gama et al., 2011; Jenkins et al., 2017), yet hardly any studies 

focus on this aspect in the basin, while precipitation changes have been studied quite a bit in 

the area and annual runoff in a few studies. Thus, climate change impact on flooding and 

related peak flows and high discharge events remains unexplored. 

 

The objective of this thesis is to address this knowledge gap in understanding how climate 

change is likely to affect the flooding issue in Grijalva-Usumacinta basin. There are two 

main aims for this study. Firstly, the likely changes in precipitation and temperature due to 

climate change are analysed based on climate change scenarios from five general circulation 

models (GCMs) with RCP-levels 4.5 and 8.5. Secondly, the changes in discharges due to the 

changing climate are analysed with a focus on extreme discharge events. To achieve this, 

the hydrology of the basin is simulated using a distributed hydrological model, VMod. Then 
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the changes in discharges produced by the VMod model are studied for two future periods 

under climate change, close future of 2031–2050 and far future of 2051–2070. The future 

periods are compared against a baseline period of 1986–2005 representing current condi-

tions. The discharge changes are analysed for two specific locations, Villahermosa and Te-

nosique, cities which are along Grijalva and Usumacinta, respectively.  

 

The climate change scenarios used in the study are from five GCMs with RCP-levels 4.5 

and 8.5. They are extracted from NASA Earth Exchange Global Daily Downscaled Projec-

tions (NEX-GDDP) (Thrasher and Nemani, 2015) which are one of the most recently pub-

lished sets of downscaled climate scenarios. The GCM runs were conducted under the Cou-

pled Model Intercomparison Project Phase 5 (CMIP5) and the five GCMs chosen as a model 

ensemble included BCC-CSM1-1, BNU-ESM, CanESM2, GFDL-CM3 and MIROC-ESM. 

The choice of GCMs was done based on their performance in replicating observed historical 

climate including daily precipitation, minimum temperatures and maximum temperatures. 

 

The knowledge of likely climate change impacts on flooding is of relevance for water man-

agement planning and dam operators as well as land use planning in mitigating and adapting 

to future flooding. Furthermore, the local residents and the work with social capacity build-

ing and community involvement will benefit on better knowledge related to climate change 

impacts. Additionally, further research on flooding in the area will benefit of knowledge on 

the importance of climate change among different factors that have an impact on flooding. 

 

Following this introduction, the second chapter provides a more in-depth background to the 

topic covering details about the study area as well as the existing knowledge on factors with 

an effect on flooding in the basin. In the third chapter, the methods of this study are de-

scribed, focusing on the VMod model used for modelling. Then, in the fourth and fifth chap-

ters, the results are presented and discussed. Finally, the conclusions of the study are drawn 

in the sixth and last chapter.  
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2 Background 

2.1 Study area 

The Grijalva-Usumacinta watershed in southeastern Mexico consists of two rivers and their 

basins: the Grijalva River flowing on the western side and the Usumacinta River flowing on 

the eastern side of the combined basin as illustrated in Figure 1. These two rivers originate 

in Guatemala and then flow through the Mexican states of Chiapas and Tabasco finally 

merging about 25 km before discharging into the Gulf of Mexico (Rugeley, 2014). Because 

the rivers unite on their way, this combined basin of two rivers is modelled and discussed as 

a single entity in this study as has been done commonly in previous studies. Two locations, 

the city of Villahermosa along the Grijalva River and the town of Tenosique along the Usu-

macinta River, are of special focus in analysing the discharge changes in this study.  

 

 
Figure 1 Location and elevations of the study area, location of the mainstream of the Gri-

jalva and Usumacinta rivers and the main locations of interest along these rivers. 
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Out of the 16 rivers flowing into the Gulf of Mexico Grijalva-Usumacinta is the largest by 

length, 1 521 km and third largest by catchment size, 83 553 km2 (CONAQUA, 2010). The 

upper stream part of the transboundary basin is partly on the side of Guatemala, even though 

most of the basin and the length of the rivers is on the Mexico-side of state boundary (see 

Figure 1). Figure 1 highlights the large elevation differences within the area with the highest 

parts exceeding 3000 m above sea level and large areas of the lower parts being close to sea 

level. In the low-lying coastal areas of the basin, is also the largest wetland in Mexico, called 

Centla, which is flooded seasonally and known for its biodiversity (Rugeley, 2014). The 

elevations also reveal a major difference between the rivers: the unregulated Usumacinta 

mainstream flows at elevations below 250 m for most of its length, while Grijalva is in the 

higher part of the basin. 

 

The basin is located in the equatorial climate zone, also called the tropical climate zone, with 

minimum temperatures staying above 18 °C throughout the year. According to the Köppen-

Geiger climate classification (Kottek et al., 2006), there are two main equatorial climate 

classes in the area: the equatorial monsoon climate in the lower parts of the basin and equa-

torial savannah climate with dry winter in the higher altitude parts of the basin. Thus, the 

higher parts of the basin have a more distinct dry season in the winter with precipitation 

below 60 mm. In the lower parts, in turn, the ground stays wet year-around, even though 

there is a short dry season there as well. The precipitation characteristics result in the months 

of September to November having the highest discharges and April the lowest discharge 

(Yáñez-Arancibia et al., 2009).  

 

There are numerous phenomena affecting the precipitation in the area including convective 

storms, hurricanes, cold fronts and easterly waves (Arreguín-Cortés and Cervantes-Jaimes, 

2017; Yáñez-Arancibia et al., 2009) and this makes also the analysis of precipitation changes 

and climate impact more complex. IMTA (2015) found the states of Chiapas and Tabasco to 

be among the Mexican states where there were most errors in modelled precipitation when 

compared against observations with reflection on the impact of the combination of tropical 

climate, eastern waves and cold fronts.  

 

The normal annual precipitation in Grijalva-Usumacinta hydrological region is 1 709 mm 

based on a basin-wide average of years 1971–2000 (CONAQUA, 2010). However, some 

parts receive annual rainfalls of up to 4000 mm and the basin lies in the two rainiest states 

of Mexico: Tabasco and Chiapas (CONAQUA, 2010). These precipitation characteristics, 

result in Grijalva-Usumacinta river having a mean natural surface runoff of 115 536 million 

m3/year which is the highest out of the 16 rivers flowing into the Gulf of Mexico and a 

surface runoff of 248 575 million m3/year which is almost half of the total from all the 16 

rivers (CONAQUA, 2010). 

 

As was briefly introduced in section 1, flooding has always been an issue in the basin along 

both Grijalva and Usumacinta rivers, and the problem has been increasing recently. During 

the years of 1528–1948 there were 41 flood events in the basin and after 1950s there has 

been approximately one flood per decade (Valdés-Manzanilla, 2016). The flood of 2007 was 

the worst in 50 years in the state of Tabasco (Aparicio et al., 2009), causing damages of USD 

2.9 billion (OECD/The World Bank, 2019). Over time flooding has also caused deaths with 

one of the worst events in history being the flood of 1852 that killed several hundred inhab-

itants in Tenosique and completely washed away two smaller towns with 1000 inhabitants 

altogether (Rugeley, 2014). 
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There is a major difference between the water management of Grijalva and Usumacinta riv-

ers: currently four dams have been constructed along the Grijalva river, while Usumacinta 

is in its natural state. The dams of the Grijalva Hydroelectric Complex, namely Angostura, 

Chicoasen, Malpaso, and Penitas, provide river regulation and flood control to the Grijalva 

river (Marengo et al., 1999). As the Usumacinta river has not been constructed, the annual 

cycle of flooding of it still takes place (Yáñez-Arancibia et al., 2009) and there is currently 

no possibility for regulation. 

 

The hydrological-administrative region in which the Grijalva-Usumacinta basin is located 

has a total population of 6.7 million (in 2010), half of which live in urban and half in rural 

areas, and the population is expected to grow with 800 000 by the year 2030. The number of 

municipalities and delegations in the area is 138, two of which have a population above 0.5 

million: Villahermosa in Tabasco state and Tuxtla Gutierrez in Chiapas state. (CONAQUA, 

2010) There are several social characteristics, which make the basin especially vulnerable to 

floods. Firstly, it is more rural and has a higher economic dependence on natural resources 

than other parts of Mexico (Enríquez et al., 2016) and secondly, there is a high level of 

poverty and marginalization (Enríquez et al., 2016; Nygren, 2018). As the wealth from nat-

ural resources does not translate into wealth among the local inhabitants, a big portion of 

population is dependent on low productivity agriculture, which is connected with high sen-

sibility to flooding and food insecurity (Enríquez et al., 2016). Additionally, poverty and 

marginalization cause inhabitation of risk areas due to lack of alternatives as well as lower 

possibilities of recovering from flooding events (Nygren, 2018).  

 

The Grijalva-Usumacinta river basin area has also been modified largely: out of the area of 

186 000 km2 about 36% has been converted from forest to other land use types leaving 118 

500 km2 in natural state (Day et al., 2003). Agriculture is the main reason for the deforesta-

tion (Day et al., 2003) and the importance of agriculture in the area is also shown in agricul-

ture being the main off-stream use of water contributing 74.5% to the total (in 2008) 

(CONAQUA, 2010). In addition to agriculture, also the activities related to petroleum pro-

duction have caused land use changes (Day et al., 2003) and 17.4% of Mexico’s oil and 

19.6% of natural gas are produced in the lower part of the Grijalva-Usumacinta basin 

(Enríquez et al., 2016). These land use changes are a threat for the environmental sustaina-

bility and ecosystem services in the area as well as have had an impact on the discharge 

patterns and flooding (Yáñez-Arancibia et al., 2009). 

 

2.2 Factors affecting flooding in the basin 

Flooding is directly correlated with runoff volumes, which depend on numerous elements, 

such as precipitation, evapotranspiration, land use types and hydraulic control infrastructure 

like dams and the way of operation (Arreguín-Cortés and Cervantes-Jaimes, 2017). Addi-

tionally, the characteristics of precipitation, for example length and intensity of precipitation, 

influence the runoff (Seneviratne et al., 2012). As for the damages caused by a certain runoff 

volume, they depend on several other factors, such as preparedness, unplanned urbanization 

and land use in the area prone to flooding (Arreguín-Cortés and Cervantes-Jaimes, 2017).  

 

The impact of land use changes has been an extensively researched topic related to changes 

in flooding in Mexico (Areu-Rangel et al., 2019; Jenkins et al., 2017; Pedrozo-Acuña et al., 

2014). Land use changes have even been ranked as the main factor responsible for the ob-

served increases in flooding over the recent years in Villahermosa, the capital of Tabasco 
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(Areu-Rangel et al., 2019). At the same time, the need for studying climate change impact 

has been highlighted in several of these studies (Areu-Rangel et al., 2019; Jenkins et al., 

2017) and that is what this study contributes to. 

 

Globally there is low confidence that anthropogenic climate change has influenced the mag-

nitude and frequency of flooding (Seneviratne et al., 2012) with the major factor limiting the 

confidence being the limited availability of instrumental records of floods from gauging sta-

tions. This is also the case in the Grijalva-Usumacinta basin and thus relating discharge 

changes with specific magnitudes of changes in flooding is left outside the scope of this 

study which focuses on changes in extreme discharges and using that merely as an indication 

of the direction of change in flooding. In addition to limited flood records, the number of 

factors affecting flooding, as well as the uncertainty in predicting changes in single factors, 

make future flood analysis challenging. Despite these challenges, this study aims at isolating 

climate change from the other possible changes in the basin and looking solely on climate 

change impact on the changes in discharges.  

 

2.3 Predicted changes in precipitation, runoff and flooding 

The main way in which climate change is likely to affect flooding is via changing precipita-

tion patterns. Changes in precipitation then influence river runoff possibly resulting in 

changes in flooding. Globally, there is medium confidence that climate change is one of the 

reasons for intensified extreme precipitation and it is likely that the frequency of or total 

precipitation from heavy precipitation will increase during this century resulting in increased 

flooding in some catchments (Seneviratne et al., 2012). Central America has been identified 

to be a primary climate change “hot-spot” of the tropics (Giorgi, 2006) which indicates that 

climate change impacts on precipitation can be particularly distinct in this region. An intro-

duction to the existing literature on the projected future changes in precipitation, runoff and 

flooding is provided in the following with a focus on the Grijalva-Usumacinta basin. 

 

Whilst the majority of global circulation models predict reductions in annual precipitation 

and increases of temperature in Mexico under future climate (Enríquez et al., 2016; Imbach 

et al., 2012; Kitoh and Endo, 2016; Liverman and O’Brien, 1991; Schroth et al., 2009), a 

considerable number show the opposite increasing trend in precipitation (Liverman and 

O’Brien, 1991; Magaña et al., 1997; Ruosteenoja et al., 2003). In addition to uncertainty in 

future precipitation, temperature-induced increases in evapotranspiration make predicting 

future runoff in Mexico especially challenging (Imbach et al., 2012; Liverman and O’Brien, 

1991; Mulholland et al., 1997). 

 

The annual runoffs have been predicted to reduce in Central America in the area near Gri-

jalva-Usumacinta basin (Hidalgo et al., 2013; Imbach et al., 2012) which would be in line 

with reducing annual precipitation. Hidalgo et al. (2013) modelled runoff climate change 

projections for Central America for the 21st century with variable Infiltration Capacity (VIC) 

macroscale hydrological model. The overall historic and future trend showed a decrease in 

annual runoffs in the vicinity of the Grijalva-Usumacinta basin with a stronger trend for 

further future (2050–2099) than the close future (2000–2049). Imbach et al. (2012) in turn 

studied future runoff in Usumacinta-Grijalva area using a vegetation model and climate sce-

narios from CMIP3 showing consistent reductions of annual discharge (up to the 75th per-

centile of the ensemble scenarios). The reductions in runoff were more evident on the Chia-

pas side of the basin than the Tabasco side, which currently has higher rainfalls and runoffs.  
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From the flooding perspective, extreme precipitation and runoff are of higher relevance than 

the annual precipitation and discharge. The frequency and intensity of hurricanes have been 

increasing in the past decades driven by sea temperature increases (Elsner et al., 2008; 

Webster et al., 2005). IMTA (2015) ranked 32 Mexican states into order of highest risk due 

to the rainy season and hurricanes under changing climate and both Chiapas and Tabasco 

were ranked high: as third and eight, respectively. Additionally, Mulholland et al. (1997) 

identified a potential for higher flood peaks in future due to the increase in storm intensities, 

especially in the summer. Enríquez et al. (2016) concluded that also the seasonal changes in 

precipitation are likely to increase the probability of extreme events in the far future. 

 

Extreme precipitation events have been studied to increase in the future in Central America 

(Instituto Mexicano de Tecnología del Agua (IMTA), 2015; Kitoh and Endo, 2016; 

Nakaegawa et al., 2014). Kitoh and Endo (2016) studied extreme precipitation on global 

scale using the indices of annual maximum 5-day precipitation total, the annual maximum 

1-day precipitation total and the simple daily intensity index all of which showed an increase 

in the area of Central America. Nakaegawa et al. (2014), in turn, focused on a smaller area 

of only Central America and the results showed increases in 5-day precipitation in the south-

ern parts of Mexico. IMTA (2015), in turn, studied the changes in extreme rainfall on a state 

scale in Mexico using the 95th percentile of precipitation events with most models showing 

an increase in both states Chiapas and Tabasco. Furthermore, Chiapas was one of the states 

with largest projected increase. 

 

This increase in extreme precipitation is in contrast with reductions in total precipitation. 

According to the Special Report of the Intergovernmental Panel on Climate Change IPCC 

(Seneviratne et al., 2012) this can be the case in some regions globally. Both Kitoh and Endo 

(2016) as well as Nakaegawa et al. (2014) found the amount of consecutive dry days to 

increase in the future while the extreme precipitation increases, and this is most likely one 

of the reasons explaining the reduction in total precipitation while extreme events increase. 

 

Changes in flooding have not been studied specifically for Central America but some global 

studies have covered the area. While the study by Hirabayashi et al. (2013) showed an in-

creased flood risk for Central America, some GCMs showed reductions in flood risk in the 

study as did another global scale study by Arnell and Gosling (2016). Arnell and Gosling 

(2016) studied climate change impacts on flooding using a single global hydrological model 

with a grid resolution of 0.5 × 0.5° and an ensemble of seven climate models. Hirabayashi et 

al. (2013), in turn, studied global flood risk with the output of 11 GCMs and based on the 

multi-model mean the flood return period of 10-, 30-, and 100-year events in Grijalva-Usu-

macinta basin would decrease in the future. 

 

These conclusion on flooding in the Grijalva-Usumacinta area should however be interpreted 

with caution as they were drawn based on global maps which adds remarkable uncertainty 

to basin-scale conclusions. Furthermore, Hirabayashi et al. (2013) modelled flooding with 

CaMa-Flood river routing model which disregards reservoir operation, which, in fact, is very 

relevant for the flow behaviour of the Grijalva river. As was pointed out by Arnell and 

Gosling (2016) not many studies have focused on future climate change impacts on flooding, 

even globally, let alone a catchment scale, and the same applies to the studies of observed 

changes due to climate change (Seneviratne et al., 2012). This underlines the existence of a 

research gap in knowledge related to climate change impact on flooding.  
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3 Materials and Methods 

After a literature review was conducted to provide a background and context for the study 

(section 2), the first step of the analysis and modelling part itself was to process climate 

scenario data. Data of daily precipitation and minimum and maximum temperature of 21 

GCMs in NEX-GDDP projections (Thrasher et al., 2012; Thrasher and Nemani, 2015) were 

extracted for the Grijalva-Usumacinta basin area for historical time period of 1986–2005. 

Out of these, the five best GCMs were chosen based on the performance in replicating ob-

served historical climate. For the chosen five GCMs climate data was then extracted also for 

both close and far future, 2031–2050 and 2051–2070, respectively. The projected changes 

in climate were analysed by comparing future climate against the GCM output for the his-

torical period. Finally, all the climate scenario data of these five GCMs, including historical 

and future periods, were bias corrected using observed climate of the same historical period.  

 

A previously built hydrological model was used to represent the current status of water man-

agement in the Grijalva-Usumacinta basin. This calibrated and validated model was run with 

the bias corrected climate scenarios to produce the baseline runs to represent the current 

discharge patterns in the basin. Then, the model was used for scenario analysis for the close 

and far future periods of 2031–2050 and 2051–2070 with bias corrected climate scenario 

data from the GCMs as an input. The future scenarios of discharge produced by the model 

were compared with the baseline scenarios representing the current discharge conditions to 

analyse the impact climate change has on discharges. In the analysis, each future scenario 

was compared to the historical baseline of the corresponding GCM. The analysis of dis-

charge changes focused on the high flow events which are mostly responsible for flood 

events, but also low flows and monthly regimes are covered. 

 

The hydrology of the basin was simulated using the VMod distributed hydrological model 

(Lauri et al., 2012, 2006), which produces average daily river flow (m3/s) as output from a 

number of inputs (explained in detail in section 3.2). The inputs via which climate change is 

applied into the model, and which are the only inputs changing with time, are daily precipi-

tation and maximum and minimum temperature, and these are taken from the GCM data. 

All other inputs are static after the model calibration. The VMod model has been used in 

climate change and hydropower development impact studies in the Mekong area in southeast 

Asia and found to work well for the hydrological conditions there (Hoang et al., 2016; Lauri 

et al., 2012; Räsänen et al., 2012). The hydrological conditions in the Grijalva-Usumacinta 

basin and in the lower Mekong basin are somewhat similar as both areas have equatorial 

climate (Kottek et al., 2006) and are in the tropical forest ecological zones (Food and 

Agriculture Organization [FAO], 2012). This supports the application of the model to this 

new area that has not been simulated with the model in any previous studies. 

 

3.1 Climate change data 

Studying climate change impacts on flooding requires knowledge on how the climate is 

likely to change. In this study, climate change was analysed in terms of changes in daily 

precipitation, maximum temperature and minimum temperature. The choice of climate sce-

nario data, the chosen forcing levels and the temporal scale of changes as well as the way of 

analysing the changes is presented in detail in the following. 
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3.1.1 The data used 

The climate scenarios data used was from the NASA Earth Exchange Global Daily 

Downscaled Climate Projections (NEX-GDDP) dataset (Thrasher et al., 2012; Thrasher and 

Nemani, 2015) available from the NASA Center for Climate Simulation (NCCS). This data 

was chosen as it is one of the most recently released downscaled climate scenario dataset 

and its potential for use in climate change impact studies at regional scale has been high-

lighted in several recently published studies (Castillo Rodríguez et al., 2018; Jain et al., 

2019). NEX-GDDP projections have also previously been used in Central America in stud-

ying the future changes in precipitation and temperature (Abiodun et al., 2019). 

  

The NEX-GDDP projections are from 21 General Circulation Models (GCMs) (Table 2) run 

as part of the Coupled Model Inter-comparison Project Phase 5 (CMIP5) (Taylor et al., 

2012). The projections have been bias corrected and spatially downscaled (BCSD) to the 

resolution of 0.25 degrees (25km), according to the BCSD method by Wood et al. (2004).  

 

The data is available for representative concentration pathways (RCPs) 4.5 and 8.5 for years 

2006–2099. In the RCP 4.5 scenario, which is the lower stabilization scenario, the radiative 

forcing stabilizes at 4.5 Wm2 shortly after 2100 without overshooting this target level 

(Thomson et al., 2011). The RCP 8.5 scenario, in turn, is a high emission scenario with 

increasing greenhouse emissions over time and the radiative forcing reaching 8.5 Wm2 by 

2100 (Van Vuuren et al., 2007). Data from both RCP-levels was used for close future (2031–

2050) and far future (2051–2070). Using both RCPs in modelling enabled considering a 

broad range of climate variability in the analysis. The use of two time periods on the other 

hand made it possible to compare the climate impacts with different time spans.  

 

In addition to the RCP-scenarios, the NEX-GDDP data also has runs for the historical time 

period 1950–2005 without any climate forcing. The most recent 20 years of this data, 1986–

2005, was extracted for each GCM to work as the baseline periods against which the future 

changes of each GCM are compared. 

 

3.1.2 Choice of GCMs 

Out of the 21 GCMs, five were used as the climate scenario data for input to VMod. This 

ensemble size has also been used in other studies on climate impact (e.g. Portmann et al., 

2013). The choice of five GCMs was done by assessing their performance in reproducing 

present day climate, because this indicates higher reliability of the climate change simula-

tions. Comparison between the GCM simulation data for the historical period and the obser-

vations was done for the 20-year time period 1986–2005. For observed precipitation and 

temperature, the gauge locations that were also the input for the VMod model were used and 

an interpolated grid of observation data was created with the VMod model for the entire 

basin.  

 

Four sub-basins from the whole catchment were used in comparing the NEX-GDDP data 

and observations (see Figure 2). This was done because the variation in climate variables 

among the whole of Grijalva-Usumacinta basin is large while on the other hand looking at 

each of the 33 observation locations would be unnecessarily elaborate. The four sub-basins 

were created by using the natural sub-basins based on the level 5 of HydroBASINS by 

Lehner and Grill (2013) (available from the HydroSHEDS database of WWF) as the starting 
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point. The sub-basins were then partly altered from the natural ones depending on the fea-

tures of the catchment, such as assigning the dammed part of the basin to being one sub-

basin and combining multiple smaller sub-basins in the Guatemalan side into one.  

 

 
Figure 2 The discharge stations, weather stations, dam locations and sub-basin division in 

the Grijalva-Usumacinta basin. 

 

The mean daily minimum temperature, maximum temperature and precipitation were com-

puted in each of these basins for each day in the 20-year time period for both the GCM-

model data and the grid created from the observations. Historical model simulations and 

measurements were then compared by studying several goodness-of-fit (GOF) statistics 

listed in Table 1. Several different metrics were calculated before choosing these ones. Some 

metrics were dropped out due to very similar performance among models and thus they 

would not have been a reasonable justification for ranking. The metrics NSE, PBIAS and R2 

were calculated with the HydroGOF R-package (Zambrano-Bigiarini, 2020) and the percen-

tiles were calculated using the base R distribution.  

 

These chosen measures have been used also in other studies for similar purposes and they 

capture different aspects of performance. For instance, Nury and Alam (2013) used PBIAS 

and NSE for assessing how well downscaled temperature and precipitation data from a GCM 

agree with observations. The coefficient of determination (R2) has also been used for same 

purpose in several studies (Sachindra et al., 2014; Samadi et al., 2010).  

 

Additionally, the percentile metrics were considered as with them the focus can be put on 

the model performance in replicating the extreme values. The extreme values are especially 

important in flood related analysis as discussed already previously. Schär et al. (2016) high-

light that different percentile indices have been commonly used in climate studies especially 

in assessing heavy precipitation events. According to Schär et al. (2016), there are three 

main types of percentile indices in use and in this study so called all-day-percentiles were 

calculated meaning that the percentiles are calculated relative to all data including both dry 

and wet days.  
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Table 1 The goodness-of-fit statistics used for analysing the fit of GCM data from NEX-

GDDP and the observations for both precipitation and temperature. 

 Metrics    Meaning 
P

re
ci

p
it

at
io

n
 

PBIAS(%)  Percent Bias Measures the average tendency of the simu-
lated values to be larger or smaller than their 
observed ones. 

NSE  Nash-Sutcliffe  
Efficiency 

GOF measure using the mean-of-timeseries as 
benchmark (Nash and Sutcliffe, 1970). 

P(95%)  Difference in 
95th percentile 

Difference in the 95th percentile of observed 
and simulated values. 

P(99%)  Difference in 
99th percentile 

Difference in the 99th percentile of observed 
and simulated values. 

Te
m

p
er

at
u

re
 

R2  Coefficient of 
Determination 

Gives the proportion of the variance of one 
variable that is predictable from the other. 

NSE  Nash-Sutcliffe  
Efficiency 

GOF measure using the mean-of-timeseries as 
benchmark (Nash and Sutcliffe, 1970). 

P(95%)  Difference in 
95th percentile 

Difference in the 95th percentile of observed 
and simulated values. 

P(5%)  Difference in 5th 
percentile 

Difference in the 5th percentile of observed 
and simulated values. 

 

These GOF statistics metrics (see Table 1) were calculated separately for each combination 

of sub-basin (b1, b2, b3 and b4) and variable (precipitation, maximum temperature and min-

imum temperature). Based on each of these metrics the GCMs were ranked according to 

their performance in the single metrics and then a total rank was given based on the average 

of the ranks of the four different metrics. If several models had the same value, they got the 

top rank available. Based on this, the eight best models were picked for each basin-variable 

pair along with their ranks.  

 

Next, these ranks for each basin-variable pair were translated into points so that rank 1 got 

8 points and rank 8 got 1 point. These points were then weighted with all temperature points 

getting a weight of 1 and precipitation a weight of 2 resulting in the points shown in Table 

2. This weighing ensured that precipitation had as big impact on the final choice of models 

as minimum temperature and maximum temperature altogether. Finally, these weighted 

scores were summed up for all basins and for all three variables resulting in the total points 

for all models (last column in Table 2). Based on these total points, the five best models in 

replicating the historical conditions are MIROC-ESM, CanESM2, GFDL-CM3, BNU-ESM 

and BCC-CSM1-1. These chosen models are further introduced in Table 3.  

 

The climate scenario data were then derived for RCP 4.5 and RCP 8.5 for both the close 

future period 1.1.2031–31.12.2050 and far future period 1.1.2051–31.12.2070 for these five 

best models shown in Table 3. The GOF statistics between the NEX-GDDP data and obser-

vations for the historical period for the five best models are provided in Appendix 1. The 

performance differences between the GCMs were relatively small reflecting the fact that all 

the NEX-GDDP data is readily downscaled and bias corrected. However, despite this the 

NEX-GDDP data did not perform extremely well in replicating historical climate based on 

the metrics calculated when comparing the GCM performance against observations. This 

low performance was probably a result of several factors. Firstly and primarily, bias remains 
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in the scenario data despite being bias corrected and statistically downscaled. Secondly, the 

interpolation of the observed temperature and precipitation grid used in this study was done 

based on only the available 33 observation stations several of which were lacking data and 

thus the quality of the interpolated grid of observations most likely also affects the GOF-

statistics in comparison to the use of a denser observation grid (e.g. from satellite sources).  

 

Table 2 Points for eight best general circulation models (GCM) based on each basin - vari-

able pair and the calculated total points for each model. The precipitation points have been 

weighted with a factor of 2 and the five best models based on the total points are highlighted. 

Variable Precipitation Minimum  
temperature 

Maximum  
temperature 

Total 
points 

Basin b1 b2 b3 b4 b1 b2 b3 b4 b1 b2 b3 b4 
 

ACCESS1-0 
 

4 
 

8 1 
  

1 
 

4 
  

18 

bcc-csm1-1 10 10 8 12 5 6 1 
 

2 1 3 
 

58 

BNU-ESM 6 16 16 14 
 

1 
 

4 
  

5 6 68 

CanESM2 14 12 12 6 5 8 7 
 

3 3 6 6 82 

CCSM4 
            

0 

CESM1-BGC 
            

0 

CNRM-CM5 
      

4 
    

2 6 

CSIRO-Mk3-6-0 
 

2 
 

4 
      

2 3 11 

GFDL-CM3 
 

8 16 10 3 6 8 4 8 8 4 4 79 

GFDL-ESM2G 2 
 

4 
     

6 
   

12 

GFDL-ESM2M 
        

2 3 1 
 

6 

inmcm4 
     

7 6 5 4 6 1 
 

29 

IPSL-CM5A-LR 16 6 6 2 
        

30 

IPSL-CM5A-MR 
            

0 

MIROC5 10 
   

8 3 1 7 5 5 8 8 55 

MIROC-ESM 12 14 10 16 8 2 5 7 7 7 7 7 102 

MIROC-ESM-CHEM 
    

6 6 3 4 
    

19 

MPI-ESM-LR 
            

0 

MPI-ESM-MR 
            

0 

MRI-CGCM3 
  

2 
   

3 8 
   

2 15 

NorESM1-M 4 
   

2 
       

6 

 

Table 3 Chosen general circulation models (GCMs) and their development institutions. 

GCM name Acronym Development institution 

BCC-CSM1.1 BCC Beijing Climate Centre; China 
BNU-ESM BNU Beijing Normal University; China 
CanESM2 CAN Canadian Centre for Climate Modelling and Analysis; Canada 
GFDL-CM3 GFDL Geophysical Fluid Dynamics Laboratory; United States 
MIROC-ESM MIROC Atmosphere and Ocean Research Institute (The University of 

Tokyo), National Institute for Environmental Studies, and Ja-
pan Agency for Marine‐Earth Science and Technology; Japan 
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3.1.3 Bias correction of climate data 

Bias correction was applied for the climate scenarios of daily precipitation, minimum tem-

perature and maximum temperature. For the observed time series catchment-wide data was 

interpolated from the point data of observation points and this interpolated grid was used for 

calculating the sub-basin means. The bias-correction factors were calculated for each GCM 

on a sub-basin scale (sub-basins in Figure 2), meaning that the sub-basin mean of the climate 

scenario time series was compared with the sub-basin mean of the observations.  

 

Two bias correction methods were tested on the data in order to choose the most suitable 

one for this case. The methods used were empirical quantile mapping (EQM) and scaling 

both applied with the Hyfo R-package (Xu, 2020). In EQM, the mean delta change and the 

individual delta change are added to each observed quantile in order to produce a calibrated 

cumulative distribution function of the simulated one. In scaling, the simulation is scaled 

based on the difference or quotient between the observed and simulated means of the training 

period. The difference is used for the correction of precipitation and the quotient for the 

correction of temperature. 

 

To support choosing between the two bias correction methods, the discharge simulations for 

the historical period using climate data without and with bias correction were compared to 

see the improvement in comparison to observed discharges. Additionally, the frequency-

magnitude plots of precipitation and maximum temperature distributions were used in com-

paring the performance of the bias correction methods in the historical period. After the best 

method was chosen, the frequency-magnitude plots for the future climate were also provided 

to visualize the impact of bias correction on the future scenarios. 

 

3.1.4 Analysis of changes in temperature and precipitation 

The next step was to analyse the bias corrected precipitation and temperature. First the pre-

cipitation and temperature characteristics of the historical baseline time period 1986–2005 

were analysed. Mean annual precipitation and mean daily maximum and minimum temper-

atures were calculated on a grid-scale as a mean of the GCMs enabling comparisons between 

basin parts. These results represent the current climate against which the future is compared. 

 

Changes in precipitation were analysed with three indices: the mean annual precipitation, 

the 99th percentile of precipitation time series, the mean of annual maximum daily precipi-

tation and the mean rainy season precipitation. The mean of annual maximum daily precip-

itation is calculated by extracting the annually highest daily precipitation and taking a mean 

of these over the 20-year time period. In the case of precipitation these annual maximum 

daily precipitation quantities and the 99th percentile were studied because the changes in 

extreme events are of interest and importance when considering flooding issues.  

 

Temperature analysis was done with a single technique by calculating the mean daily maxi-

mum temperature. All the calculations for both precipitation and temperature were done for 

each GCM and analysed in terms of change in the index compared to the baseline period. 

These techniques used for analysis are commonly used in climate change studies for analys-

ing changes in temperature and precipitation. In this study, changes were analysed at both 

grid-scale within the basin to see the spatial variation as well as on an averaged basin-scale 

to see the basin-scale trends. These results were then compared between the RCP-level, the 

GCMs and the future periods.  
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3.2 Modelling with VMod distributed hydrological model 

VMod is a physically based hydrological model using a gridded representation of the mod-

elled watershed. The Integrated Water Resources Management modelling tool 

(IWRM/VMod) is part of a larger model family developed by the Environmental Impact 

Assessment Centre of Finland (EIA). The model provides a way of assessing the impact of 

water resource management changes on a scale of an entire basin. (Lauri et al., 2006) In this 

study the assessment did not include water resource management changes but instead apply-

ing climate change into the model through a time series method. In practise, this means im-

porting climate change projections for the basin into the model as new climate input time 

series.  

 

3.2.1 Basic Principles 

VMod represents the study basins as a grid of 2.5 x 2.5 km sized squares. In each grid cell, 

the soil is simulated as two separate layers, and above these there are the layers of surface 

and atmosphere. In the 2D hydrological model, the water balance is calculated first vertically 

in each grid cell and then horizontally between neighbouring cells. Finally, the water is 

routed in the river and lake network which is a 1D model coupled with the 2D model for the 

basin.  

 

The soil type, land cover and elevation of the area are in the model as raster layers and the 

river network and flow direction information is generated based on the elevation. The gen-

erated layer of river network is further checked and modified to match the reality as well as 

possible.  

 

Input climate data for the model consists of daily minimum, maximum and average temper-

atures as well as precipitation. Average temperature is calculated as the average of daily 

minimum and maximum temperatures as it is not a variable available in climate change pro-

jections. This climate related input data is given to the model as point locations, based on 

which values are then interpolated to each grid cell. This interpolation is based on inverse 

distance-weighing and elevation corrections of the nearest point locations to each cell. Com-

putation of evaporation is done using the Hargreaves-Samani evaporation formulation 

(Hargreaves and Samani, 1982), which uses daily minimum and maximum temperatures, 

latitude, date and leaf area index (LAI) in estimating the potential evaporation.  

 

The calibrated and validated model for the Grijalva-Usumacinta basin existed before the 

start of this study and was adapted mostly as such from Horton et al. (2020) for use in this 

study. The calibration and validation of the model had been done against observed dis-

charges with a special focus on the performance at the Boca del Cerro station in the town of 

Tenosique and the Gonzalez station near the city of Villahermosa. This process extended 

over the period 1959–2014. The main calibration was done in several phases using the time 

periods 1968–1986 and 2003–2014 with the final model being validated against periods 

1986–1992 and 1999–2003. The calibration was done with the whole basin as one unit, 

meaning that the resulting grid cell parameters are not dependent on the location of the grid 

cell but only on land cover and soil type in the specific grid cell.  

 

The calibration focused on analysing the performance of reproducing the observed dis-

charges with Nash-Sutcliffe efficiency coefficient (NSE; Nash and Sutcliffe, 1970). Addi-

tional assessment was also done on total annual flow, low flow and high flow indices, mean 
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monthly discharges and distributions of annual maximum, minimum and mean discharges 

before concluding the model to be robust. (Horton et al., 2020) The resulting performance 

and the details of the different time periods are shown in Table 15 in Appendix 2 for the 

Boca del Cerro station near Tenosique. More details about the VMod model and its set-up 

and calibration process can be found from the VMod model manual (Lauri et al., 2006). 

 

In this study, the historical time period used is 1986–2005. Observed daily temperatures and 

precipitation from this 20-year period were used in analysing the model performance. This 

was done by comparing the NSE of the simulated discharges against the observed discharges 

at three stations: Boca del Cerro, Gonzalez and Pueblo Nuevo. The locations will be intro-

duced in more detail in section 3.2.4. Additionally, GCM scenarios of climate for this same 

20-year period worked as the historical climatic baselines against which the future climatic 

conditions were compared. Throughout the study each GCM was compared against the his-

torical baseline of the GCM in question. 

 

3.2.2 Data used for model set-up, calibration and validation 

The data used for model set-up, calibration and validation included historical precipitation, 

temperature and discharges as well as land cover, soil type and elevations and was gathered 

from several different sources. The details of data sources are provided in Table 4. Most of 

these data were also further processed via reclassification, bias correction or other adjust-

ment as part of the process.  

 

Table 4 List of data used for VMod model set-up, calibration and validation. 

Data type Data source 

historical precipitation Global Historical Climatology Network (GHCN) (Menne et al., 
2012), and García (1977) + Princeton University Global Meteor-
ological Forcing (PGF) v.1 (Sheffield et al., 2006) (Guatemala 
side) 

historical temperature Global Historical Climatology Network (GHCN) (Menne et al., 
2012), and García (1977) 

historical discharge Servicio Meteorológico Nacional (SMN) under the Comisión 
Nacional del Agua (CONAGUA) of Mexico 

elevation SRTM 90m (Jarvis et al., 2008) 
soil type FAO world soil map (FAO, 2009) 

  
As the calibrated model was based on the previously introduced data, also the runs done in 

this study rely on these data, despite using a different time period. The original calibration 

and validation process extended over the period 1959–2014, while in this study the historical 

period is shorter, the 20-year period of 1986–2005. The main characteristics of the basin area 

and the model used are shown in Figure 2 and introduced in the following. 

 

Weather input, namely precipitation and maximum and minimum temperatures, were avail-

able from 33 weather observation stations shown in blue in Figure 2. These observation 

locations were used for both model validation with observed records as well as extracting 

climate scenarios. As the Guatemala side of the basin did not have many stations, five arbi-

trarily chosen additional points (pink) were added to be used in extracting climate scenario 
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data for the simulation runs. Thus, these five points were additional to the ones used for 

model validation. 

 

The four dams along Grijalva are also shown in the Figure 2 with red triangles. The dams 

from upstream to downstream or south to north are Angostura, Chicoasen, Malpaso, and 

Penitas. Additionally, the figure shows the sub-basin division that is used later in the study 

in GCM comparison as well as bias correction. Sub-basins 1 and 2 contribute to the flow of 

Grijalva River and thus the flow in Villahermosa while precipitation of sub-basins 3 and 4 

flows into the Usumacinta river running past Tenosique.  

 

3.2.3 Dam operation 

The dam operation of the four dams along Grijalva river was included in the readily cali-

brated model used in this study. The operation rules for the dams (shown in Figure 2) were 

not available in literature and thus the operation rules were derived as accurately as possible 

based on observed discharges in the historical period. The rules were set into the model as 

monthly rule curves typical for each of the dams. The dam operation was integrated to the 

model starting from the most upstream dam and moving downstream one dam at a time.  

 

The focus in adding the dams to the model was not to get the operation of each individual 

dam perfectly realistic but rather to get the flow after all the dams to resemble the observa-

tions as well as possible. This is because the location of interest, Villahermosa, is located 

downstream of all the dams and thus the performance between the dams is not of as high 

importance. In the future simulations, the dam operation was assumed to stay alike with the 

historical one and this assumption enables analysing the climate impact on the Grijalva flows 

alone without a changing dam operation influencing the results.  

 

3.2.4 Locations of interest 

The model validation of this study was done for two main locations of interest, which are 

also the main focus in analysing the changes in discharge in this study. These points are near 

Tenosique for the Usumacinta river and near Villahermosa for the Grijalva river. Boca del 

Cerro is a discharge station right next to the town of Tenosique and this was used for all 

analysis representing the situation in Tenosique (see Figure 2). 

 

For the case of Villahermosa, the situation is more complicated as in addition to the Grijalva 

mainstream there is another river flowing through the city and it merges to Grijalva after the 

city centre. The combined effect of these is the one impacting flooding in Villahermosa. 

Therefore, the results focusing on Villahermosa were mostly calculated on the combined 

flow after the rivers have merged. 

 

However, additional analysis was also done on the differences between the two rivers flow-

ing through Villahermosa: the river from the unregulated part of the basin and the river from 

the regulated part. All the water from sub-basin 3, which is the sub-basin with all four dams, 

flows through Gonzalez discharge station near Villahermosa and this location was used for 

analysing the regulated part of the basin contributing to Villahermosa flow (see Figure 2).  

 

All water from the upstream parts of sub-basin 1, on the other hand, makes up the unregu-

lated flow. The volumes of unregulated flow were analysed from a point near Villahermosa 
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city in the analysis of discharge changes. However, the analysis of the model performance 

for the unregulated part of the basin contributing to Villahermosa flow was done using 

Pueblo Nuevo station which is approximately 30 km upstream from Villahermosa (see Fig-

ure 2). By analysing these unregulated and unregulated basin parts separately, it is possible 

to differentiate flow changes originating from the regulated and unregulated flows to Villa-

hermosa. 

 

3.3 Scenarios of hydrological changes 

After the VMod model was calibrated as well as the most representative GCM scenarios 

chosen, bias corrected and analysed, the VMod model could be run with the different climate 

scenario inputs. These temperature and precipitation inputs were extracted from the GCM 

data for the specific point locations were the weather observation stations are located as well 

as for some additional points in the sub-basin 4 where there are only a few observation sta-

tions. These point locations are shown in Figure 2 in blue and pink for observation and ad-

ditional points, respectively. From this point data catchment-wide spatially averaged data 

was interpolated in VMod for the input for simulations. 

 

The VMod model was run with all five best GCMs for the historical period of 1986–2005, 

which serve as the baseline runs, as well as the close and far future periods of 2031–2050 

and 2051–2070 under both RCP levels. Throughout the analysis of future changes in dis-

charge, the future periods were compared against the historical period of the same GCM. 

This ensures that the possibly remaining biases of individual GCMs do not influence the 

final results. The reason for this is that if there is bias in the climate scenarios of GCMs, the 

historical and future discharge simulations will contain the exact same bias, and when the 

discharges are compared to each other, the bias will not show in the change between these. 

 

3.3.1 Scenarios used for VMod runs 

After calibration with observed temperature and precipitation input the VMod model was 

run with 25 scenario combinations shown in Table 5. These scenario runs include three dif-

ferent time periods (baseline, close future and far future), two RCP-levels for future periods 

and five different GCMs. Additionally, the model was run for comparison purposes with the 

observed climate of the historical period. 
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Table 5 List of all hydrological model runs including all different combinations of GCM, 

emission scenario and time period. 

Group GCM Emission scenario Time period 

Comparison none (Observations) none 1986 – 2005 

Baseline 

BCC none  1986 – 2005 
BNU none 1986 – 2005 
CAN none 1986 – 2005 
GFDL none 1986 – 2005 
MIROC none 1986 – 2005 

Close future 
– RCP 4.5 

BCC RCP 4.5 2031 – 2050 

BNU RCP 4.5 2031 – 2050 

CAN RCP 4.5 2031 – 2050 

GFDL RCP 4.5 2031 – 2050 

MIROC RCP 4.5 2031 – 2050 

Close future 
– RCP 8.5 

BCC RCP 8.5 2031 – 2050 

BNU RCP 8.5 2031 – 2050 

CAN RCP 8.5 2031 – 2050 

GFDL RCP 8.5 2031 – 2050 

MIROC RCP 8.5 2031 – 2050 

Far future 
– RCP 4.5 

BCC RCP 4.5 2051 – 2070 
BNU RCP 4.5 2051 – 2070 
CAN RCP 4.5 2051 – 2070 
GFDL RCP 4.5 2051 – 2070 
MIROC RCP 4.5 2051 – 2070 

Far future 
– RCP 8.5 

BCC RCP 8.5 2051 – 2070 

BNU RCP 8.5 2051 – 2070 

CAN RCP 8.5 2051 – 2070 

GFDL RCP 8.5 2051 – 2070 

MIROC RCP 8.5 2051 – 2070 
 

3.3.2 Weighted ensemble of results 

After VMod was run with the climate inputs of individual GCMs the discharge outputs from 

these VMod runs were utilized to produce a weighted ensemble discharge time series. The 

weighted ensemble was produced from the individual five GCM by using the Hydrostreamer 

R-package (Kallio, 2020). The historical discharge estimates of the individual GCMs (i.e. 

the baseline runs) were combined using optimise_point function which computes an optimal 

estimate based on the observed time series. The optimisation method used was Non-Nega-

tive Least Squares, which is bound to positive weights and can compensate some bias in the 

weighing. The optimum was derived using 50% of the available observation timesteps cho-

sen with random sampling i.e. the entire time series (1986–2005) was divided into an equal 

share used in both train and test periods. 

 

The weighted ensemble was first produced for discharges at Boca del Cerro station near 

Tenosique. The produced optimal weighing of the GCMs is shown in Table 6 and the per-

formance of the optimum in comparison with the observations is shown in Table 7. The 

optimal weights show that the MIROC model contributes the highest weight to the optimum 
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and BCC the lowest. The performance of the weighted ensemble in comparison to the ob-

served historical discharges is similar in the train and test periods (Table 7), which supports 

the use of this weighing in the creation of a weighted ensemble. The weighted ensemble 

discharge time series was produced by weighing the discharge time series of all five GCMs 

with their corresponding weights and then summing this up into a weighted ensemble. This 

weighted ensemble was produced for all the groups of hydrological model runs shown in 

Table 5: Baseline, Close future – RCP 4.5, Close future – RCP 8.5, Far future – RCP 8.5 and 

Far future – RCP 8.5.  

 

Table 6 The optimal weights for producing a weighted ensemble of individual GCM outputs 

in Tenosique. 

GCM BCC   BNU   CAN  GFDL   MIROC  Sum 

Weight 0.090 0.162 0.180 0.169 0.217 0.817 

 

Table 7 Goodness-of-fit statistics of the performance of weighted ensemble discharge in 

comparison against observed discharges in Tenosique during train and test periods of the 

entire period of 1986–2005. The period was divided into train and test periods using random 

selection of 50% of available observation timesteps for both. 

Statistic Train period Test period 
RMSE   917 930 
PBIAS %  -2.00   -2.60  
NSE  0.50  0.49  
R2 0.50  0.49  

 

Furthermore, the performance of the weighted ensemble discharge was compared with the 

performance of the baseline runs with the individual GCM climates in replicating the ob-

served discharges (Table 16 in Appendix 2). The performance was significantly better for 

the weighted ensemble than any of the individual GCMs, indicating that the use of the 

weighted ensemble can provide insight into the most likely future changes in discharges.  

 

This same method of calculating optimal weights for producing a weighted ensemble was 

considered not appropriate in the case of Villahermosa with a flow regulated by four dams. 

Thus, the performance of the use of the same weighing (of Table 6) was analysed separately 

at the Pueblo Nuevo station (see Figure 2), representing only the unregulated part of flow to 

Villahermosa. Despite the performance of the weighted ensemble not showing as big of an 

improvement from the performance of the individual GCMs as it does at Boca del Cerro, the 

majority of the GOF statistics did show an improvement also at Pueblo Nuevo (Table 16 in 

Appendix 2).  Therefore, this weighing was considered adequate to be generalised for the 

entire basin and thus the same weighing was also used for the discharge analysis in Villa-

hermosa. 

 

3.3.3 Analysis of hydrological changes 

Hydrological changes were analysed at specific locations of interest: near the towns of Vil-

lahermosa and Tenosique. As was explained in detail in section 3.2.4, these locations were 

chosen as they are the major population centres of the basin and have statistics of historical 

discharges and flooding. The simulated future discharges were in all cases compared to the 

baseline of the same GCM with both the baseline and future runs of VMod computed using 

the bias corrected climate input. The analysis was conducted for all five individual GCM 
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runs and the weighted ensemble produced out of these. Several indices were used in the 

comparison and analysis of discharge changes, and they are introduced in Table 8.  

 

Table 8 Indices used in analysing discharge changes between baseline and future periods. 

Index Meaning Computation 

Mean monthly  
discharge 

The mean monthly discharge 
(m3/s) 

Mean of the monthly discharges 
over the 20-year period 

High flow (Q5) The flow level (m3/s) that is 
exceeded 5% of the time 

The 95th percentile of the 20-
year discharge timeseries 

Low flow (Q95) The flow level (m3/s) that is 
exceeded 95% of the time 

The 5th percentile of the 20-year 
discharge timeseries 

10-day maximum 
discharge event 

The mean discharge (m3/s) of 
the 10-day period with the 
highest flow volume 

Mean of the annually biggest 
10-day occurrences so an aver-
age over the 20-year period 

30-day maximum 
discharge event 

The mean discharge (m3/s) of 
the 30-day period with the 
highest flow volume 

Mean of the annually biggest 
30-day occurrences so an aver-
age over the 20-year period 

5-year return level The flow level (m3/s) that has 
a return period of 5 years 

A generalized extreme value dis-
tribution was fitted to the yearly 
peak discharges and then the 
return levels could be derived 
for return periods of 5, 10 and 
20 years. 

10-year return level The flow level (m3/s) that has 
a return period of 10 years 

20-year return level The flow level (m3/s) that has 
a return period of 20 years 

 

First, changes in monthly river discharges were analysed enabling analysis of seasonality of 

discharge changes as has been done by e.g. Lauri et al., 2012 and Hoang et al., 2016. Sub-

sequently, the changes in hydrological extremes were quantified by analysing the extreme 

high (Q5) and low (Q95) flows. High flow represents the flow level that is exceeded 5% of 

the time and low flow the level that is exceeded 95% of the time, both being common indices 

in hydrological analyses (Hoang et al., 2016). Additionally, the analysis of the high-end ex-

tremes was complemented with the use of 10 and 30-day maximum discharge events. These 

were calculated as the mean over the 20 years while the high flow was computed over the 

entire period, which reduces the impact of a single exceptional year compared to the high 

flow index. Lastly, yearly peak discharges were fitted to extreme value distributions (as was 

done by Hoang et al., 2016) to gain understanding of changes in return levels with return 

periods of five and more years reflecting the changes in big flooding events. 

 

The computation of return levels was done by first extracting the annually biggest discharge 

events (20 per time period). Then a generalized extreme value distribution was fitted to this 

data using the fevd function of the extRemes R-package (Gilleland, 2020). Based on this, a 

cumulative distribution function was produced showing the linkage between return periods 

(as years) and return levels (as discharge). From this fit, the return levels for specifically 

chosen return periods 5, 10 and 20 years were extracted using the function return.level. The 

return periods for analysis were chosen considering that the extent of the time series data 

was a period of 20-years and the fact that the higher the return period is the higher the un-

certainty in the return level is as well. It must also be noted that the performance of the GEV 

function against the discharges varied between fittings (location, GCM and time period) 

adding some uncertainty to the results.  
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4 Results 

4.1 VMod model performance 

The model performance was assessed by comparing the VMod simulations run with ob-

served climate input with the observed discharges at the three discharge stations introduced 

in Figure 2, namely Boca del Cerro, Gonzalez and Pueblo Nuevo. The NSE values for the 

historical period 1986–2005 (Table 9) show that the VMod model performance is clearly 

better at Boca del Cerro and Pueblo Nuevo stations (≥ 0.60) than the Gonzalez station (0.41). 

Both Boca del Cerro and Pueblo Nuevo stations reflect the patterns of unregulated flow 

while Gonzalez station is on the regulated part of Grijalva river. Thus, the dam operation is 

most likely the main reason for the lower performance on the Grijalva side because the op-

eration rules had to be derived by testing as they were not known.  

 

Table 9 NSE of simulated versus observed discharge at three observation station locations: 

Boca del Cerro, Gonzalez and Pueblo Nuevo (Figure 2) during the period 1986–2005.  

Location of station NSE  

Boca del Cerro (Usumacinta) 0.65 
Gonzalez (Grijalva) 0.41 
Pueblo Nuevo (Grijalva) 0.60 

 

Figure 3 shows the simulated and observed discharges at the stations Boca del Cerro, Gon-

zalez and Pueblo Nuevo, respectively. For the unregulated basin parts, resulting in dis-

charges at Boca del Cerro and Pueblo Nuevo, the simulation is good with some over and 

under estimation of the highest flows. It can also be noted that the discharge magnitudes are 

multiple times higher at Boca del Cerro than the Pueblo Nuevo station. 

 

At the Gonzales station the simulated discharge is of similar magnitude as the observed but 

does not reproduce all the small-scale variations (Figure 3c). The clear difference in flow 

pattern between the first and second halves of the entire time period is related to changes in 

the flow regulation at a diversion point upstream of the Gonzalez station. This is well repli-

cated in the simulated discharges. There is also a simulated exceptionally high flow event in 

1999 which was not shown in the observation records. In reality, this peak took place as 

there was a significant flood at that time (Marengo et al., 1999). Thus, there must have been 

some fault with the instrumentation not capturing these high flows in the discharge record. 

Therefore, this event is closer to reality in the simulated than the observed time series which 

supports the performance of the simulation at the Gonzalez station.  
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a) 

 

b) 

 

c) 

 
  

Figure 3 Simulated and observed discharge at (a) Boca del Cerro, (b) Pueblo Nuevo and (c) 

Gonzalez stations for time period 1986–2005. The locations are introduced in Figure 2. 
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4.2 Bias correction of climate data 

The VMod model was first run with the historical climate input of the GCMs (i.e. the base-

lines) without bias correction. The resulting discharges of these runs at Boca del Cerro sta-

tion were analysed against the observed discharges for the same historical period. The high 

discharge events were clearly overestimated when no further bias correction had yet been 

applied and as Table 10 shows the NSE values were thus below −1. This confirmed the need 

for further bias correction.  

 

Two methods were tested for bias correction including empirical quantile mapping and scal-

ing. The performance of the two scaling methods was analysed by comparing how well 

VMod simulates observed discharges during the historical period (1986–2005) with the bias 

corrected climate input, again by calculating the NSE values. Table 10 shows that both meth-

ods improved the NSE, but it was GCM dependent which was the best bias correction option 

based on the NSE values. Thus, further analysis was done on the impact of bias correction 

on the temperature and precipitation input by plotting frequency-magnitude distributions of 

daily precipitation and maximum temperature before and after bias corrections. 

 

Table 10 Model performance at Boca del Cerro station (Figure 2), in simulating river dis-

charge. The simulations are compared against the observations for the historical period of 

1986–2005. The comparison was done with the Nash Sutcliffe Efficiency (NSE) values for 

VMod runs with two GCMs: CAN and GFDL. 

Bias correction method for climate input data NSE for CAN NSE for GFDL 

No bias correction -1.66 -1.11 
Empirical quantile mapping -0.67 -0.01 
Scaling -0.27 -0.13 

 

4.2.1 Chosen bias correction method 

The frequency-magnitude plots of historical precipitation (Figure 4a) provide a comparison 

of the impact of two different bias correction methods as well as the influence the bias cor-

rection has on the climate data. In the case of precipitation, bias correction with empirical 

quantile mapping (EQM) overestimates the number of small precipitation events (< 5 mm/d) 

and underestimates the number of large events (> 15 mm/d) more than the scaling method. 

Thus, the scaling method seems better for bias correction. Here it must be noted that these 

precipitation values are means over the GCMs and sub-basins. 

 

In the case of maximum temperatures (Figure 4b), both methods perform equally well in 

correcting the mean of the distribution close to the observed. However, EQM reduces the 

variance of the distribution clearly too much while scaling conserves the variance of the 

original distribution and produces a distribution more like the observed one. Thus, also the 

bias correction of temperature supports choosing scaling as the bias correction method.  

 

Furthermore, it was also calculated and checked that the temperature and precipitation 

changes between future and baseline period were conserved in the bias correction. This was 

separately done for annual precipitation, the 99th percentile of precipitation and mean of daily 

maximum temperature. 

 

 



 

24 

 

 
 
 
 
 
 
 
 
a) 

 
 
 
 
 
 
 
 
 
 
 
b) 

 
Figure 4 Frequency-magnitude plots of observed, non-bias corrected and bias corrected a) 

precipitation and b) daily maximum temperature time series for the historical period 1986–

2005. The time series is the mean of the GCMs and mean of the sub-basin averages without 

sub-basin 1. Two bias correction methods are compared: empirical quantile mapping 

(EQM) and the scaling method. 
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Next the benefit of the chosen bias correction method of scaling was analysed based on the 

discharges at Boca del Cerro station during time period 1986–2005. Figure 5 shows this for 

two of the GCMs: the models CAN and GFDL, respectively. In both cases, bias correction 

reduces especially the simulated high flow events so that the peak values are closer to the 

observed ones. 

 

a) 

 

b) 

 
Figure 5 The simulated discharge at the Boca del Cerro station (Figure 2) for historical 

period 1986–2005 using climate data from CAN (a) and GFDL (b). The discharges are 

shown with and without bias correction applied to climate data as well as the observed flow.  

 

While the bias correction clearly improved the simulation of historical period, the perfor-

mance remains below that of the simulation runs using observed climate input (as can be 

seen by comparing the NSE values of Table 9 and Table 10). However, the same remaining 

bias is included in both the historical and future period of the same GCM. As throughout the 

analysis the future periods are compared against the historical period of the same GCM, the 

bias will not be part of the resulting changes in discharges that are analysed. Therefore, the 

current performance of the model and the equivalence of the bias corrected climate scenario 

data and the climate observations is adequate for the purpose of this study. 
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4.2.2 Bias correction impact on future climate scenarios 

The impact of bias correction on daily maximum temperature under close future climate is 

shown in the frequency-magnitude plots of Figure 6. Scaling reduces the temperatures con-

sistently with about 1 °C. At the same time, comparison with the observed historical (blue) 

shows that the bigger increase in temperature under RCP 8.5 compared to RCP 4.5 is con-

served. Additionally, the scaling conserves the original shape of the distribution.  

 

 
Figure 6. Frequency-magnitude plots of bias corrected and noncorrected maximum temper-

ature time series for close future period 2031–2050 under RCP 4.5 and 8.5 in comparison 

with the observed maximum temperatures of historical period 1986–2005. The time series is 

the mean of the GCMs and mean of the sub-basin averages. 

 

Figure 7 shows how the precipitation distribution for the future period 2031–2050 is changed 

by the bias correction. As the bias correction factor was calculated separately for each sub-

basin and GCM combination and additionally the precipitation patterns varied between basin 

parts and GCMs, the bias correction impact slightly differs between the GCMs and sub-

basins. Figure 7 shows the bias correction impact for two GCM – sub-basin pairs.  

 

As the scaling method uses a single factor for correcting different sized events the scaling 

effect is greater on large events than the smaller ones. In Figure 7, both examples show that 

in the case of the biggest events the size of the noncorrected events (red) is reduced closer 

to the observed (blue) after the bias correction. As a result, the number of small events in-

creases. The reduction of large precipitation events and increase in smaller events reflects 

straight into the discharges and especially the peak flows that were previously analysed to 

reduce after bias correction (Figure 5). 

 

Both plots in Figure 7 show that bias correction adjusts the frequency-magnitude plot closer 

to the observed distribution. However, at the same time the performance of the bias correc-

tion depends on the sub-basin - GCM pair and, for example, out of the two plotted examples 

the bias corrected BCC appears to perform better than MIROC when compared with the 

observations. 
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Figure 7 Frequency-magnitude plots with logarithmic scale showing non-bias corrected and 

bias corrected precipitation time series for period 2031–2050 under RCP 4.5 and 8.5 in 

comparison with the observed maximum temperatures of historical period 1986–2005. The 

plots are shown for two GCM – sub-basin pairs. 

 

4.3 Changes in climate 

4.3.1 Current climate 

The current precipitation and temperature characteristics of the basin are shown in Figure 8 

based on the bias corrected baseline climate as the mean of the individual GCMs. The annual 

precipitation differs largely in different parts of the basin ranging from around 1000 mm/a 

in the western parts of the basin to 3500 mm/a in the Guatemalan parts of the basin. The 

mean daily maximum temperatures range from around 20 °C to over 30 °C and the daily 

minimum temperatures, for their part, range in most parts from 10 °C to 20 °C.  

 

Both the daily minimum and maximum temperatures in the basin correlate inversely with 

the elevations shown in Figure 1: the areas with the highest elevation have the lowest tem-

perature. The Grijalva side of the basin gains less precipitation, has lower temperatures and 

is at higher altitudes, whilst the Usumacinta side of the basin has higher precipitation, higher 

temperatures and is at lower altitudes.  
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(a) 

 

 
 

 

 
 

 
 
 
 
 
 
(b) 

 

 
 

 

 
 
 

 
 
 
 
 
(c) 

  
 
 

Figure 8 The (a) mean annual precipitation, (b) mean daily maximum temperature and (c) 

mean daily minimum temperature in Grijalva-Usumacinta basin during historical period 

(1986–2005) based on the average of the bias-corrected five general circulation models. 
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4.3.2 Changes in temperature  

The projected changes in the annual mean of daily maximum temperatures (taken as the 

mean over the basin) are shown in Figure 9. The temperature changes for close future (blue) 

vary between 1.1 °C and 2.8 °C depending on the GCM and RCP-level. The projected 

changes in the annual mean of daily minimum temperatures (in Appendix 3) are slightly 

smaller, between 1.0 °C and 2.3 °C with same models showing biggest and smallest increases 

as for the maximum temperature. Comparison of close (blue) and far future periods (orange) 

shows that the temperature increases are clearly larger in far future, the highest individual 

GCM showing an increase of more than 4.0 °C in daily maximum temperature. The average 

temperature increase of different GCMs is approximately 0.6 °C higher in far future than 

close future under RCP 4.5 and 1.1 °C higher in far future than close future under RCP 8.5. 

 

 
Figure 9 Projected change in mean of daily maximum temperature (°C) under close future 

climate (2031–2050) and far future climate (2051–2070) compared to the baseline (1986–

2005) calculated as the mean over the basin after bias correction. 

 

The projected changes in the annual mean of the daily maximum temperatures in different 

parts of the basin are shown in Figure 10 under close future climate. The temperature changes 

within the basin vary from 1 °C to above 2.5 °C depending strongly on the GCM as already 

the basin means of Figure 9 showed. In addition to this, the sub-basin scale plots reveal that 

some models show more consistent increases within the basin (e.g. CAN) while others show 

more variation (e.g. MIROC). However, it is clear and consistent amongst the models that 

the temperature will increase with more than 1 °C in all parts of the basin for both RCP levels 

under close future climate.   
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Figure 10 Projected change in the annual mean of daily maximum temperatures (%) under 

close future climate (2031–2050) compared to the baseline (1986–2005). 
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4.3.3 Changes in precipitation  

Basin scale analysis 

In the following, the bias corrected precipitation input for VMod is analysed by comparing 

future climate to the baseline (1986–2005), both of which have been bias corrected using 

scaling. The projected changes in annual precipitation (taken as the basin mean) are summa-

rized in Figure 11. Three of the five GCMs predict a decrease in annual precipitation in the 

basin and two of the five models predict an increase. The majority of the models show that 

the changes in annual precipitation are larger for RCP 8.5 than RCP 4.5 and larger in far 

(orange) than close (blue) future. For close future the variability among the models is from 

-16% to +21% and in the case of far future the variability is bigger, from -28% to +29%.  

 

 
Figure 11 Projected change in mean annual precipitation (%) under close future climate 

(2031–2050) and far future climate (2051–2070) compared to the baseline (1986–2005) cal-

culated as the mean over the basin after bias correction. 

 

Figure 12 shows the projected changes in the 99th percentile of daily precipitation (taken as 

the basin mean) under both close and far future climates compared to the baseline.  Compar-

ison with the changes in annual precipitation (Figure 11) reveals that the models showing 

increases in annual precipitation (GFDL and MIROC) show very similar changes for the 99th 

percentile, but the models that showed reductions are not as consistent in the changes of 

extreme events. Additionally, the models showing decreases (BCC, BNU and CAN) show 

much more consistent decreases in far future than what was the case for close future. These 

findings suggest that some models predict very similar changes in annual and high event 

precipitation while some that show reductions in annual precipitation do not show any clear 

change in high event occurrence especially in close future.  
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Figure 12 Projected change in 99th percentile of daily precipitation under close future cli-

mate (2031–2050) and far future climate (2051–2070) compared to the baseline (1986–

2005) calculated as the mean over the basin after bias correction. 

 

Figure 13 illustrates the monthly precipitation changes separately for the dry and rainy sea-

sons as a mean over the entire basin. Here the dry season is defined as the five driest months 

of the year and the wet season as the five rainiest months of the year. Three out of the five 

models show reductions in rainy season precipitation in the future. For most of the GCMs, 

these changes in rainy season precipitation are larger than the changes in annual precipitation 

(Figure 11) or 99th percentile precipitation events (Figure 12).  

 

Overall, the same GCMs show decreases and same increases in all these three precipitation 

indices studied. Thus, based on the three precipitation indices: annual precipitation, 99th per-

centile of precipitation and rainy season precipitation the models can be roughly grouped 

into two based on the changes they show in precipitation: the models showing increase 

(GFDL and MIROC) and the models showing decrease (BCC, BNU and CAN). 

 

The case for dry season precipitation is very different compared with the other precipitation 

characteristics analysed. All GCMs show differing directional changes when the four RCP 

– future period combinations are analysed (Figure 13). As the dry season precipitation is 

much lower than the rainy season precipitation, the absolute changes of the monthly precip-

itation in the dry season under close future climate are less than 10 mm/month. For compar-

ison, in the rainy season the changes are between 10 and 70 mm/month.  
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Figure 13 Projected change in mean monthly precipitation during rainy and dry seasons as 

the mean of all sub-basins. Rainy season includes the five rainiest months from June to Oc-

tober and dry the five driest months, from December until April. 

 

Sub-basin scale analysis 

Next, the changes in annual maximum precipitation are studied on both grid scale within the 

basin (Figure 14) and separately for the basin parts contributing to the flow in Villahermosa 

and in Tenosique (Figure 15). This enables extending the previously conducted analysis of 

basin scale changes to changes within the basin.  
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Model RCP 4.5 RCP 8.5 Legend 
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Figure 14 Projected change in annual maximum daily precipitation (%) under close future 

climate (2031–2050) compared to the baseline (1986–2005). 
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The changes in annual maximum precipitation events under close future climate are shown 

in Figure 14 at the grid scale in the basin. The changes in maximum precipitation vary from 

a reduction of more than 20% to an increase of more than 20% depending on the model and 

the part of basin. Additionally, there are remarkable differences between the precipitation 

changes in different parts of basin: most of the GCM – RCP combinations show both reduc-

tions and increases in some parts of the basin. The large range of changes shows that the 

changes in precipitation are clearly more uncertain than for temperature both as basin mean 

values as well as within basin parts (Figure 10). At the same time, there is no consistency 

among models in which parts of the basin the precipitation extremes are more strongly im-

pacted by changing climate. Neither does the comparison show that there would be a major 

difference in changes in maximum precipitation events between the two RCP scenarios but 

the differences between GCMs are much larger. 

 

Next, the changes in annual maximum daily precipitation were studied separately for the 

basin parts contributing to flow in Tenosique and Villahermosa (Figure 15). The basin part 

contributing to Tenosique flow was defined as 2/3 * Sub-basin 4 + 1/3 * Sub-basin 3 and 

for Villahermosa as 2/3 * Sub-basin 2 + 1/3 * Sub-basin 1 and this weighing was based on 

the rough contribution of different sized basins into the basin area upstream of each town. 

 

Figure 15 shows that the directions of changes in both basin parts are relatively similar with 

two models showing clear increases in annual maximum daily precipitation. However, the 

magnitude of change is different and especially CAN and GFDL predict larger changes in 

Villahermosa. In the case of both basins, the last three models show much clearer changes 

than the two first which was also the case for the 99th percentile of precipitation (Figure 12).  

 

Finally, when combining the findings about the projected temperature and precipitation 

changes, the main observation is that the combinations of temperature and precipitation 

changes differ largely between the models. Models GFDL and MIROC predict precipitation 

increases and large temperature increases (> 1.75 °C in close future). However, models BCC 

and BNU show the opposite: decreased precipitation and small temperature increases (< 1.75 

°C in close future). But then again, the CAN model shows decreasing precipitation combined 

with large temperature increases. This suggests that there is no clear linkage between pre-

cipitation and temperature changes. The variation in climate scenarios among GCMs also 

means that the inputs for the VMod model vary largely from GCM to GCM, and thus the 

resulting discharges gained after modelling will reflect the implications of a wide scope of 

different climatological changes.  
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Figure 15 Change in mean of annual maximum daily precipitation for the parts of basin 

contributing to the flow in Tenosique and Villahermosa under close future climate (2031–

2050) and far future climate (2051–2070) compared to the baseline (1986–2005). 
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4.4 Changes in discharge 

4.4.1 Monthly flow regime 

Figure 16 shows the monthly river discharges under close and far future climates in Teno-

sique and Figure 17 in Villahermosa. All these monthly discharges were normalized with 

the mean baseline level which is the mean of the baseline period discharges of individual 

GCMs. The normalization was done so that the monthly future discharge of an individual 

GCM was scaled by reducing from it the discharge difference between the monthly discharge 

of the baseline of that individual model and the mean baseline of all models. In this way the 

mean monthly future discharges of individual GCMs can be compared to each other and the 

weighted ensemble, even when originally having different baseline levels. 

 

Overall, at both stations and under both future time periods, the individual GCMs show con-

trasting directional changes throughout the year, in both dry and wet seasons, originating 

from the contrasting directional changes in future precipitation. Based on these visualiza-

tions the models can be roughly grouped into two groups of future discharge changes. First 

group are the models showing precipitation increases (GFDL and MIROC) and they also 

show increases in flows throughout the year at both stations. The other group are the models 

showing reduced precipitation (BCC, BNU, CAN) and these mostly show flow reductions. 

 

Most of the monthly changes shown by the individual models take place in the second half 

of the year when the wet season takes place. The larger ensemble range in wet season indi-

cates that there is higher uncertainty in the discharge change signal during the wet season. 

This suggests that the highest discharge events and occurrences are also the ones with largest 

disparity among GCMs, and thus most uncertainty is related to the most likely changes in 

these large events. Additionally, comparison of close future and far future reveals that the 

disparity between the models increases in far future which can be seen from a larger ensem-

ble range. Thus, especially the changes in rainy months are likely to be larger in far future 

at both stations. Additionally, the ensemble range is larger under RCP 8.5 than 4.5 suggest-

ing that the changes are larger with stronger climate forcing.  

 

Comparison of the baseline monthly discharges at Tenosique and Villahermosa shows that 

the flows in Tenosique (Figure 16) are more than double of that at Villahermosa (Figure 17). 

Also, the increase in flow during wet season compared to the dry season is higher in Teno-

sique than Villahermosa. However, the percentage changes in wet season flows are larger in 

Villahermosa. In the far future, the absolute discharge in October, which is the month with 

highest monthly discharge, can more than double in Villahermosa under the most extreme 

GCM, while in Tenosique it can increase with approximately 50%. 

 

Lastly, the weighted ensemble, which was produced to enable some discussion on the most 

likely direction of discharge changes, is shown as the coloured lines in Figure 16 and Figure 

17. The weighted ensemble does not show clear changes in flow regimes in Tenosique but 

in Villahermosa the high peaks are consistently increased when compared to the baseline. 

Additionally, the lowest flows (occurring in April) are more likely to decrease than increase 

as all future scenarios show flow levels below or at the baseline level in April. However, it 

is clear from the plots that as the weighing is done among models showing increasing and 

decreasing changes in flow regimes the changes shown by the weighted ensemble are much 

more moderate (i.e. closer to the baseline) than that of individual GCMs.  
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Figure 16 Mean monthly discharges in Tenosique under close and far future climates and 

both RCP 4.5 and 8.5. Individual GCMs and the weighted ensemble were normalized with 

the mean of individual baselines. 
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Figure 17 Mean monthly discharges in Villahermosa under close and far future climates 

and both RCP 4.5 and 8.5. Individual GCMs and the weighted ensemble were normalized 

with the mean of individual baselines. 

 

  



 

40 

 

4.4.2 High and low flows 

Changes in high flows (i.e. the 95th percentile of the discharge events) are illustrated in 

Figure 18 for the locations of Tenosique and Villahermosa under both close and far future 

climate. The models that showed increases in precipitation show increases in high flow while 

the models that showed reduction also show reductions in high flows. High flow changes in 

both locations are larger in far than close future. In Tenosique high flows can increase close 

to 50% and in Villahermosa even more, over 100%. Additionally, the reductions in high 

flows shown by individual models can be more than 40% in both locations. The weighted 

ensemble shows that increases in high flow are more likely than reductions in both locations, 

while the signal is stronger in Villahermosa. 

 

 

 

Figure 18 Change (%) in high flow in Tenosique and Villahermosa under the climate forc-

ings RCP 4.5 and 8.5 when comparing both close and far future against the baseline. 
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The analysis of high flows was complemented with the use of the indices of 10 and 30-day 

maximum discharge events. The results for both Villahermosa and Tenosique showed that 

the changes in these both indices are very similar to the changes in the high flow (Appendix 

4). These indices were calculated as the mean of the 20 years while the high flow was com-

puted over the whole period and the finding of similar changes shows that the single years 

do not have a clearly higher impact on the high flow index than the average year. Addition-

ally, the changes in mean of annual 10 and 30-day maximum discharge are very similar to 

each other which suggests that the choice of time period length (whether 10 or up to 30 days) 

neither has an influence on the conclusions. This analysis showing very similar results for 

all these indices supports the use of the high flow index. 

 

A more detailed analysis of the high flow in Villahermosa was done by comparing the high 

flow indices for the regulated and unregulated parts of the basin contributing to the flow at 

Villahermosa (Figure 19). The division to unregulated and regulated basin parts was intro-

duced in detail in section 3.2.4. In contrast to the other visualizations, this analysis is done 

using absolute values to enable comparison of the actual volume increases from both basin 

parts. The change in high flow from the different parts of the basin varies between -600 to 

+1400 m3/s for the regulated and -400 to 800 m3/s for the unregulated part. Thus, the greater 

variation in changes is for the regulated basin part. However, the magnitudes of change are 

relatively similar from both unregulated and regulated basin which suggests that the possible 

increase in flooding in Villahermosa would be a combination of both unregulated and regu-

lated parts of the basin contributing to the change.  
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Figure 19 Change (m3/s) in high flow from the regulated and unregulated parts of the basin 

contributing to the discharge in Villahermosa. Illustrations for both close and far future and 

under both RCP 4.5 and 8.5. 
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The changes in low flow (i.e. the 5th percentile of the discharge events) were analysed for 

both Villahermosa and Tenosique locations (Figure 20). In general, the models showing pre-

cipitation reductions show reductions in low flow and vice versa as was the case for high 

flows (Figure 20). However, there is a clear difference compared to the high flows: the mod-

els showing reductions in precipitation show larger percentage reductions in low flow than 

high flow. Additionally, the models showing increases in precipitation show smaller in-

creases in low flow than high flow. The difference between low and high flow changes is 

even larger in Villahermosa than in Tenosique but in both locations low flows seem more 

likely to reduce based on the weighted ensemble. 

 

 

 

Figure 20 Change (%) in low flow in Tenosique and Villahermosa under the climate forcings 

RCP 4.5 and 8.5 when comparing both close and far future against the baseline. 
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4.4.3 Return levels 

Lastly, further analysis was done on the return levels of discharge events with different return 

periods to enable analysis on the changes in different sized flood events. Results for Teno-

sique are shown in Figure 21 and for Villahermosa in Figure 22. In the case of most of the 

GCMs, the change in return levels is bigger for the bigger events (meaning events with 

higher return period) but the GFDL model is here a clear exception. Additionally, for most 

of the models, the changes are bigger with climate forcing RCP 8.5 than RCP 4.5 and far 

future changes are larger than close future changes.  

 

Comparison of the return levels of the two different locations shows that the changes in these 

extreme events are larger in Villahermosa than Tenosique which was the case also for the 

high flow analysis. The magnitude of changes had a larger range in Villahermosa also in 

most of the other indices studied. In both locations, however, the changes are substantial. In 

Tenosique increases of up to 80% are possible and decreases of more than 40%. In Villaher-

mosa increases can be up to 130% and decreases 80%. Even in close future under the milder 

forcing RCP 4.5 the changes can exceed 20% in Tenosique and 50% in Villahermosa. 

 

The increases in discharges with return level of 5, 10 or 20 years show mostly larger in-

creases than in high flow. At the same time, the larger the event (larger return period) the 

more likely the event is to cause flooding. Therefore, the increase in events with large return 

periods is the most drastic for causing flood consequences. Thus, these changes in return 

levels have larger consequences than for example increases in high flow events which look 

at discharge sizes that occur closer to an annual cycle than every 5, 10 or 20 years.  

 

There are also spatial differences in how different GCMs show the flooding to change within 

the Grijalva-Usumacinta basin. For example, under RCP 4.5 in Tenosique MIROC shows 

larger increases in return periods than GFDL (Figure 21) while in Villahermosa this is other 

way round (Figure 22). This reflects the finding of large variations in precipitation changes 

within the basin and lack of agreement among the GCMs (visualized in Figure 14). 

 

Analysis of the results of the weighted ensemble reveals a consistent increasing trend in 

return levels: return levels of discharge events with all studied return periods (5, 10 and 20 

years) show increases under both RCPs and both close and far future at both locations Te-

nosique (Figure 28) and Villahermosa (Figure 29). As it could be expected, these changes in 

return levels based on the weighted ensemble are smaller in magnitude than the changes 

shown by individual GCMs. A summary of all the discharge changes based on the weighted 

ensemble is shown separately in Table 19 in Appendix 4.  

 

Additionally, in most cases, the bigger the discharge event (i.e. higher return period), the 

more likely it is to increase also based on the weighted ensemble. As higher return level is 

same as larger discharge volume, the increases in return levels is a signal of increasing size 

of flood events. Additionally, largest increases in events with highest return periods indicates 

the largest increases to happen in the biggest flooding events. Therefore, increases in these 

events are the most critical regarding flooding in comparison with the smaller scale, such as 

annual events. The results of the weighted ensemble show increases of more than 9% in 

Tenosique and more than 27% in Villahermosa in 20-year events in all scenarios apart from 

the close future with low forcing.  

 

 



 

45 

 

These results need to be interpreted with some caution due to the performance of automatic 

fitting of generalized extreme value distribution. The fitting performed slightly worse in the 

case of Villahermosa than in Tenosique which is most likely linked to the impact the dams  

have on the discharge distribution. However, this uncertainty is only related to the magni-

tudes of change but not the directional changes. 

 

  

  
Figure 21 Change (%) in return levels of close and far future flows relative to baseline 

period for return periods of 5, 10 and 20 years and RCP levels 4.5 and 8.5 in Tenosique. 
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Figure 22 Change (%) in return levels of close and far future flows relative to baseline 

period for return periods of 5, 10 and 20 years and RCP levels 4.5 and 8.5 in Villahermosa. 
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4.4.4 Linkage between changes in climate and discharges 

Finally, a summary of the analysis conducted for the individual GCMs is provided in Ap-

pendix 4 in Table 17 and Table 18 for close and far future, respectively. These include also 

the values that were previously discussed without figures. The summary tables clearly high-

light the difference between the two groups of models: BCC, BNU and CAN show decreases 

in precipitation, while GFDL and MIROC show the opposite. This same grouping applies 

for the discharge changes showing a clear linkage between precipitation and discharge 

changes. This conclusion of clear division of models into two groups applies to both close 

and far future as well as both locations and RCP levels.  

 

Furthermore, this study did not reveal clear observations of temperature change impact on 

discharges even though temperature can affect the runoff volumes via increased evaporation 

for example. However, it is not straight forward to compare the contribution of temperature 

and precipitation changes as the temperature increases predicted by different GCMs were 

relatively similar especially compared to the variation in precipitation predictions. Further-

more, the precipitation and temperature changes of GCMs did not show much correlation 

with each other further complicating the analysis of temperature impact. Nevertheless, pre-

cipitation changes are the main influencer responsible for the discharge changes. 

 

Additionally, the comparison of the magnitudes of changes from individual GCM runs re-

veals that the changes in discharge are consistently greater than the changes in precipitation 

in percentage terms (see Appendix 4). For example, the increases in precipitation related 

indices are mostly 10–30% while the increases in discharge related indices can be more than 

100%. This suggests that the changes in discharge are likely to be higher compared to the 

changes in precipitation. Thus, even small changes in precipitation can cause remarkable 

changes in discharges.  
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5 Discussion 

5.1 Changes in climate  

This study showed daily maximum temperature increases of 1.1–2.8 °C under close future 

period 2031–2050 and 1.4–4.2 °C under the far future period 2051–2070 (Figure 9). There 

also showed to be variation within the parts of the basin (Figure 10) with both RCP levels 

showing similar range of increases but RCP 8.5 showing slightly higher increase. The studies 

by IMTA (2015) showed higher increases and a bigger difference between the RCP levels 

for further future which supports the coherence of these results. The projected changes in 

daily maximum temperatures in Chiapas and Tabasco for end of century (2075–2099) com-

pared to 1971–2000 were around 2.5 °C with RCP 4.5 forcing and 4.5 °C with RCP 8.5 

forcing. (IMTA, 2015; Appendix 5.) 

 

In comparison with temperature changes, the precipitation changes showed a clearly larger 

variability among GCMs, with two models showing increases in precipitation and three de-

creases (Figure 11). This discrepancy in southern Mexico has also been found in previous 

studies (Castillo Rodríguez et al., 2018; Ruosteenoja et al., 2003). Ruosteenoja et al. (2003) 

visualized the precipitation changes for Central America for seven GCMs using the older 

SRES emission scenarios and there were some GCMs showing precipitation increases and 

some showing decreases in all four seasons and all three time periods extending from 2010 

to 2099.  
 

Furthermore, this study showed that the direction of change in extreme precipitation events 

can also differ within the basin (Figure 14). These spatial differences within the basin were 

also evident in the study by IMTA (2015) showing rainy season precipitation increases in 

Chiapas and decreases in Tabasco (Appendix 5). In general, despite all the disparity in di-

rectional changes in precipitation, this study showed that the changes in precipitation are 

larger with stronger climate forcing, far future than close future, and in Villahermosa rather 

than Tenosique. 

 

Literature shows that the uncertainties in precipitation related changes in this area are excep-

tionally large in both global and country scale comparison (Castillo Rodríguez et al., 2018; 

Instituto Mexicano de Tecnología del Agua (IMTA), 2015; Seneviratne et al., 2012). Glob-

ally, the recent IPCC report (Seneviratne et al., 2012) shows Mexico and Central America 

as one of the areas with most variation among the GCMs in the projected future changes in 

extreme precipitation events. On country scale, southeastern Mexico is the part with most 

error between the modelled and observed precipitation (IMTA, 2015) as well as most dis-

parity among the GCMs in projected precipitation changes (Castillo Rodríguez et al., 2018). 

This explains well the high level of disparity among the downscaled precipitation scenarios 

of different GCMs observed in this study. 

 

In this study, percentage changes in annual precipitation and extreme precipitation were very 

similar for the GCMs that showed precipitation increases. However, the GCMs showing 

decreases showed mostly smaller decreases in the extreme events (Figure 12 and Figure 15) 

than the annual precipitation (Figure 11). Thus, based on this ensemble the extreme precip-

itation events are more likely to increase than the annual precipitation. IMTA (2015) ana-

lysed the projected increases in extreme rainfall (via the 95th percentile of precipitation 

events) for the end of the century (2071–2100) under RCP 8.5 using four GCMs from 

CMIP5. In the state of Tabasco all four models showed increases and in Chiapas three out 



 

49 

 

of the four studied GCMs showed increases. Additionally, Chiapas was one of the states 

with largest projected increase. This would thus indicate that increases in extreme precipita-

tion are more likely than decreases despite some disparity among individual GCMs.  

 

However, it must be highlighted, that both the study by IMTA (2015) and this study used a 

GCM ensemble of less than six models which can be regarded as a small ensemble especially 

due to the variability in the GCM predictions. In the study by IMTA (2015) the majority of 

the GCMs showed an increase in extreme precipitation while in this study only two out of 

five models did, which highlights the impact of ensemble size. Thus, based on this analysis, 

conclusions about the most likely directions of precipitation change cannot be drawn without 

high uncertainty. 

 

As was already briefly pointed out, there are several factors making comparison of precipi-

tation related results with existing studies challenging, including use of different GCMs, 

ensemble sizes, areal focus, time periods, emission scenarios, phase of climate model runs 

and method of downscaling to basin scale. Therefore, the previous comparisons were mostly 

against the singly study by Instituto Mexicano de Tecnología del Agua (IMTA), (2015) 

which is the only one that was found to provide results on a basin and state scale for the area 

of Grijalva-Usumacinta basin. However, even this comparison is restricted with the small 

ensemble size. 

 

To conclude the discussion on precipitation, the disparity among GCMs, contradictory di-

rectional changes among different studies and the different directional change in annual, wet 

season and extreme precipitation highlight the uncertainties in precipitation related future 

changes. Thus, based on this analysis, a large GCM ensemble is needed for robust results 

(preferably clearly larger than in this study) and large uncertainties remain in the GCM pro-

jections of future precipitation in this area. The differences between this study and the study 

by IMTA (2015) as well as the use of a small ensemble also highlight the need for further 

studies on precipitation changes with a focus on the Grijalva-Usumacinta basin area.  

 

5.2 Changes in discharges 

The GCMs could be roughly categorized into two groups based on the changes they showed 

in the precipitation projections: models BCC, BNU and CAN predict decreases in precipita-

tion and GFDL and MIROC increases in precipitation. These groups also remained in the 

discharge simulations and the corresponding changes in high flow, 10-day and 30-day max-

imum discharge events as well as the return levels of different sized events (summarized in 

Table 17 and Table 18). Thus, it can be concluded that the results of changes in discharges 

are highly dependent on the GCMs and the projected precipitation changes.  

 

There are no basin or even country scale results from previous studies, but the global analysis 

from Hirabayashi et al. (2013) and Arnell and Gosling (2016) showed contradicting results 

of the directional change for the area of southeastern Mexico as well as diversity among 

GCMs. Additionally, Sorribas et al. (2016) studied climate change impacts on the hydrology 

of the Amazon basin and also found large differences in the resulting changes in discharges 

and flooded areas depending on the GCMs. Despite these studies not focusing entirely on 

southeastern Mexico, they support the finding of this study that making conclusions on fu-

ture changes in flooding and extreme events in the area is not straight-forward due to the 

variety of climate predictions among GCMs. 
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Based on the results of this study, the climate induced changes on discharges can be remark-

able and the direction of precipitation change is a clear indication of direction of changes in 

discharges and flow extremes. However, the magnitudes of the likely changes cannot be 

easily quantified due to the disparity between the GCMs and this also adds some uncertainty 

to drawing conclusions even on the most likely direction of change.  

 

The weighted ensemble which was produced to analyse the most likely direction of changes 

in discharges showed clearly more consistent changes in discharges than the individual 

GCMs. Especially the analysis of extreme events with return periods of 5 or more years 

showed consistent increases in return levels. The findings of Hirabayashi et al., (2013) sup-

port the finding of increasing return levels in this study as they used a larger ensemble of 11 

GCMs showing reducing flood return periods for 100-year-events indicating also an increase 

in flooding. Furthermore, the magnitude of change shown by the weighted ensemble was 

clearly smaller than for the individual GCMs which is logical as it is created from individual 

GCMs showing contrasting directional changes.  

 

Additionally, based on the literature review, multiple studies show that extreme precipitation 

events are likely to increase in the area (Instituto Mexicano de Tecnología del Agua (IMTA), 

2015; Kitoh and Endo, 2016; Nakaegawa et al., 2014) and the modelling of this study 

showed that the GCMs showing increased extreme precipitation (assessed via the 95th per-

centile and the maximum daily precipitation) showed consistent increases in all indices stud-

ied related to high discharge events. This together with the finding of increased return levels 

based on the weighted ensemble indicate that the extreme discharge events could be likely 

to increase in the future. 

 

In Villahermosa, both the unregulated and regulated parts of the basin contribute to the 

changes in high flow (Figure 19) and thus both these basin parts should be considered in 

planning. Therefore, while in previous flood events there has been discussion on dam impact 

and reservoir capacity related to the flood events in Villahermosa (Marengo et al., 1999), 

this should not result in the unregulated part of the Villahermosa basin being overlooked in 

relation to changes in discharges and planning in Villahermosa. 

 

Comparison of percentage changes showed that the precipitation changes cause larger per-

centage changes in flow than that of the precipitation (see changes in indices in Table 17 and 

Table 18). The reason for this is that precipitation increases in rainy areas result primarily in 

increased runoff as the amount of evaporation from already saturated land surface is nearly 

constant and saturated land neither infiltrates the increment of precipitation (Nohara et al., 

2006). This linkage between the magnitudes of precipitation and discharge increases should 

be considered in preparing for possible future changes in flood magnitudes and simplified 

conclusions on magnitudes of discharge changes based on precipitation changes should be 

avoided. 
 

The results of this study suggest the need for considering climate change as a possibly sub-

stantial contributor to increasing flooding problems. The implications of these results extend 

over all mitigation and adaptation actions to reduce flooding caused by the high discharges 

as well as preventing damage caused by the floods. There is a large field of possible further 

actions of improvement, such as improvement of tools for real-time monitoring, forecasting 

and alert systems, new urban zone and vulnerability assessments, as well as regular updating 
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of flood risks maps when more detailed information about future flood risks is available 

(Aparicio et al., 2009).  

 

Additionally, there are possibilities of larger high flow reduction via dam operation and 

larger diversion of flow past Villahermosa to Samaria river thus reducing the discharge to-

wards Villahermosa. Therefore, the information about future discharge volumes and climate 

impact on discharges is useful and even crucial in many areas including water management 

planning and dam operators, land use planning, local residents, social capacity-building and 

community involvement as well as further research. Actors among all these groups can work 

towards reducing the consequences of flooding in the Grijalva-Usumacinta basin. 

 

5.3 Limitations and way forward 

This study was to my knowledge the very first study on changes in extreme discharges due 

to climate change impact focusing entirely on the Grijalva-Usumacinta basin and overall 

there has been only a few larger scale studies covering the area. Thus, future research on the 

topic is in general highly desirable. Next, reflection on the uncertainties of this study will be 

provided along with discussion on some interesting aspects and specific recommendations 

in relation to further studies on the topic.  

 

One of the main sources of uncertainty is the model uncertainty of the GCMs which is evi-

dent from the disparity of precipitation changes and even the direction of changes among the 

GCMs. As a result, the discharge changes are also diverse and show different directional 

changes under different GCMs. Different GCMs result in different climate responses to ex-

ternal forcing and this uncertainty was reduced by using a multi-model ensemble of five 

GCMs in this study. Also in the IPCC report (Seneviratne et al., 2012) the choice of GCMs 

is concluded to be the largest source of uncertainties in hydrological projections at catchment 

scale and this highlights the importance of using a multi-model ensemble. Due to remaining 

disparity among the GCMs a clearly larger ensemble of more than ten GCMs would be rec-

ommendable for future studies to further reduce the model uncertainty. 

 

In comparison to the individual GCMs, the weighted ensemble showed clearly more con-

sistent changes in discharges. Here it must be highlighted that producing the weighted en-

semble was limited to the five GCMs and this ensemble size does impact the results as the 

weighing is done among models showing increasing and decreasing changes in flow re-

gimes. Also Portmann et al. (2013) used an ensemble of five GCMs to produce an ensemble 

mean in a case with individual GCMs showing varying directional differences, which sup-

ports the procedure of this study. However, a clearly larger ensemble of GCMs would bring 

more confidence in the direction and magnitude of future changes in discharge. 

 

There are also other sources of uncertainty related to the climate input data, such as scenario 

uncertainty (Seneviratne et al., 2012). This was dealt with by taking a multi-scenario ensem-

ble with both RCP 4.5 and 8.5 and thus covering a large variety of possible future climate 

evolutions. Additionally, by using the new NEX-GDDP dataset based on CMIP5 model runs, 

the climate input related uncertainties are reduced from most of the previous studies using 

older CMIP3 model runs. 

 

In the case of precipitation, temperature and discharge changes, in most cases, the variation 

between the GCMs was bigger than the difference in changes for RCP levels 4.5 and 8.5 
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(e.g. Figure 9, Figure 11, Figure 18). This means that the uncertainty related to GCMs is 

larger and affects the change in climate more than the impact of the exact forcing level itself 

does. This again indicates that on such a small basin scale the climate change scenarios in-

clude a large amount of uncertainty and thus the resulting magnitudes of changes in dis-

charges and flooding must be interpreted keeping this in mind.  

 

Many extreme events also result from natural climate variability (Seneviratne et al., 2012) 

and thus differentiating anthropogenic induced changes over longer time periods from yearly 

natural variability is important. Firstly, to support this, the time periods of analysis in this 

study were 20 years of both historical and future data, to be long enough to include a wide 

distribution of different sized events. Secondly, the time period length was the same for both 

historical and future periods, enabling direct comparison of change against the historical 

baseline.  

 

Thirdly, to separate climate impact from natural variability, no analysis was focused on sin-

gle highest events during the 20-year period. This is because the occurrence of an event with 

return period of 20 or more years in a single 20-year period could be more related to annual 

variability than climate change. This is especially in comparison with, for example, the oc-

currence of annual maximum values more of which fit into a 20-year time period. Therefore, 

the analysis of increases in these extreme events with return periods of 5, 10 and 20 years 

was conducted instead using a generalized extreme value distribution. It creates a relation-

ship between return periods and levels based on the entire amount of annual peak values. 

 

In the IPCC report (Seneviratne et al., 2012), hydrological model uncertainties were con-

cluded to be also relevant but less important than the previously discussed sources. The dis-

tributed hydrological model, VMod, used in this study, has been used successfully in several 

studies in the Mekong area in Asia (e.g. Hoang et al., 2016; Lauri et al., 2012). Additionally, 

it was able to replicate observed flow regimes relatively well in this study (Table 9). How-

ever, it must be noted that the performance was not as good for extreme events as it was for 

mean flows (Figure 3), but these uncertainties can be regarded clearly smaller than the ones 

related to the climate input data originating from the different GCMs. In future studies, im-

provement could still be made by, for instance, using a denser grid of input data of both 

observed and simulated climate. 

  

VMod model calibration was affected and limited by the number of weather observation 

stations as well as the temporal coverage of observations. The missing data periods had an 

effect on the VMod interpolation of the temperature input grid created based on observation 

point data. As this interpolated grid was used as the observed historical climate in bias cor-

rection, it influenced in this way also the bias correction. However, as the results were in all 

cases compared to the baseline of the same GCM, the possibly remaining bias that would be 

same in both the baseline and future periods is eliminated from the analysis of changes in 

climate and discharge (as was explained in detail in section 4.2.1). 

 

In this study the dam operation rules were assumed to stay unchanged in the future. This was 

done for being able to separate the climate impact from the impact of possible dam operation 

changes. In reality, the dam operation can change and also be used as river regulation to 

support adapting to changes in river flow, at least to some extent. However, this can only be 

done in the regulated part of Grijalva basin and not on the Usumacinta side at all. In addition 

to dam operation, the proportion of water diverted past Villahermosa to the Samaria river 
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was kept same in the future simulations as it was in the historical period. In practise, chang-

ing the diversion could also possibly be one way of reducing the discharge towards Villa-

hermosa in case needed. In the future studies, the river regulation capabilities in flood regu-

lation could be studied as part of planning the future needs and possibilities in adapting to 

changing extreme discharges. 

 

In this study, flooding changes were assessed for specific locations with urban population 

centres. This was due to those areas being the ones with most data and documentation for 

model calibration. These areas, especially Villahermosa, have suffered largely in the previ-

ous floods: for example the flood of 2007 caused most of the damages in the city of Villa-

hermosa (Aparicio et al., 2009). However, it is important to highlight that the flooding prob-

lem is not restricted to these areas only and, in fact, according to Gama et al. (2011), flooding 

causes equally severe problems among both urban and rural populations in the basin. There-

fore, in the future studies, changes in flooding could also be studied with a wider scope of 

the entire basin in addition to advancing the knowledge for these cities. 

 

The two locations of Villahermosa and Tenosique that were chosen as study locations are 

located along the two different rivers in the basin. Variations in precipitation patterns and 

changes between different parts of the basin showed that using a single point, such as Boca 

del Cerro near Tenosique, would not be fully representative for analysing discharge changes 

in the Grijalva side of the basin with slightly different characteristics. However, the model-

ling results are more reliable in the unregulated basins meaning the Usumacinta part and the 

unregulated part contributing to Villahermosa flow (having higher NSE values in Table 9).  

 

Additionally, the results of changes in return levels are also more reliable in Tenosique than 

in Villahermosa as the fitting performance of the generalized extreme value distribution was 

better in Tenosique. The lower performance in Villahermosa could be related to the regulated 

flow and the dam operation rules. In the cases where the fitting was worse than average the 

simulated GEV function overestimated the peak of the density function of observations. Per-

haps, after the capacity of the reservoirs is filled a sudden flood peak can be caused and the 

increase in return levels as a function of return periods is not as consistent due to a linkage 

to the dam capacities. Overall the fitting performance depended on the GCM and time period 

but it can be pointed out that the CAN model was the model with the worst fitting in Villa-

hermosa and as this model was the one showing largest reductions in return levels the 

changes in the magnitude of reduction should be interpreted with some caution. 

 

Even though the scope of this study was limited to climate change influencing the hydrology 

via precipitation and temperature, climate change can cause also other changes influencing 

hydrology. Bonell (1998) concluded that the soil hydraulic properties are likely to be sensi-

tive to climate change and climate change can also cause vegetation changes, such as forests 

changing from closed to more open forests. Both these aspects are ways in which climate 

change can influence runoff generation and thus discharges but are left out of the scope of 

this study for the reason of being difficult to predict and thus implement into the model.  

 

Other indirect climate induced changes that can affect discharges include sea level rise and 

the number of storm surges which were not considered in this study. Villahermosa is not at 

the coast but is a low lying city and thus a compound event (Seneviratne et al., 2012), with 

a precipitation event causing high discharge and for example storm surge reducing the dis-

charge capacity of the rivers, could affect the flooding conditions. In general, IMTA (2015) 
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identified that in the state of Tabasco there is a high level of vulnerability to potential in-

crease of sea level. However, Aparicio et al. (2009) calculated that in the case of the 2007 

event, the tide impact reached a distance less than 25 km from the coast and thus had little 

effect in populated areas. This justifies that leaving sea level changes and storm surges out 

of the scope of this study is a reasonable simplification. In future studies, however, the in-

clusion of also these indirect ways in which climate change can alter flooding, including 

changes in soil hydraulic properties, vegetation, sea level and storm surges, would be an 

advancement. As Aparicio et al. (2009) point out, there is little research on the effect of 

storm surges and tides in the flooding zones. 

 

While the focus of this study was on the discharge changes resulting from changes in climate 

alone, this will not be the only contributing factor in the future. As was introduced in section 

2.2, there are different factors affecting changes in flooding, such as land use changes, ur-

banization and dams. Land use changes have been ranked as the main factor responsible for 

the observed changes in flooding and the land use impact on flood depths can be between 7-

22% (Areu-Rangel et al., 2019). It is important to acknowledge and remember that the actual 

changes in flooding are a sum of several contributing factors and the changes due to climate 

change are just a part of the change that will take place in reality. Therefore, the changes 

shown by this study could be substantially intensified if several other contributing factors 

influence flooding in the same direction. Thus, an important future aspect of study is also 

the cumulative impact of all these different factors influencing the discharge changes. 

 

In addition to factors affecting flood magnitudes there are also factors affecting flood dam-

ages resulting from a certain flood magnitude. Urbanization, for instance, can result in both 

increased flood magnitudes as well as increased vulnerability to floods: urbanization often 

results in more impermeable surfaces contributing to larger flood volumes, but puts also 

increased pressure in inhabiting flood-prone areas. Areu-Rangel et al. (2019) studied future 

scenarios of urbanization and the impact on flooding shown was an increase in flooding 

levels of up to 0.7 m in the worst-case scenario. Furthermore, population growth is a factor 

also enhancing urbanization and, in fact, the population of Grijalva-Usumacinta basin area 

has been projected to increase by 0.8 million by 2030 from the year 2010 (CONAQUA, 

2010). Population growth clearly puts pressure to land use, urbanization and thus both flood 

magnitudes as well as vulnerability to flooding. 

 

A further aspect which was outside the scope of this study is linking discharge changes with 

changes in flood extents. These clearly have a close linkage and increased flooding requires 

increases in discharge. On global scale, a major factor limiting the studies related to flooding 

is the limited evidence available due to finite availability of instrumental records of floods 

from gauging stations (Seneviratne et al., 2012). This is also the case in the Grijalva-Usu-

macinta basin and the main reason for the need of leaving the analysis of linking discharge 

increases with specific flood extents outside the scope of this study. Instead, in this study, 

increases in flood events were assessed via return period increases in discharges. Neverthe-

less, more detailed knowledge on the impact of specific discharge increases in terms of flood 

extents would be interesting and highly useful for flood adaptation and mitigation purposes 

as it would enable better quantification of the actual impacts of increased flooding.  
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6 Conclusions and recommendations 

This study is one of the first focusing on climate change impact on extreme discharges and 

flooding in the Grijalva-Usumacinta basin. Climate change impacts were studied using a 

model ensemble of five GCMs and two RCPs as climate input to a hydrological model VMod 

to produce discharges. Two future periods were analysed with 2031–2050 representing close 

future and 2051–2070 representing far future and the period 1986–2005 was used as the 

historical baseline. Two specific locations were chosen as points of interest: Villahermosa 

and Tenosique along the Grijalva and Usumacinta rivers, respectively.  

 

The Grijalva-Usumacinta basin is an area in which flooding has historically been a problem 

and the issues have been increasing recently. Several factors influence flooding in the area, 

such as land use changes, population growth, urbanization, dam operation and climate 

change. This study aimed on studying the climate change impact separately from these other 

factors. At the same time, it is important to notice that the climate induced changes of this 

study are only one part of the actual changes which are a sum of multiple factors affecting 

both the flood magnitudes and the damages caused by a specific magnitude. 

 

The five GCMs used in this study showed large differences in the future precipitation 

changes in the Grijalva-Usumacinta basin including both annual precipitation and the ex-

treme events. The ensemble of five models used in this study consisted of two characteristic 

groups: three of the models showed decreases in precipitation and two increases, and the 

changes in discharges corresponded to these. As a result, there is high uncertainty even in 

the direction of changes in discharges and therefore also in the climate change effect on 

flooding. At the same time the individual GCMs show that the impact can be remarkable.  

 

In contrast to precipitation, increasing temperature did not show any clear correlation with 

discharge changes when the GCMs where compared with each other. Additionally, the 

GCMs were much more alike in the projected temperature increases than was the case for 

precipitation and there was also less sub-basin scale variation. The increases in daily maxi-

mum temperature as a basin wide average were 1.1 – 2.8 °C under close future climate and 

1.4 – 4.2 °C under far future climate. The daily minimum temperatures showed slightly 

smaller increases. 

 

The changes in extreme discharges shown by individual GCMs were remarkable. For exam-

ple, the changes in high flow ranged from -45% to above +100%. Additionally, the changes 

in return levels of 20-year events ranged even wider from -80% to above +130%. Mostly the 

relative changes in the extreme events were larger in Villahermosa than Tenosique, while 

the discharges in general were smaller in Grijalva river and Villahermosa than in Tenosique. 

In Villahermosa, both the unregulated and regulated parts of the basin contribute to the dis-

charge changes and thus both these basin parts should be considered in planning. Addition-

ally, in both Villahermosa and Tenosique, the changes in extreme discharge events were 

found to increase consistently more than the precipitation related indices. This is a clear 

signal that the changes in precipitation cause an even larger change in discharges including 

high flow events. This indicates that a seemingly low precipitation change can cause a larger 

than that change in discharge. 

 

In most cases a higher climate forcing or a later time period resulted in larger changes in 

temperature, precipitation and discharge indicating that the changes will be larger the more 

the climate changes and the further we go into the future. Furthermore, the changes in larger 
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discharge events were larger in percentage than that of smaller events. For example, events 

with 20-year return period had a larger increase in return level than events with 5-year return 

period, and correspondingly 5-year events changed more than the high flow (i.e. the 95th 

percentile of the 20-year period). This is a signal of changes especially in extreme events 

and the resulting flooding being larger than the changes in flows of an average year. This 

again indicates that unpredictability of flood events is likely to increase as the future extreme 

events will differ even more from the annual high flows than they do currently. 

 

While the changes in discharge shown under the climate of individual GCMs showed vary-

ing directional changes, the weighted ensemble of discharges showed consistent increases 

in return levels of events with return period of 5, 10 and 20 years and also high flows were 

showed increases. This weighted ensemble was produced to show the most likely direction 

of change of discharges. The results indicated the increases in return levels to be even larger 

for the biggest events (i.e. events with higher return period) than smaller events. With a 

return period of 20 years the event size increased 4% to 35% depending on the future time 

period, climate forcing and location. Additionally, the literature review showed that extreme 

precipitation events are more likely to increase than decrease in the area and this study re-

lated increasing precipitation with increases in all indices related to extreme discharges.  

 

In terms of results on changes in flooding, this study shows that climate change is an im-

portant contributor to consider among the other factors when analysing future flood changes. 

As this was one of the first studies in this area, it also highlights the need for future research 

on discharge changes. At the same time, the Grijalva-Usumacinta basin is an area where the 

GCMs show diverse projections of future precipitation and better knowledge on the changes 

of future precipitation in the area is a key in supporting the reliability of studies on climate 

change impact on flooding. The reason for this is that precipitation changes are the main way 

in which the climate change affects discharges and the studies on discharge changes rely 

heavily on precipitation projections. With the currently underlying uncertainties in future 

climate, climate impact on flooding in the Grijalva-Usumacinta basin is a challenging topic 

to study, but the results show that the findings of climate induced changes can be remarkable. 

 

While this study showed that climate change can increase future flooding, the problems are 

likely to increase in the future also without the climate impact. For example, the projected 

population growth and urbanization are likely to affect the flooding problem negatively not 

only by increasing flood levels but also resulting in increased vulnerability due to for exam-

ple inhabitation of flood-prone areas. Furthermore, population growth can put pressure on 

land use and consequently cause changes resulting in increased flooding. Thus, the climate 

impact is an additional contributor to a currently challenging and a most likely increasing 

problem with flooding.  

 

The results of this study suggest that climate change contribution should be considered in all 

flooding related planning and other decision-making. All actors working towards flood mit-

igation and adaptation can benefit from these results including, for example, water manage-

ment planning and dam operators, land use planning, local residents, social capacity-building 

and community involvement as well as further research. With the current uncertainties in 

precipitation projections from different GCMs, further research with a larger GCM ensemble 

would be suggestable for quantification of most likely changes in flooding due to climate 

change. Additionally, the combined impact of different factors affecting future flooding is a 

further interesting topic in the Grijalva-Usumacinta basin.  
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Appendix 1. GOF-statistics for five best GCMs 
 

Table 11 GOF-statistics for sub-basin 1 for the five best GCMs and all variables precip-

itation, maximum temperature and minimum temperature. 

  BCC BNU CAN GFDL MIROC 
P

r 

PBIAS % -27.00 -31.20 -25.20 -27.90 -26.70 
NSE -1.48 -1.16 -1.30 -1.58 -1.36 
change 95% 0.14 1.35 1.13 1.48 0.12 
change 99% 7.73 6.46 5.57 7.76 8.67 

M
ax

 T
 R2 0.28 0.30 0.28 0.30 0.31 

NSE -0.52 -0.47 -0.41 -0.39 -0.23 
change 95% 2.38 2.57 2.02 2.14 1.69 
change 5% 0.28 0.59 0.60 0.02 0.32 

M
in

 T
 R2 0.42 0.40 0.41 0.40 0.45 

NSE -0.30 -0.90 -0.32 -0.37 -0.08 
change 95% 1.63 2.47 1.62 1.58 1.15 
change 5% 0.07 0.53 0.06 0.42 0.02 

 

 

Table 12 GOF-statistics for sub-basin 2 for the five best GCMs and all variables precip-

itation, maximum temperature and minimum temperature. 

  BCC BNU CAN GFDL MIROC 

P
r 

PBIAS % 19.90 15.20 22.40 17.50 16.90 
NSE -1.34 -1.22 -1.16 -1.54 -1.31 
change 95% 5.15 4.56 4.67 7.26 5.87 
change 99% 12.62 12.60 7.40 13.77 9.58 

M
ax

 T
 R2 0.14 0.13 0.15 0.20 0.21 

NSE -1.36 -1.47 -1.25 -1.12 -0.83 
change 95% 2.36 2.53 2.02 2.38 1.56 
change 5% 1.54 1.77 1.76 1.16 1.58 

M
in

 T
 R2 0.34 0.33 0.35 0.30 0.32 

NSE -0.32 -0.57 -0.32 -0.48 -0.37 
change 95% 1.10 1.37 0.97 1.29 1.12 
change 5% 0.74 0.31 0.54 0.14 0.51 
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Table 13 GOF-statistics for sub-basin 3 for the five best GCMs and all variables precip-

itation, maximum temperature and minimum temperature. 

  BCC BNU CAN GFDL MIROC 

P
r 

PBIAS % 17.70 13.80 21.70 15.50 16.90 
NSE -1.19 -1.14 -0.95 -0.92 -1.01 
change 95% 2.69 2.69 2.81 3.60 3.59 
change 99% 12.89 9.13 7.07 7.98 10.13 

M
ax

 T
 R2 0.19 0.24 0.19 0.23 0.22 

NSE -0.93 -0.81 -0.69 -0.73 -0.53 
change 95% 1.84 2.04 1.50 1.73 1.34 
change 5% 0.39 0.15 0.06 0.69 0.30 

M
in

 T
 R2 0.36 0.34 0.38 0.35 0.35 

NSE -0.68 -0.97 -0.60 -0.72 -0.76 
change 95% 1.60 1.90 1.24 1.55 1.77 
change 5% 1.01 0.68 0.84 0.43 0.46 

 

 

Table 14 GOF-statistics for sub-basin 4 for the five best GCMs and all variables precip-

itation, maximum temperature and minimum temperature. 

  BCC BNU CAN GFDL MIROC 

P
r 

PBIAS % 12.90 9.10 14.00 11.80 8.80 
NSE -0.60 -0.58 -0.55 -0.75 -0.66 
change 95% 1.33 1.57 1.18 0.84 0.04 
change 99% 1.52 0.51 4.19 2.74 0.66 

M
ax

 T
 R2 0.28 0.32 0.28 0.33 0.35 

NSE -0.11 -0.01 -0.02 0.02 0.14 
change 95% 0.69 0.81 0.45 0.49 0.19 
change 5% 0.41 0.14 0.16 0.60 0.34 

M
in

 T
 R2 0.38 0.35 0.39 0.34 0.40 

NSE 0.16 -0.02 0.15 0.03 0.20 
change 95% 0.31 0.62 0.39 0.51 0.32 
change 5% 0.56 0.05 0.41 0.07 0.45 

 



 Appendix 2 (1/1)

   

 

Appendix 2. Model performance in simulating discharges  

 

Table 15 The calibration and validation time periods of the previously calibrated VMod 

model adapted from Horton et al. (2020). The performance is shown for discharges at 

Boca del Cerro station. LC1-4 stand for periods with distinct land cover signatures. 

 NSE 
Pearson-r 

(p-value < 0.001) 
Relative  

total bias 

Relative  
low-flow 

bias (Q95) 

Relative  
high-flow 
bias (Q5) 

Whole period  
(1959-2014) 0.76 0.87 0.99 1.02 0.95 

LC1 (1959-1973) 0.68 0.83 1.03 1.03 1.02 

LC2 (1978-1992) 0.80 0.89 1.02 1.05 0.97 

LC3 (1999-2007) 0.72 0.86 1.02 1.07 0.93 

LC4 (2008-2014) 0.81 0.88 0.98 1.03 0.89 

Forest calibration  
(78-85) 

0.84 0.91 1.05 1.01 1.02 

Non-forest calibration  
(08-14) 

0.81 0.88 0.98 1.03 0.89 

Forest validation  
(68-73) 

0.71 0.86 0.91 0.92 0.99 

Non-forest validation  
(04-07) 

0.69 0.85 1.03 1.07 1.01 

Forest test  
(59-66) 

0.64 0.82 1.03 1.12 0.99 

Non-forest test  
(86-03) 

0.74 0.85 1.06 1.10 0.99 

 
 
Table 16 GOF statistics of VMod runs with different GCM climate inputs in simulating 

observed discharges in Tenosique and in Pueblo Nuevo for period 1986-2005. For each 

GOF metrics green shows the best-performing GCM and red the worst-performing GCM. 

The last column shows also the performance of the weighted ensemble. 

Location Metrics BCC BNU CAN GFDL MIROC Weighted ensemble 

Te
n

o
si

q
u

e
 RMSE 1668 1584 1460 1378 1398 924 

PBIAS % 20.4 22.0 21.4 18.6 16.5 -2.3 

NSE -0.66 -0.49 -0.27 -0.13 -0.16 0.49 

R2 0.21 0.28 0.32 0.32 0.29 0.50 

P
u

eb
lo

 

N
u

ev
o

 

RMSE 237 222 216 212 218 192 

PBIAS % 35.6 -38.3 -34.3 -38.6 -36.4 -48.2 

NSE -0.65 -0.45 -0.37 -0.33 -0.41 -0.08 

R2 0.07 0.1 0.09 0.11 0.1 0.22 
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Appendix 3. Changes in daily minimum temperature 
 

 
Figure 23 Projected change in mean of daily minimum temperature (°C) under close and 

far future climates compared to the baseline calculated as the mean over the basin after 

bias correction. 
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Appendix 4. Summary tables of results  
 
Table 17 Summary tables of all results for close future. All values are shown as change 

compared to the baseline of the GCM in question (in % unless otherwise stated) and all 

precipitation and temperature indices are calculated over entire basin unless otherwise 

stated. The increasing values are highlighted with pink and decreasing values with green. 
 

  Close future - RCP 4.5  BCC BNU CAN GFDL MIROC 

P
re

ci
p

it
at

io
n

 a
n

d
  

te
m

p
er

at
u

re
 

Annual precipitation  -6.2 -12.0 -5.1 17.9 6.6 

99th percentile of precipitation  -5.1 0.6 -3.8 17.0 10.9 

Max daily precipitation (Tenosique part) -3.3 -3.3 -7.6 8.1 16.7 

Max daily precipitation (Villahermosa part) -1.3 -6.4 -20.0 36.2 18.2 

Rainy season precipitation -8.2 -18.2 -4.7 22.1 3.5 

Dry season precipitation -7.5 13.9 3.6 4.4 -0.9 

Mean daily max temperature (°C) 1.1 1.3 2.1 1.8 2.3 

Mean daily min temperature (°C) 1.0 1.6 2.0 1.5 2.0 

D
is

ch
ar

ge
 in

   
   

Te
n

o
si

q
u

e
 Low flow -18.4 -33.8 -6.1 16.4 3.3 

High flow -5.7 -22.0 -23.8 23.2 13.9 

Annual max 10-day discharge -9.6 -17.4 -19.5 23.9 14.0 

Annual max 30-day discharge -10.2 -23.8 -19.4 23.5 9.7 

10-year return level of discharge -21.3 -9.9 -17.9 18.3 29.8 

D
is

ch
ar

ge
 in

   
   

V
ill

ah
er

m
o

sa
 Low flow -21.3 -49.5 1.7 7.1 -6.4 

High flow -10.6 -31.2 -24.0 81.1 17.4 

Annual max 10-day discharge -7.2 -30.2 -25.6 80.4 21.0 

Annual max 30-day discharge -7.2 -31.3 -22.4 78.0 15.1 

10-year return level of discharge -24.4 -23.5 -55.6 68.7 26.8 

  
     

  Close future - RCP 8.5  BCC BNU CAN GFDL MIROC 

P
re

ci
p

it
at

io
n

 a
n

d
  

te
m

p
er

at
u

re
 

Annual precipitation  -5.4 -16.1 -10.4 21.1 13.3 

99th percentile of precipitation  3.5 1.4 -8.9 21.2 13.3 

Max daily precipitation (Tenosique part) 2.3 -4.3 -12.4 5.6 21.4 

Max daily precipitation (Villahermosa part) 1.3 -0.7 -21.1 20.1 17.1 

Rainy season precipitation -9.9 -17.2 -11.9 23.8 12.4 

Dry season precipitation 4.1 -8.0 -1.2 13.1 8.8 

Mean daily max temperature (°C) 1.2 1.5 2.8 1.9 2.2 

Mean daily min temperature (°C) 1.2 1.9 2.3 1.9 2.2 

D
is

ch
ar

ge
 in

   
   

Te
n

o
si

q
u

e
 Low flow -11.9 -42.5 -25.0 24.5 10.0 

High flow -10.5 -22.0 -32.2 25.1 35.9 

Annual max 10-day discharge -8.3 -19.9 -29.9 28.2 33.5 

Annual max 30-day discharge -11.9 -24.9 -32.7 31.3 34.4 

10-year return level of discharge -1.0 -9.0 -26.1 23.9 55.1 

D
is

ch
ar

ge
 in

   
   

V
ill

ah
er

m
o

sa
 Low flow -16.9 -50.3 -15.5 12.6 3.0 

High flow -10.1 -31.7 -36.4 91.9 54.7 

Annual max 10-day discharge -12.5 -28.8 -38.5 82.0 52.9 

Annual max 30-day discharge -17.0 -31.6 -39.4 90.0 51.1 

10-year return level of discharge -17.8 -20.7 -62.1 38.6 103.2 
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Table 18 Summary tables of all results for far future. All values are shown as change 

compared to the baseline of the GCM in question (in % unless otherwise stated) and all 

precipitation and temperature indices are calculated over entire basin unless otherwise 

stated. The increasing values are highlighted with pink and decreasing values with green. 

 

  Far future - RCP 4.5  BCC BNU CAN GFDL MIROC 

P
re

ci
p

it
at

io
n

 a
n

d
  

te
m

p
er

at
u

re
 

Annual precipitation  -8.0 -17.9 -8.1 28.8 18.8 

99th percentile of precipitation  -4.9 -12.9 -9.8 26.8 19.3 

Max daily precipitation (Tenosique part) -2.3 -8.4 -19.0 22.1 15.6 

Max daily precipitation (Villahermosa part) 7.3 -10.9 -24.9 27.9 20.9 

Rainy season precipitation -10.7 -23.1 -7.8 32.9 15.4 

Dry season precipitation 3.8 -8.2 2.5 7.7 14.0 

Mean daily max temperature (°C) 1.4 1.7 2.7 2.5 3.0 

Mean daily min temperature (°C) 1.3 2.1 2.5 2.2 2.7 

D
is

ch
ar

ge
 in

   
   

Te
n

o
si

q
u

e
 Low flow -11.8 -33.4 -15.2 25.3 23.8 

High flow -19.2 -27.3 -32.3 44.6 47.8 

Annual max 10-day discharge -14.5 -23.8 -31.5 31.9 49.2 

Annual max 30-day discharge -18.0 -29.8 -32.9 37.5 48.5 

10-year return level of discharge -23.2 -12.6 -38.2 25.1 74.7 

D
is

ch
ar

ge
 in

   
   

V
ill

ah
er

m
o

sa
 Low flow -18.4 -51.9 -1.9 9.2 5.0 

High flow -23.6 -37.4 -29.1 109.4 72.8 

Annual max 10-day discharge -18.2 -35.9 -40.1 104.8 51.5 

Annual max 30-day discharge -21.9 -36.9 -36.9 105.2 49.9 

10-year return level of discharge -28.7 -35.2 -69.7 87.1 54.0 

  
     

  Far future - RCP 8.5  BCC BNU CAN GFDL MIROC 

P
re

ci
p

it
at

io
n

 a
n

d
  

te
m

p
er

at
u

re
 

Annual precipitation  -9.9 -27.6 -17.6 29.3 21.5 

99th percentile of precipitation  -2.5 -13.9 -15.2 30.0 15.4 

Max daily precipitation (Tenosique part) 4.1 -12.0 -28.7 11.8 25.2 

Max daily precipitation (Villahermosa part) 3.2 -11.7 -29.3 26.9 33.8 

Rainy season precipitation -12.0 -31.7 -20.2 37.2 17.2 

Dry season precipitation -2.7 -18.8 -7.5 -9.8 27.8 

Mean daily max temperature (°C) 2.1 2.4 4.2 3.2 3.4 

Mean daily min temperature (°C) 2.0 3.1 3.6 3.0 3.2 

D
is

ch
ar

ge
 in

   
   

Te
n

o
si

q
u

e
 Low flow -21.3 -46.6 -39.3 19.5 17.5 

High flow -16.8 -41.8 -45.8 39.9 40.5 

Annual max 10-day discharge -13.3 -35.1 -47.2 34.5 45.6 

Annual max 30-day discharge -15.2 -43.5 -47.8 42.3 46.2 

10-year return level of discharge -21.2 -32.9 -46.2 20.7 65.7 

D
is

ch
ar

ge
 in

   
   

V
ill

ah
er

m
o

sa
 Low flow -42.8 -58.8 -35.9 12.5 2.8 

High flow -27.7 -51.0 -42.9 136.3 65.1 

Annual max 10-day discharge -17.9 -45.5 -49.0 123.2 63.5 

Annual max 30-day discharge -20.4 -49.5 -48.0 132.4 57.5 

10-year return level of discharge -21.3 -45.3 -71.4 74.6 69.3 
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Table 19 Summary table for results of weighted ensemble. All values are shown as change 

compared to the baseline of the GCM in question (in %). The increasing values are high-

lighted with pink and decreasing values with green. 

  Close future Far future 

   RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 
D

is
ch

ar
ge

 in
   

   
Te

n
o

si
q

u
e

 Low flow -3.9 -5.5 -0.3 -9.2 

High flow -2.9 2.2 8.4 0.3 

5-year return level of discharge 0.9 9.0 15.8 9.4 

10-year return level of discharge 3.3 10.0 18.7 11.1 

20-year return level of discharge 5.3 9.9 19.7 11.4 

D
is

ch
ar

ge
 in

   
   

V
ill

ah
er

m
o

sa
 Low flow -6.7 -8.6 -9.4 -14.1 

High flow 9.1 15.6 21.0 18.3 

5-year return level of discharge 10.2 25.7 23.6 23.7 

10-year return level of discharge 7.5 29.1 29.1 25.7 

20-year return level of discharge 4.3 31.5 34.5 27.2 
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Appendix 5. Projected changes in climate according to Instituto 
Mexicano de Tecnología del Agua (IMTA) 
 
Table 20 The projected changes in precipitation, maximum temperature and minimum 

temperature for the end of century 2075-2099 compared to 1971-2000 adapted from the 

study by Instituto Mexicano de Tecnología del Agua (IMTA) (2015). 

  Spring - summer Autumn - winter 
Variable State RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

Precipitation (%) 
Chiapas -6.4 -10.6 0.2 0.6 
Tabasco -6.8 -12.7 -1.5 -3.2 

Max temp (°C) 
Chiapas 2.7 4.8 2.3 4.2 
Tabasco 2.9 4.8 2.4 4.3 

Min temp (°C) 
Chiapas 2.3 4.0 2.0 3.6 
Tabasco 2.2 4.0 1.9 3.4 

      

 
 


