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RESUMEN

Los cambios en el CO, atmosférico, la temperatura del océano y las condiciones de la vegetacion regional
en Mesoamérica indican posibles tendencias significativas en la temperatura y lluvias en la Sierra Madre
de Chiapas, México. Esta es una regién importante para la flora la fauna que podria verse afectada por las
tendencias climaticas. Nuestro objetivo fue determinar si se habian producido tendencias climaticas en un
periodo de 27 afos en la Sierra Madre y las regiones de menor elevacion entre 1990 y 2016, si estas tenden-
cias son parte de cambios a mas largo plazo (1960-2016 [57 afios]) y la manera en que los cambios en las
condiciones de gran escala y regionales/locales pueden influir en estas tendencias. En la Sierra Madre, las
temperaturas diarias minimas generales aumentaron, las temperaturas maximas disminuyeron y la mayoria
de las tendencias significativas de temperatura media fueron mas frias durante el periodo de 27 afios. Tanto
el inicio como el final de la temporada himeda mostraron una tendencia a principios de aflo, y las lluvias de
esta temporada aumentaron significativamente. Las tendencias no fueron significativas durante el periodo
de 57 afios en la Sierra Madre; sin embargo, en la region adyacente de la costa del Pacifico, continuaron las
tendencias significativas de temperaturas mas calidas durante este periodo. Hubo una gran variacion en los
cambios de temperatura y precipitacion entre regiones, y algunas tendencias locales fueron opuestas a los
promedios regionales. Es posible que los procesos a gran escala de calentamiento en las temperaturas de la
superficie del mar en la costa este de México, un cambio de la fase positiva a negativa en la Oscilacion De-
cenal del Pacifico y los aumentos en el CO, atmosférico influyan en estas tendencias. A escala regional, los
aumentos en la vegetacion densa y la evapotranspiracion desde 1990 pueden haber creado condiciones que
favorezcan una retroalimentacion positiva de mayor humedad oceanica y un ciclo de precipitacion basado
en la vegetacion.

ABSTRACT

Changes in atmospheric CO,, ocean temperature, and regional vegetation conditions in Mesoamerica indicate
that significant trends in temperature and rainfall may have occurred in the Sierra Madre de Chiapas, Mex-
ico. This is an important region for flora and fauna which could be affected by climate trends. We aimed to
determine if and where climate trends had occurred in the Sierra Madre and lower elevation regions between
1990 and 2016 (27 years), if these trends were part of longer term (1960-2016 [57 years]) changes, and how
changes in large-scale and regional/local conditions may be influencing these trends. In the Sierra Madre,
overall minimum daily temperatures increased, maximum temperatures decreased, and the most significant
mean temperature trends were cooler during the 27-yr period. Both the start and end of the wet season trended
earlier in the year, and wet season rainfall increased significantly. Trends were not significant during the 57-yr
period in the Sierra Madre; however, in the adjacent Pacific coast region, significant warmer temperature
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trends continued during this period. Within regions, there was large variation in temperature and rainfall
changes and some local trends were opposite to the regional averages. Large-scale processes of warming sea
surface temperatures in the east coast of Mexico, a change from the positive to negative phase of the Pacific
Decadal Oscillation and increases in atmospheric CO, may be influencing these trends. At the regional scale,
increases in dense vegetation and evapotranspiration since 1990 may have created characteristics favoring a
positive feedback of higher ocean-based moisture and vegetation-based precipitation cycling.

Key words: climate trends, evapotranspiration, remote sensing, Sierra Madre, vegetation changes.

1. Introduction

Changes since 1990 in influences on the climate of
Mesoamerica, including atmospheric (Liverman and
O’Brien, 1991; NOAA, 2020a), ocean temperature
(Méndez-Gonzalez et al., 2010) and land cover (Bray,
2009) indicate that significant regional climate trends
may have occurred. Predictions or explanations of the
causes of climate trends or changes in these regions
has often been done based on modeling of global
atmospheric conditions (Karmalkar et al., 2008),
ocean temperature patterns (Pounds et al., 1999), or
regional land use changes (Ray et al., 2006a; Barradas
etal.,2010). However, as each tropical region has its
own particular topographical characteristics, oceanic
influence and land cover change circumstances, the
use of local data is also necessary to determine spatial
details in actual regional trends and validate models.

The three physiographical regions of the Mexican
state of Chiapas closest to the Pacific Ocean (subse-
quently referred to as Pacific Chiapas) are the Central
Depression, Pacific coastal plains (Coast) and Sierra
Madre de Chiapas (Sierra Madre) (Fig. 1). The cli-
mate of this area is largely influenced by large scale
circulation patterns, which determine the direction
of airflow, onset and length of the wet season, and
frequency and intensity of rainfall events (Hewitson
and Crane, 1992). The influence of these large-scale
processes on regional climates may depend on trends
in sea surface temperatures (SST) (Aguilar et al.,
2005), which have been increasing in the Gulf of
Mexico and Caribbean Sea since 1965 and 1975,
respectively, in the regions closest to the east coast
of Mexico (Lluch-Cota et al., 2013).

Short term variations in temperature and precip-
itation patterns in Chiapas have been found to be
weakly correlated with cycles of El Nifio Southern
Oscillation in the Pacific Ocean, although regional
climate patterns varied in relation to this phenomenon
(Golicher et al., 2006). Changes between the positive

and negative phase of the Pacific Decadal Oscillation
(PDO) could also affect climate trends during a longer
time period (Méndez-Gonzalez et al., 2010).

In addition to ocean temperature trends, changes
in amounts of atmospheric CO, may be influencing
the climate of the region. Based on CO, modeling,
Liverman and O’Brien (1991) predicted that if CO,
doubled from the 1990 amount of 350 ppm, it would
cause increases in air temperature and late dry season
and summer precipitation, and decreases in precipi-
tation at the end of the wet season and beginning of
the dry season in parts of Chiapas. Since that time,
atmospheric CO; has increased to 415 ppm in 2020
(NOAA, 2020a).

Regional changes to land vegetation characteristics
within Pacific Chiapas may also be influencing the
mountain climate of the Sierra Madre. Modeling done
on the effect of forest cover change on cloud formation
in Costa Rica found that scenarios with large amounts
of lower elevation deforestation resulted in lower
amounts of cloud cover and higher base cloud heights
in mountain forests (Lawton et al., 2001; Ray et al.,
2006a). These climatic changes were largely attributed
to increases in sensible heat flux from cleared land and
reductions in latent heat flux due to vegetation losses
(Lawton et al., 2001; Ray et al., 2006a).

Forests and dense vegetation contribute large
amounts of water vapor to the atmosphere through
evapotranspiration (ET) and can affect regional
rainfall through recycling of ocean-source moisture
(Duran-Quesada et al., 2012). Changes in vegetation
can affect this process (Sheil, 2018) with reductions
in tropical forest cover, generally leading to reduc-
tions in regional rainfall (Chambers and Artaxo,
2017; Casagrande et al., 2018). The main factors
which control ET in an environment are vegetation
density and leaf production, and climatic variables
such as temperature, irradiance, wind, soil water
availability, and vapor pressure (Zhang et al., 2015).
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Fig. 1. Study area of the central depression, Sierra Madre, and coast regions of Chiapas, Mexico,
locations of the weather stations, and an elevation profile from the Pacific Ocean to the central
highlands of Chiapas. Letters S, F, T, and V indicate locations of the biosphere reserves La
Sepultura (S), Frailescana (F), El Triunfo (T), and Volcan Tacana (V).

In regions which are mainly covered in vegetation,
such as the study area, the process of transpiration
contributes to the greatest portion of ET (Ramoén-Re-
inozo et al., 2019), although evaporation from leaf
surfaces can contribute to a significant portion
(Ballinas et al., 2015). In a watershed in the Sierra
Madre, Castro-Mendoza et al. (2016) estimated that
up to 64% of precipitation may be re-cycled to the
atmosphere through ET.

Changes in vegetation cover may also affect local
trends in temperature and rainfall, however the ef-
fects of this in tropical regions is still unclear. In the
Lacandon rainforest in eastern Chiapas, maximum

daily temperatures generally decreased in areas
where there has been deforestation, but there was
no relation between local rainfall and forest cover
changes (O’Brien, 1998). In Guatemala, areas with
greater deforestation within similar forest types had
lower amounts of rainfall during the dry season (Ray
et al., 2006b). The determination of links between
vegetation changes and climate trends are especially
important in tropical regions such as Chiapas, where
land use change has been occurring rapidly (Solor-
zano et al., 2003).

These measured or potential changes in oceanic,
atmospheric, and regional land cover conditions
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indicate the potential for climatic change in Pacific
Chiapas. Therefore, this study examines the actual
effects of these changes in large-scale and regional
climatic influences on temperature and rainfall trends
in this area, especially the Sierra Madre mountain
range, from 1990 to 2016.

The Sierra Madre is the main source of water
which flows into the Grijalva River system to produce
a large quantity of Mexico’s power from dams and is
an important source of freshwater resources (Jones et
al., 2018). It is also a major coffee-producing region,
which may be affected by changes in climate (Schroth
et al., 2009). Its ecological importance has been rec-
ognized through the establishment of the biosphere
reserves El Triunfo, La Sepultura and Volcan Tacana.
These reserves contain populations of flora and fauna
which may be affected by long term changes (Ro-
jas-Soto et al., 2012), or cyclical (~30-yr) trends in
the mountain climate (Pounds et al., 1999; Lister and
Garcia, 2018). Various ecological studies were con-
ducted during the establishment of the reserves in the
early 1990’s (e.g., Long and Heath, 1991; Solérzano
et al., 2000), and a better understanding of climatic
trends since 1990 may provide a useful reference to
help explain longer term ecological trends in this
region (Gonzalez-Garcia et al., 2017).

The aims of this study were to determine if and
where significant climate trends have occurred
from 1990-2016 in Pacific Chiapas, if these were
cyclical (~30-yr) or part of longer-term (~60-yr)
climate changes, and how regional and larger scale
processes may be influencing these trends or chang-
es. Specifically, the first objective was to determine
spatial patterns of temperature and rainfall changes
and locations of significant trends from 1990-2016
in the Sierra Madre to compare with those of the
adjacent lowland regions. The second objective was
to determine if significant trends during the 27-yr
period were part of a longer-term (1960-2016) trend
in locations where data were available. The third
objective was to relate climate trends to larger scale
and regional climatic influence changes during sim-
ilar time periods.

As mentioned, various studies have described how
large-scale oceanic (Hewitson and Crane, 1992) and
atmospheric processes (Liverman and O’Brien, 1991)
may influence the climate of Pacific Chiapas, and we
incorporated these findings into the discussion of the

determined climate trends. However, to our knowl-
edge, there have been no previous studies which have
included vegetation characteristics and changes in
relation to climate trends in this region. Therefore,
our third objective was focused on the determination
of local and regional changes in vegetation and ET
from 1990-2020, which may also be influencing
climate trends in Pacific Chiapas and particularly in
the mountain regions.

2. Methods

2.1 Study area and time period

Pacific Chiapas (Fig. 1) is a topographically and
ecologically complex region where mountainous
and coastal terrain create conditions for the growth
of many different forest types including mangroves,
rainforests, tropical deciduous, oak-pine, cypress, fir,
and cloud forests (INEGI, 2017; Fig. 1). Leaf pres-
ence is especially seasonal in the tropical deciduous
forests (Gomez-Mendoza et al., 2008; Table I), but
also in the more evergreen mountain forests where
ET can change greatly throughout the year (Ballinas
etal., 2015).

Similar to other regions of southern Mexico, the
majority of rainfall falls between June and September
(Brito-Castillo, 2012). The timing of the onset of the
wet season depends strongly on the northward move-
ment of the Intertropical Convergence Zone (ITCZ),
which causes trade winds to increase in intensity
and bring moist air from the Caribbean and Gulf of
Mexico (Brito-Castillo, 2012). During the summer
and early fall, tropical cyclones originating from the
Caribbean Sea and the Pacific Ocean can bring large
amounts of rainfall (Garcia, 1974). Winter rainfall
is less and is affected by cold winds originating in
central North America which travel over the Gulf of
Mexico, collecting humidity (Garcia, 1974). Low
pressure systems in northern Mexico also bring in
moist air from the Pacific during winter (Brito-Cas-
tillo, 2012). Amounts of yearly rainfall (1990-2016
averages) are greatest in the Sierra Madre (Finca A.
Prusia weather station: 2860 mm yr~!, with 85% of
rainfall during the wet period from June until Octo-
ber), followed by the Coast (Tapachula: 2076 mm yr ',
78% during the wet period), and lower amounts in
the Central Depression (Villaflores: 1222 mm yr ',
86% during the wet period) (Fig. 2).
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Fig. 2. Monthly averages of mean daily temperature (Tean)
and rainfall during the 1990-2016 period in the central de-
pression (Villaflores weather station), Sierra Madre (Finca
A. Prusia), and coast (Tapachula) regions.

Daytime (maximum) temperatures are highest in
this region just before the wet season due to higher
latent heat transfer and radiative forcing (Aguilar et
al., 2005). July is often the month with the highest
nighttime (minimum) temperatures due to the insu-
lation caused by higher cloud cover (Aguilar et al.,
2005). Mean daily temperatures (1990-2016 averages)
are highest in the coast (Tapachula, 29 °C), and lower
at higher elevations in the Central Depression (Villa-
flores, 24 °C) and the Sierra Madre (Finca A. Prusia,
22 °C) (Fig. 2). In addition to ocean moisture sources,
temperature and rainfall patterns in Pacific Chiapas are
also influenced by topography and vegetation charac-
teristics (Hewitson and Crane, 1994; Ray et al., 2006b).

Analysis of data began from 1990 to include great-
er spatial detail of climate trends with the inclusion
of larger numbers of weather stations, which began
collecting data around this year; and to provide a
climatic reference for comparing ecological chang-
es in the Sierra Madre. Comparisons of 1990-2016
trends were also done for a longer-term (57-yr) period
using data from weather stations where significant
1990-2016 trends were determined and data were
available since 1960.

Temperature and rainfall data were obtained from
weather stations of the Comision Nacional del Agua
(National Water Commission) located within the
study area (Conagua, 2018) (Fig. 1 and Table S-I
in the supplementary material). Because of a lack
of complete data in some weather stations and years
with large amounts of cloud cover in Landsat satel-

lite images, the analysis of land cover, NDVI, and
potential ET was done using data from a range of
years. Satellite images from 1987-1993 were used
to represent the year 1990 and images and data from
2015-2020 to represent 2020. Rainfall and tempera-
ture trend analysis was done from 1990 to 2016 for
most stations, or to 2012 or 2015 where more recent
data were not available (Table S-II).

2.2 Temperature and rainfall trends

Trends and changes in average minimum (Ty,y),
mean (Tean), and maximum (Ty,,x) daily temperature
between 1990-2016 were determined using data from
55 weather stations located within the study area
(Table S-I). Months were grouped into three seasons
representing the main yearly changes in temperature:
dry-cool (November-February), dry-hot (March-
May), and wet (June-October). Temperature data for
each season were obtained by averaging data of the
months within each group. Differences in tempera-
ture were generally greater between months within
a season than between adjacent years of the same
month. Therefore, if data for a month was missing,
they were estimated by calculating the average of
the closest years (for up to one or two years) where
data were available. This was done to avoid cooler
or warmer month biases within the seasonal monthly
averages where some monthly data were missing.
If a station was missing more than 15% of monthly
data between 1990-2016, or errors were evident (e.g.,
sudden breaks between temperature trend lines), it
was not included in the analysis.

A graph of temperature data was done for each
month and weather station and a least squares regres-
sion line was applied from 1990 to 2016. The average
daily temperature value of the regression line value in
2016 was subtracted from that of 1990 to determine
the change between these years. These data were up-
loaded into the GIS software QGIS v. 3.14 as vector
points, and a spatial analysis of temperature changes
was done using the Triangulated Irregular Network
(TIN) method (Mitas and Mitasova, 1999) in QGIS
for each season. This was chosen as the method to
best represent the interpolation of the spatial changes
in data which were largely influenced by topography
(Velasquez et al., 2011).

Using climatic records with gaps in time series
creates some uncertainty when assessing trends
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(Mardero et al., 2019). To correct for this, Mardero
et al. (2019) interpolated data from nearby weather
stations in the low elevation Yucatan Peninsula to
complete rainfall records. Interpolation was also
attempted in our study for stations in the Sierra
Madre with missing data (Table S-1I). However,
results of this interpolation were inaccurate due to
the large variation in rainfall between stations in the
topographically complex mountain range. Therefore,
the analysis of rainfall trends was done using only
available data (Tables S-II and S-III).

Monthly rainfall changes between 1990 and
2016 were determined using the same method to
calculate temperature changes, with data from 76
weather stations. Significant trends (p < 0.05) in
temperature and rainfall were determined for three
periods: 1960-1989, 1960-2016 and 1990-2016
(where data was available) using the Mann-Ken-
dall test in the Excel extension program XLSTAT
2019. This test has commonly been used to detect
significant trends in climate data. It has the as-
sumption that data records are independent, but
these data do not need to be normally distributed.
As it is non-parametric, results of the test are not
influenced by outlier values (Ahmad et al., 2015).
Another advantage of using the Mann-Kendall test
is that trends can still be determined even if a time
series has missing data.

The start, end, and length of the wet season was
calculated locally (rather than with regional averages)
using daily rainfall data from 65 weather stations.
Specifications of the start of the wet season were
modified from a similar study done for the Yucatan
Peninsula (Mardero et al., 2019). These were: (1)
the first day of the year with measurable rainfall
(= Imm) followed by at least another day of rainfall
within the next five days for a total of at least 20 mm
of rainfall; and (2) that within the 30 days following
this first day of rainfall, there was no dry spell of
seven or more consecutive days without rainfall.
The end of the wet season was calculated using these
specifications in reverse, and the length of the wet
season was calculated as the number of days between
the start and the end of the wet season. Changes in
the start and end of the wet season were determined
by applying a regression line to a graph of the start
and end dates and subtracting the values at the years
2016 and 1990 from the regression line.

2.3 Vegetation classification

Analysis of the spatial extent of forest and other veg-
etation cover in the years 1990 and 2020 was done to
determine vegetation changes which could partially
explain changes in ET, temperature, and rainfall in
the study time period. The spatial extent of vegetation
types was determined within the study area from the
classification of Landsat level-2 atmospherically
corrected images (Table S-1V). Classification was
done from images captured during the dry season in
order to determine vegetation types based on their
density and leaf seasonality characteristics which
could affect seasonal ET (Glenn et al., 2011; Ballinas
et al., 2015). Images covering the study area, cap-
tured during 1987-1993 (Landsat 5) and 2017-2020
(Landsat 8) and which had less than 10% cloud cover,
were downloaded from the USGS Earth Explorer
website (USGS, 2020). The green, red and infrared
bands (bands 2, 3, and 4 of Landsat 5, and bands 3,
4, and 5 of Landsat 8) were combined in QGIS, and
these resulting images were uploaded into the land
classification software Multispec v. 3.4.

Supervised classification of the image was done in
this program to determine the land cover classes: ever-
green forest (primary and secondary coniferous, cloud,
and rainforest), mangrove, palm plantations, semi-de-
ciduous forest (oak, pine-oak, fruit tree), deciduous
forest, scrub, irrigated agriculture or short vegetation
(often wetlands), grassland or seasonal agriculture,
areas without vegetation (bare soil, rock, urban areas),
water (lakes, rivers, coastal waters within the study
area), and cloud cover (Table II). Evergreen forests,
mangroves and palm plantations were determined as
separate classes for areas dominated with tree cover
which appeared as darker red in the combination of
satellite images. As these evergreen forest types had
similar spectral characteristics, images covering the
coast and coastal plains were classified separately from
the mountain and inland areas to avoid an erroneous
classification of mangroves or palm plantations within
the entire study area.

Semi-deciduous forest appeared as fainter dark
red, deciduous forest as darker brown and scrub
as lighter brown. Irrigated agriculture or wetlands
appeared as lighter red or darker pink, and non-ir-
rigated fields or soil as light grey (Fig. 3). Coastal
wetland and coffee plantation subclasses were dif-
ficult to distinguish from the irrigated agriculture/



Climate trends and influences in the Sierra Madre de Chiapas 97

Table 1. Elevation range of vegetation types within the study area according to
INEGI* (2017) classification, which were included in the classification of the general

vegetation type.

General vegetation type INEGI classification Elevation range
(masl)
Fir (4bies sp.) forest 2000-2900
Evergreen forest Cloud forest 700-4000
(higher elevation) Pine forest 500-2500
E Secondary tall rainforest 200-1400
vergreen forest o
1 levati Riparian forest 600-700
(lower elevation) Riparian rainforest 0-700
Shade coffee plantation Permanent agriculture 300-2000
Pine-oak forest 800-2500
Oak-pine forest 400-1900
Semi-deciduous forest Semi-deciduous forest 400-1500
Oak forest 600-1200
Fruit tree plantations 10-25
Palm forest 0-5
Deciduous forest Demdugus tropical forest 300-1700
Low spiny forest 0-10
Mangrove Mangrove Sea level
Palm plantations Permanent agriculture 10-50
High mountain vegetation 3500-4000
Temporary agriculture 400-2500
Scrub Herbaceous vegetation 550-850
Savannah 30-800
Cleared vegetation 50-250
Irrigated agriculture 5-700
Short vegetation Coastal dune vegetation Sea level
& Coastal wetland (Tular) Sea level
Coastal wetland (Popal) Sea level
. Grassland 0-1000
Grassland/seasonal agriculture Temporary agriculture 0-900

*Instituto Nacional de Estadistica y Geografia.

Fig. 3. Examples of vegetation types used for classification in the combination of the green, red, and infrared bands of
the satellite images in the (1) coast, (2) central depression, and (3) Sierra Madre regions of Chiapas, Mexico.
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short vegetation and evergreen forest classes in the
satellite images. Therefore, INEGI series 6 vegeta-
tion classifications (INEGI, 2017) corresponding
to these vegetation types were used to determine
the spatial extent of these subclasses (Table I).
Validation of the 2020 vegetation classes was done
using 967 reference points randomly placed within
the study area. The vegetation classification corre-
sponding to each of these points was compared with
vegetation types in higher resolution Google Earth
images captured during the dry season from 2017
to 2020. Errors of commission and omission were
calculated in a confusion matrix of these validation
points (Table III).

2.4 Estimation of evapotranspiration

Various methods have been developed to estimate
ET from specific vegetation types to ET at a regional
scale (Fisher et al., 2011). The purpose of estimat-
ing ET in this study was not to determine the most
accurate values for each vegetation type, but rather
to determine the processes that have occurred in the
study region which may be influencing ET, and as
a result, atmospheric water vapor and orographic
precipitation in the Sierra Madre. These included
changes in temperature, vegetation types and cover,
and seasonal changes in leaf cover which is largely
influenced by rainfall patterns (Gémez-Mendoza et
al., 2008).

Table II. Areas of vegetation types in 1990 and 2020 within the three physiographic regions of the study area (central
depression, Sierra Madre, coast), and these three regions together (Pacific Chiapas). The percent of regional area

of each land cover is shown next to the area values.

Vegetation type Year Area (in ha) and percent (between parentheses) of each vegetation type
Central Sierra Coast Pacific
depression Madre Chiapas
Evergreen forest 1990 43663 (3) 328565 (60) 152917 (17) 525145 (19)
2020 70866 (6) 351099 (64) 172090 (19) 594055 (22)
Semi-deciduous forest 1990 238366 (19) 128683 (24) 144230 (16) 511279 (19)
2020 251561 (20) 121921 (22) 187219 (21) 560701 (21)
Mangrove 1990 0 0 28549 (3) 28549 (1)
2020 0 0 36958 (4) 36958 (1)
Palm plantations 1990 0 0 0 0
2020 0 0 7152 (1) 7152 (<1)
Deciduous forest 1990 331660 (26) 29575 (5) 15932 (2) 377167 (14)
2020 258537 (20) 15275 (3) 21178 (2) 294990 (11)
Scrub 1990 413594 (32) 13193 (2) 73593 (8) 500380 (18)
2020 453043 (35) 36996 (7) 144389 (16) 634428 (23)
Agriculture/short 1990 31898 (2) 23136 (4) 214166 (24) 269200 (10)
vegetation/wetland 2020 13837 (1) 6155 (1) 116486 (13) 136478 (5)
Grassland/seasonal 1990 168002 (13) 15914 (3) 222593 (25) 406509 (15)
agriculture 2020 185263 (14) 10137 (2) 149174 (17) 344574 (13)
No vegetation 1990 5062 (<1) 897 (<1) 6458 (1) 12417 (<1)
2020 5828 (<1) 928 (<1) 16321 (2) 23077 (1)
Water 1990 50753 (4) 0 27839 (3) 78592 (3)
2020 43723 (3) 0 30129 (3) 73852 (3)
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Table III. Confusion matrix of 967 points comparing the vegetation types classified from the 2020 Landsat images
(Classification) with the validation in Google Earth (Reference).

Reference
lassification
Classificatio E SD D Scrub SV Grass No-V  Man Palm Total Er'ror' of
commission (%)
E 159 5 0 5 4 0 0 0 17 190 16.3
SD 11 120 0 11 8 1 0 7 8 166 27.7
D 0 11 61 12 0 2 0 0 0 86 29.1
Scrub 0 8 3 170 1 24 2 1 1 210 19.1
SV 2 2 0 3 93 1 0 3 2 106 12.3
Grass 0 1 0 8 1 126 1 0 0 137 8.0
No-V 0 0 0 0 2 0 9 3 0 14 35.7
Man 0 0 0 0 0 0 0 40 0 40 0
Palm 0 0 0 0 0 0 0 0 18 18 0
Total 172 147 64 209 109 154 12 54 46 967
Error of
omission (%) 7.6 18.4 4.7 187 147 182 250 259 609

E: evergreen forest; SD: semi-deciduous forest; D: deciduous forest; SV: irrigated agriculture/short vegetation;
Grass: grassland or seasonal agriculture ; No-V: no vegetation; Man: mangrove; Palm: palm plantation.

Potential ET (PET) is a calculation of the potential
amount of water vapor re-entering the atmosphere
through ET from the land surface and plants (Xiang et
al., 2020). This is based on mainly climatic variables,
whereas actual ET is also influenced by vegetation
characteristics (Allen et al., 1998). To estimate actual
ET in the study area, a method incorporating PET
calculations with regional vegetation index values
was used (Glenn et al., 2011). This method has
been used in other tropical mountain environments
(Ramodn-Reinozo et al., 2019).

2.4.1 Step 1

We first determined the most appropriate PET cal-
culation method to use. The Penman Monteith (PM)
method is often used as the standard to calculate PET
but this requires a larger number of environmental data
inputs which are not available in most weather stations
in Chiapas. Previous analysis comparing the results of
PET methods requiring data which are available from
all stations in Chiapas with the PM method was done
using data from seven weather stations of the auto-
matic weather stations (EMAS, for their acronym in
Spanish) located within or near the study area (Table
S-V) (Conagua, 2020). These stations collected all the
variables required for the comparisons of methods. On

average, the Turc method (Turc, 1961) produced val-
ues closest to the PM value, especially in the mountain
areas (Table S-V), therefore this method was chosen
to calculate regional PET.

2.4.2 Step 2

PET was calculated with data from 49 weath-
er stations within the study area. Estimations of
temperature at three additional locations, based
on temperatures or interpolations of temperatures
recorded at nearby weather stations at similar eleva-
tions in the Sierra Madre (El Triunfo, El Porvenir;
Table S-1) were also included to produce a more ac-
curate interpolation of PET at higher elevation areas
(Sierra Madre 1, 2, and 3; Table S-I). The average
long-term values of Tpin, Tmean, and Tiax Were cal-
culated for each station using the value of the least
squares regression line at the years 1990, 2005, and
2020. Values were calculated for these years for the
same seasons as the temperature trend data: dry-cool
representing the wet to dry transition season, dry-hot
representing the dry season, and the wet season. PET
values calculated for these years and seasons corre-
sponded with the vegetation image layers created
(described in the next steps). Raster layers of PET
were created using the TIN method in QGIS.



100

2.4.3 Step 3

The Normalized Difference Vegetation Index (NDVI)
was used as vegetation index to include vegetation
characteristics in the ET estimation. Satellite images
from the transition, dry, and wet seasons captured
within three years of 1990, 2005, and 2020 were used
to create the NDVI images (Table S-1V).

2.4.4 Step 4

A second VI formula was used to standardize the
images. In the NDVI images, the most similar
vegetation cover to the reference vegetation used
to represent conditions where PET would be equal
to actual ET was irrigated agriculture (mainly sugar
cane in the Coast region) (Aguilar-Rivera et al.,
2012), which had an average NDVI value of 0.82.
Therefore, this value was used as the NDVI reference
value (NDVlI,s) so that PET would be representative
of'the estimation of ET in this vegetation type. Denser
vegetation types such as evergreen forest would have
a higher estimate of ET and seasonal leaf producing
vegetation types such as scrub, fields or deciduous
forest during the dry season would have a lower esti-
mate. This is representative of the natural conditions
in similar mountain regions (Holwerda et al., 2013).
NDVl,i, is the lowest NDVI value in the image. Zero
was used for this value.

Vi=1-(NDVI ~NDVI)/(NDVI ~NDVI, ) (1)

A. Wootton et al.

2.4.5Step 5
Estimation of daily ET was then done by multiplying
the PET layer obtained from the Turc calculation
(step 2) and the Vegetation Index (VI) layer (step 4),
which replaces the standard crop coefficient in agri-
cultural ET estimations in order to represent natural
vegetation types (Glenn et al., 2011).
ET =PETxVI (2)
INEGI series 6 polygons corresponding to the
vegetation classes in this study (Table I) were used
to separate ET estimations by vegetation type from
the raster layers of the regional ET estimations.
These raster cuts were used to estimate the mean

and standard deviation of ET for each vegetation
type (Table IV).

2.5 Local climate and vegetation change relations

O’Brien (1998) determined that local temperature
trends were related to a higher degree with forest
cover change within a radius of between 0.5 and 3
km from weather stations in the Lacandon rainfor-
est in Chiapas, with the relationship less evident as
radius sizes increased or decreased from this range.
Therefore, in our study, changes in forest cover
and NDVI between 1990 and 2020 during the dry
season were calculated within a 2 km radius of each
station where there was a significant Ty,ea, trend. At
these locations, the correlation between forest cover

Table IV. Estimations and standard deviations of evapotranspiration (ET) (mm/day) from land cover types in 1990 and
2020 during the transition from wet to dry, dry, and wet seasons.

Land cover types 1990 transition 1990 dry 1990 wet 2020 transition 2020 dry 2020 wet
High elevation evergreen 3.22+0.52 3.86+0.87 3.97+092 3.04+0.54 3.87+0.77 3.54+1.05
Low elevation evergreen 3.24+0.55 3.69+0.92 4.10+£0.75 3.12+0.51 3.84+0.84 3.89+0.88
Semi-evergreen forest 2.88+0.59 3.02+0.77 4.05+0.86 3.02+0.55 339+£0.85 4.05+0.88
Shade coffee plantation ~ 3.52+0.47 4.10£0.72 4.01+0.62 348+043 426+0.58 3.95+£0.94
Mangrove 3.67+£0.74 393+£094 4.05+1.01 3.75+0.66 450+093 4.12+0.75
Deciduous forest 236+0.60 226+0.56 4.02+0.82 2.84+0.59 295+£0.76 4.33+0.80
Scrub 2.53+0.68 2.63+0.86 393+£0.75 2.65+0.62 291+£0.86 3.99+0.84
Coastal wetland 3484051 343+£1.06 393+0.66 327+058 436+0.77 429+0.78
Irrigated agriculture 312+0.84 294+103 4.03+057 3.12+074 345+1.10 3.98+0.89
Grassland or

seasonal agriculture 228+0.61 1.99+051 3.71+0.84 228+0.61 239+£0.72 4.01+0.78
Oil palm plantation 376 £0.60 438+0.92 4.76+0.68
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(evergreen, semi-deciduous, and deciduous) and
NDVI changes with temperature change was tested
using Spearman’s correlation test.

3. Results

3.1 Temperature trends and changes

The average Ty, in the Sierra Madre increased from
1990 to 2016 in all three seasons. In the dry-cool
season Ty, increased by 0.2 £ 2.2 °C, in the dry-hot
season by 0.4+ 1.7 °C, and in the wet season by 0.5 +
1.9 °C. During the same period, Ty, decreased during
the dry-cool season by 1.8 = 1.2 °C, in the dry-hot
season by 1.2 = 1.3 °C, and in the wet season by 1.9
+ 1.3 °C. The average Tpean also decreased during
the dry-cool season by 0.8 £ 1.4 °C, 0.2 £ 1.3 °C
during the dry-hot season, and 1.9 + 1.3 °C during
the wet season.

In the lower elevation regions, there was a similar
pattern with increases in Ty, during the dry-cool
(coast: 1.1 +1.23 °C), dry-hot (coast 1.3 £ 1.1 °C;
central depression: 0.6 + 1.6 °C), and wet seasons
(coast: 1.5+ 1.1 °C; central depression: 0.7 + 1.8 °C).
The exception was the 0.5 + 1.6 ° C decrease in Ty,
during the dry-cool season in the central depression.
There was also a similar pattern to the Sierra Madre
in average Ty, change with decreases in the lower
elevation regions during the dry-cool (central depres-
sion: 1.6 £ 1.6 °C), dry-hot (coast: 0.3 + 1.1 °C; central
depression: 0.4 £+ 1.9 °C), and wet seasons (coast: 0.4
+ 1.1 °C; central depression: 1.0 £ 1.4 °C). There was
no change in average T, during the dry-cool period
in the coast region.

Within Pacific Chiapas, there were 48 significant
trends (Mann-Kendall p <0.05) determined for T pean
between 1990 and 2016 during the three seasons. Of
these, 25 were positive (warmer) trends and 23 were
negative (cooler) trends (Fig. 4, Table S-VI). Seven-
teen of these significant trends in temperature were
from changes of 2.5 °C or greater. Of these, five were
cooler trends and 12 were warmer. Of the 10 signif-
icant temperature trends shown in the Sierra Madre,
only one was warmer during the dry-hot season.

Where data were available between 1960 and
2016, five significant earlier-period (1960-1989)
trends contrasted in direction (cooler/warmer or
reverse) with later- period (1990-2016) trends at
the same weather station. All significant 1990-2016

temperature trends (almost all warmer) in the coast
were also significant during the longer 1960-2016
period, whereas significant cooler 1990-2016 trends
in the Sierra Madre were not significant during the
period since 1960 (Table S-VII).

3.2 Rainfall trends and changes

There was little change in monthly rainfall in the Sier-
ra Madre during most of the dry season from January
until April. In May, which is typically at the end of the
dry season, rainfall increased greatly, and this trend
continued during the wet months from June until Sep-
tember. At the end of the wet season in October, areas
within the El Triunfo and Volcan Tacana biosphere
reserves in the Sierra Madre showed dryer trends
and La Sepultura, Frailescana, and the southeast
region of El Triunfo, wetter trends. The months of
the early dry season in November and December had
average rainfall decreases between 1990 and 2016
(Fig. 5). There was a similar, but less extreme pattern
of regional averages of monthly rainfall changes
in the lower elevation regions, however the largest
increases in rainfall occurred at the end of the wet
season during the month of October (104 + 117 mm)
in the coast region (Figs. 5 and S-1).

Twenty-one significant monthly rainfall trends
(Mann-Kendall p < 0.05) were determined within
Pacific Chiapas. All were positive (wetter) and oc-
curred during the months from the end of the dry
season/beginning of the wet season in May until the
end of the wet season in October. There were nega-
tive (dryer) trends recorded at some of the weather
stations within the study area, however these were
non-significant. Many of the significant trends were
registered within the Sierra Madre or coastal foothills
of the Sierra below 1000 m, and values of changes
in monthly rainfall ranged from 110 to 650 mm. The
greatest increases in monthly rainfall occurred in
some of the coastal areas during the months of June
and September, and in the Sierra Madre each month
from June to October (Table S-III). Of these, only one
significant rainfall trend was also significant during
the 57-yr period from 1960-2016 at the Metapa de
Dominguez weather station in the coast region, with
a wetter trend for the month of September (Fig. 6,
Table S-VII).

The average wet season began 7.5 £ 10.6 days
earlier between 1990 and 2016 in the Sierra Madre,
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Fig. 4. Average daily temperature change between 1990 and 2016 in the central depression, Sierra Madre,
and coast regions of Chiapas, Mexico. Cooler temperature changes are shown in blue and warmer changes in
orange. Red points indicate locations of weather stations with significant trends in average daily temperature.
The mean and standard deviation of temperature changes within the study area are written below “Region”
on the map. Mean and standard deviation within the Sierra Madre (SM) region are written below “SM”.

which corresponds to the wetter trend in rainfall
during May. The average end of the wet season was
also earlier by 4.9 = 8.4 days, due to dryer trends
in October in some parts of the Sierra Madre. On
average, the length of the wet season increased by
2.7 +13.6 days, although this varied greatly with the
central portion of the Sierra Madre increasing, and the
southeast portion near to Volcan Tacana decreasing
in length (Fig. 7). The average wet season also began

earlier in the lower elevation regions (coast: 6.2 +
13.2 days; central depression: 7.8 + 15.1 days) but,
in contrast to the Sierra Madre, ended later (coast:
1.1 + 9.4 days; central depression: 4.2 + 10.5 days).

3.3 Changes in vegetation types and evapotranspi-
ration

The difficulty in determining boundaries between
vegetation types with similar characteristics is
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shown in the results of the confusion matrix of the  gradients between types. The overall accuracy of the
vegetation classification validation (Table III). There 2020 vegetation classification was 82%.

was an overclassification of evergreen forest within Between 1990 and 2020, the combined area of
the palm plantations and mangrove types due to the  evergreen and semi-evergreen forest types (cloud for-
similarities of these forests, especially with the 30 m?  est, rainforest, oak, pine and other coniferous forests,
resolution of Landsat images. There was also a higher  fruit tree, palm plantations, and mangroves) increased
overlap in classification of deciduous vegetation with  in all three regions. In the central depression, these



A. Wootton et al.

104

"001X9A ‘sedeIy)) JO SuUOISaI }SB0O PUR ‘AIPBJA BLIJIS ‘UOIS

-soxdop [e1Ud0 Y} UI SUOTIE)S JOYIBIM J09]3S 10J 910Z-0661 PUB 6861-0961 sSporrad ayp Surmp armjerodwo) A[ep Uuedw pue [[eulel A[JJUOwW Ul SpudI], ‘9 "SI

JBOA
0l0¢ 0002 0661 0861 0461 0961

e

1000°0>d ‘9102-096} P . sz

- - -o-o
L4 A ' e o0 oo, .

9z

1000°0>d oe® v§¢'0=d Lz

8z

(pouad Jopn) eInyoede | 62

Jseo0’ 0¢

010¢c 000¢ 0661 0861 0.6l 0961
€¢1°0=d ‘9102¢-0961

Sl

L
(pouad j00D-Aiq) obueusjewy elajuol 6l
9IpPe\ elidis 1z
€C
14
Y4

010¢ 000¢ 0661 0861 0.6l 0961

951°0=d :910c-0961 (pouad JoH-A1q) osaiboid |13 MM

uoissaidaq |esuan €z

1000°0>d

10000>d  ° gz

0Loz 0002 0661 0861 061 0961
o e 02
1000°0>d :9102-096 1 . 1z
L]
o o °
» 1000°0>d oo oo ° c. o €2
L] L] WN
(pouad j00D-A1q) osaiboid |3 i
uoissaidaq |esuan 9z

alneladwsa | Ajleq uesy

Do dwa] Ajleq uespy

D, dwa] Ajleq uespy

Do, dwa] Ajleq uespy

Do dwa] Ajleq uesy

JEEYY
0L0¢ 0002 0661 0861 061 0961
0
1€0°0=d :9102-0961 e o . 002

S °e . 00

200°0=d
(4soquisydag) zenbulwoq ap edejs|y 002}
¢ jseo) E

0Loc 000¢ 0661 0861 061 0961

¢¢¢’0=d :9102¢-0961
00¢

. . ®e o o « |00V

e - . . 009

o . R . ° 008

2.6°0=d

(3snbny) | vewsie 0001
jseo)

(ww) jreyurey Ajyyuopy

0L0¢ 000¢ 0661 0861 06l 0961
0

002
0ot
009
008
0ooL
. (sunr)owiuoiar ues 00cL

aipe| elsalg ool

¥28'0=d :910¢-0961 o ©® o

(wuw) jjejurey Ajyauoy

0102 0002 0661 0861 0.6l 0961
0

¥S¥°0=d :9,02-096} |, 00l

00z

° ., . 00€

. 00%

. . *005

. 65€°0=d 009 3§

(sunr) eisnid eouly 00L 3

BIPEIN BLISIS llejurey Ajujuo

lleyurey Ajypuoy




Climate trends and influences in the Sierra Madre de Chiapas

105

Start End
¢ I~ _ SMm SM
-.4.9+8.4 days 2.7It13.6 days
V. i onger
/ fﬁﬁgg \Qar"er Change in wet period
o
L e e 1990-2016 (days)
b \“‘de}gg “ N Start: late 40
h ‘V«W’"’W%jy%% / End: earlier 135
’ B
Region @\% p Length: shorter |[] 20
7.3+13.7 1.3£10.3 % ‘&i 8.6+£18.2 J]o
days earlier days later N N days longer Start: earlier I 20
0y / End: later B 40
L \ Length: longer
) .t )
N/ N 60

Fig. 7. Changes in the number of days between 1990 and 2016 in the start, end and course of the wet season.
The mean and standard deviation of changes in days of the start, end, and course of the wet season within
the entire study area (Pacific Chiapas) are written below “Region” on the map. The mean and standard
deviation within the Sierra Madre (SM) region are written below “SM”.

forest types increased by 14%, in the Sierra Madre
by 3%, and in the coast by 22%; however, with the
inclusion of deciduous forest as part of the overall
forest areas, forest cover decreased from 1990 to 2020
in the central depression. Deciduous forest has similar
characteristics than the scrub type and the boundary
is not always clear in the satellite images or in the
field, as there can be a gradient between deciduous
tree cover and shrubby savanna. The area of scrub
vegetation and grassland/temporary agriculture can
also change throughout the year, as large areas of land
which had grown to become scrublands are burned
each year to clear land for cultivation. The combined
land cover of deciduous forest or scrub decreased by
5% in the central depression but increased by 22%
in the Sierra Madre and 85% in the coast (Fig. 8,
Table II).

These changes in vegetation types created con-
ditions for larger areas of leaf-covered forests in

Vegetation class

I Evergreen forest
I Semi-deciduous forest
Il Deciduous forest

I Palm plantation

I Mangrove

the transition and dry seasons in all regions. Leaf
producing forest cover also increased in the Sierra
Madre and coast regions during the wet season, but
not in the central depression, where the inclusion of
deciduous forests (which produce leaves in the wet
season) reduced the overall area of leaf-producing
forest (Fig. 9). These seasonal and long-term changes
can also be seen in the average values of the NDVI
(Table S-VIII), which increased in all regions for all
three seasons between the 1990 and 2020 images.
These increases during the wet season in the central
depression could be due to denser growth of the
scrub vegetation type or a lower NDVI value at the
end of the wet season (November) in the 1990 image
compared to the earlier date of the image captured
in the 2020 wet season (August). Most of the com-
parisons in the period 1990-2020 (30 years) were
done between similar times of the year, but there
were no Landsat images during the 1987-1993 wet

[ Scrub

[ Grassland or seasonal agriculture
[ Irrigated agriculture/short vegetation
[]CoastalWetland g Water

[] Coffee plantation ] Cloud

Fig. 8. Land cover in 1990 and 2020 in the Pacific regions of Chiapas, Mexico.
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Fig. 9. Seasonal vegetation characteristics of the transition from wet to dry, dry, and wet seasons in 1990

and 2020.

season without large amounts of cloud cover, so the
use of an image captured in November was the best
option available.

This vegetation index (live green vegetation
density) increases, which theoretically would create
conditions for greater ET, were offset by decreases in
PET between 1990 and 2016, during all three seasons.
These decreases were due to the overall regional tem-
perature changes, which were on average warming
Tmin and cooling T,x. Overall decreases in PET were
outweighed by the increases in vegetation index and
estimated ET increased between 1990 and 2020 from
2.70 to 2.83 mm/day in the transition season, 2.83 to
3.16 mm/day in the dry season, and without change
in the wet season. However, there was variation in
the direction of changes between these years with
an increase in estimated ET between 1990 and 2005
and a decrease between 2005 and 2020, during the
transition season. ET decreased slightly between
1990 and 2005 and then increased between 2005
and 2020 during the dry and wet seasons (Fig. 10).

During the 2020 dry season, the highest amounts
of ET were estimated for the coastal low-elevation
evergreen vegetation types: mangrove, palm plan-
tation, and coastal wetland (Table IV). These were

followed by mountain evergreen vegetation types:
shade coftee, high elevation evergreen forest, low ele-
vation evergreen forest, and lower elevation irrigated
agriculture. Lower ET were estimated for deciduous
or dry vegetation types: deciduous forest, scrub, and
non-irrigated land. During the wet season, when all
vegetation types produce green leaves, the denser,
low-elevation vegetation, including deciduous forest
had the highest estimation of ET. ET decreased with
vegetation types at higher, cooler elevations in the Si-
erra Madre. During the transition season, the highest
amounts of ET were observed in the lower-elevation
evergreen vegetation types, with ET decreasing in
the higher-elevation evergreen types and the lowest
amounts in the deciduous vegetation types as leaves
dry and fall.

During the dry season, estimates of ET increased
from 1990 to 2020 in all vegetation types, except the
high-elevation evergreen forest where there was no
change (Table IV). During the wet season, ET only
increased in the lower-elevation vegetation types
between 1990 and 2020 and decreased in the mid- to
higher-elevation forest and coffee plantation vegeta-
tion. There was little change in the scrub type. Low-
er-elevation vegetation types also had increases in ET
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Fig. 10. Estimates of evapotranspiration in the transition from wet to dry, dry, and wet
seasons of 1990, 2005, and 2020 in the Pacific regions of Chiapas, Mexico. The mean and
standard deviation of evapotranspiration within the study area is written next to each image.
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during the transition season, except for the coastal
wetland which had a decrease. ET also increased
in the mid-elevation semi-evergreen forest during
this season. The evergreen forest types and coffee
plantations in the Sierra Madre had decreases in ET.

3.4 Relation between local climate trends and vege-
tation changes

There was no clear correlation between vegetation
changes within a 2-km radius of weather stations
where there was a significant trend in Tpean, and
changes in Tyeqn at these locations. This was the case
for both changes in NDVI (p = 0.88), and percent

change in forest cover (p = 0.85). Some areas which
had experienced reductions in forest cover between
1990 and 2020 had positive trends of Tpean, Where-
as others had negative trends. Likewise, areas that
experienced gains in forest cover had either positive
or negative Tyean trends.

4. Discussion

4.1 Comparisons between 1960-2016, 1990-2016
trends and large-scale climatic influences

The generally wetter wet seasons and dryer dry sea-
sons during the 1990-2016 period in all three regions
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were consistent with global trends in precipitation
(Murray-Tortarolo et al., 2017) during a similar time
period (1980-2005). Murray-Tortarolo et al. (2017)
discussed that these trends may have been the result
of global oceanic (La Nifia years) and atmospheric
(1991 Mt. Pinatubo eruption) conditions during the
late 1980s and early 1990s, which lowered global
precipitation during these years, and the beginning
of global warming influences. However, the relation
between rainfall and La Nifia are variable within
Mexico and are generally associated with higher rain-
fall in Southern Mexico (Bravo-Cabrera et al., 2017).
The lack of significant trends in rainfall in Pacific
Chiapas during a longer time period (1960-2016) at
most weather stations where there was a wetter trend
during the 1990-2016 period, was also consistent
with global trends (Murray-Tortarolo et al., 2017),
except for an area of the Coast (Metapa de Domin-
guez during September; Fig. 5, Table S-VII) where
there was an extended 57-yr significant wetter trend.

Significant cooler trends between 1990-2016 in
the Sierra Madre were not significant since 1960,
which contrasted with the longer continuation of
significant warmer trends in the coast. Increasing
trends in rainfall since 1990 in the mountain region
may be related to the cooler trends during 1990-2016
(mostly due to decreases in Ty.y; Fig. 4) at higher
elevations because of greater cloud cover.

Regional climatic trends between 1990 and 2016
in Pacific Chiapas were consistent with those attribut-
ed to the effects of long-term trends in the Pacific
Decadal Oscillation (PDO) in southern Mexico (Mén-
dez-Gonzalez et al., 2010). During this period, the
PDO index showed a negative trend from a positive
phase in the 1990s to a negative phase in the 2000s
(NOAA, 2020b). Méndez-Gonzalez et al. (2010)
determined that from 1950-2007, negative periods of
the PDO have been associated with higher summer
precipitation, cooler summer Ty,,x, and warmer Ty,
in southern Mexico. These trends were determined
on average for the study region, although not con-
sistently for all weather stations, especially in some
parts of the coast, which had increases in both Ty,
and Ty (Fig. 4).

Summer rainfall in Chiapas is also strongly influ-
enced by the ITCZ bringing moisture from the Carib-
bean Sea and Gulf of Mexico. SSTs have increased
both in the Gulf of Mexico and the Caribbean since

1975 (Lluch-Cota et al., 2013), and higher amounts
of evaporation from a warmer surface may increase
atmospheric moisture and intensify downwind
rainfall (Brito-Castillo, 2012). Increases in rainfall
often indicate cloudier conditions and this can affect
regional temperatures (Englehart and Douglas, 2005),
effects consistent with the determined regional trends.
Increased cloud cover blocks incoming day time
solar radiation, lowering Ty, Whereas nighttime
Tmin are increased by the insulation of cloud cover,
which reemits longwave radiation back to the ground.
The predicted climate effects of increases in global
atmospheric CO; from 1990 amounts described
by Liverman and O’Brien (1991) for the southern
Pacific region of Mexico were also consistent with
those determined by this study for rainfall patterns,
although the predicted temperature increases were
only determined on average for Tyyy.

4.2 Relations between land use change, vegetation
and climate trends

Between 1970 and 2000, Chiapas experienced large
amounts of deforestation (Richter, 2000; Solérzano
etal., 2003). However, reviews published in the years
after 2000 began to discuss a possible change in the
rate of deforestation and beginning of reforestation
in parts of Mesoamerica (Bray, 2009). Evidence
supporting this prediction may be shown by Vaca et
al. (2012), who reported a decreased annual rate of
deforestation between the periods of 1990-2000 and
2000-2006 in the dry tropical forests of the central
depression of Chiapas. Bonilla-Moheno and Aide
(2020) also reported an increase in forest cover in the
lower elevation, inland portion of the Sierra Madre
between 2001-2014, which was consistent with what
was determined in this study.

The abandonment of agricultural areas during
increased urban migration, and the large scale of
land which had already been deforested by 1990
may have contributed to increased forest cover in the
areas adjacent to the Sierra Madre between 1990 and
2020 (Bonilla-Moheno and Aide, 2020). Trends of in-
creasing rainfall in these regions may also have been
influential for regeneration of forests in abandoned
agricultural areas, even when there were large vari-
ations in rainfall between years (Martinez-Ramos et
al., 2018). The steep and less accessible Sierra Madre
region was by far the most forested of the study area,
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with very little overall change in forest cover. The
establishment of biosphere reserves beginning in
1990, and programs such as Payment for Hydrolog-
ical Environmental Services within communities of
the Sierra Madre influenced the slower changes in
this region (Cano-Diaz et al., 2015).

Large differences in species composition can
exist between vegetation types which are diffi-
cult to distinguish remotely, such as regenerating
deciduous forests and native scrub ecosystems
(Gordillo-Ruiz et al., 2020). Species composition,
diversity and succession stage can influence dif-
ferences in vegetation responses to climate trends
and ET (Ballinas et al., 2015; Sakschewski et al.,
2016). Additionally, topography, vegetation cover,
and soil characteristics of landscapes can influence
water availability from rainfall (Ponette-Gonzalez
et al., 2010; Schwartz et al., 2019); and vegetation
can have physiological responses to changes in
climate allowing them to regulate ET (Massmann
etal., 2019). These physiographic and physiological
characteristics indicate a limitation of the modeling
we used to estimate ET. We hope our regional focus
inspires further field-based studies of ET in the spe-
cific vegetation types we have included. However,
the use of local climatic data and remote sensing,
which showed increases in dense vegetation cover
and regional estimations of ET between 1990 and
2020, were useful to understand the contribution of
vegetation changes to the climate of Pacific Chiapas,
in particular the coastal mountains.

Regional increases in forest vegetation and ET
may have contributed to positive climatic feedback,
which combined with the influences of increasing
SST in the east coast of Mexico, a negative phase of
the PDO in the west coast, and increasing atmospher-
ic CO,, produced larger positive trends in rainfall
during the late dry and wet seasons. Estimates of ET
mainly decreased in the mountain evergreen forests
between 1990 and 2020 (Table IV) due to decreasing
trends in temperature (Fig. 4). However, there were
overall increases in estimated regional ET, due to
increases in the density of leaf producing vegetation
cover and some regional temperature increases, es-
pecially in the lower elevation regions (Fig. 10, Table
S-VIII). There is also a strong relationship between
the onset of the wet season and the production of
leaves in deciduous and semi-deciduous vegetation

in Mexico (Gémez-Mendoza et al., 2008). The earlier
trend in the start of the wet season in this region may
indicate that leaf production is beginning earlier in
the year; also that, along with increases of available
soil moisture, it could result in earlier increases in
ET, contributing to higher atmospheric moisture and
higher orographic rainfall in the Sierra Madre.

Increases in semi-deciduous and evergreen forest
cover between 1990 and 2020 may cause greater
regional latent heat flux, decreases in sensible heat
flux (Ray et al., 2006a, b), and increases in surface
roughness (Spracklen et al., 2018). This may affect
heights of orographic cloud cover, which potentially
could decrease with these land cover change condi-
tions (Lawton et al., 2001; Fairman et al., 2011), and
affect the altitudinal distribution of rainfall (Barradas
et al., 2010). The constant burning of regenerating
deciduous forest and savannahs for seasonal agricul-
ture in the central depression creates conditions of
higher surface albedo, which can negatively affect
rainfall (Fuller and Ottke, 2002). This may be another
reason for the lower regional increases in rainfall in
the central depression in comparison with the much
greater forested Sierra Madre region.

At various locations, significant climate trends
differed from the overall average regional changes
(Figs. 4 and 5; Tables S-III and S- VI). There were no
clear relations between local significant temperature
or rainfall changes and vegetation changes (forest
cover or NDVI). This suggests that the regional
climate changes determined were influenced to a
greater extent by long term atmospheric and oceanic
processes and regional vegetation changes. Local
differences in temperature and rainfall patterns may
be due to topography, air flow patterns, and the oro-
graphic nature of precipitation in this mountainous
region, as in other parts of Mesoamerica (Barradas
et al., 2010; Maldonado et al., 2018).

Many of the ocean influence patterns are cyclical
at a time scale greater than the study period of 27
years (Fuentes-Franco et al., 2015). Therefore, the
climate trends and patterns determined in this study
may change as trends change in the large-scale cli-
matic influences which affect Chiapas (Aguilar et
al., 2005). However, if increasing vegetation cover
trends continue in this region, they may moderate
future climate cycles in the Sierra Madre (Lawton
et al., 2001; Bonan, 2008).
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5. Conclusion

Regional 1990-2016 climate trends within Pacific
Chiapas included increases in Ty, decreases in Ty,
an earlier shift in the wet season, and greater amounts
of rainfall within this season. All significant tempera-
ture trends continued from 1960-2016 in the coast
region but less so in the central depression and did
not in the Sierra Madre. Only one significant rainfall
(wetter) trend continued during this 57-yr period, in
an area of the coast. The more recent (1990-2016)
trends occurred during a period of change in ocean
and atmospheric climatic influences in the region,
including a negative trend in the PDO index, warm-
ing SST in the Gulf of Mexico and the Caribbean,
and rising amounts of atmospheric CO,. During
the same time period, regional extents of evergreen
and semi-evergreen forest types, NDVI values, and
estimates of ET increased. These changes may have
enhanced the climatic patterns influenced by large-
scale processes.
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SUPPLEMENTARY MATERIAL

Table S-1. Coordinates and elevations of the weather stations with data used for the analysis of temperature,
potential evapotranspiration, and monthly rainfall.

Weather Station Analysis Latitude Longitude Elevation Region
variable (masl)

Adolfo Ruiz Cortinez T/PET 14.875000 -92.537500 4 Coast
Arriaga T/PET/R 16.241667 —93.908333 64 Coast
Cacahoatan R 14.988333 -92.164444 480 Coast
Cacaluta T/PET/R 15.365 -92.731111 80 Coast
Chahuites T/PET/R 16.25 —94.233056 23 Coast
Despoblado T/PET/R 15.2025 -92.558056 63 Coast
Ejido Ibarra R 15.333889 —92.952222 9 Coast

El Dorado T/PET/R 14.672778 -92.212778 35 Coast
Escuintla (DGE) T/PET/R 15.330833 —92.655833 92 Coast
Finca Argovia R 15.126667 -92.299167 620 Coast
Francisco Sarabia T/PET/R 15.417778 —92.998333 25 Coast
Frontera Hidalgo T/PET/R 14.777222 -92.176111 60 Coast
Horcones T/PET 15.955278 -93.605556 130 Coast
Huehuetan T/R 15.002222  -92.400278 65 Coast
Independencia T/PET/R 15.348333 —92.578333 112 Coast
Ingacio Lopez Rayon T/PET/R 14.617778 -92.184722 7 Coast
Las Brisas T/PET/R 15.514444 -93.116944 10 Coast
Mazatan T/PET/R 14.886389 —92.453889 15 Coast
Medio Monte T/PET/R 14.915278 -92.190556 245 Coast
Metapa de Dominguez R 14.831111 -92.191667 98 Coast
Pijijiapan T/PET/R 15.697778 -93.211389 57 Coast
Plan de Iguala T/PET/R 14.958889  —92.504167 18 Coast
Salvacion T/PET/R 15.143889 -92.701389 8 Coast
San Isidro R 15.742778 -93.351389 45 Coast
San Jer6nimo T/R 15.039722 -92.136389 750 Coast
Santo Domingo T/R 15.0275 -92.104167 859 Coast
Talisman I R 14.963056  —92.147222 340 Coast
Tapachula T/PET/R 14.920833 -92.25 193 Coast
Tonala T/PET/R 16.084167  —93.743889 55 Coast
Tres Picos T/PET/R 15.875 —93.545833 20 Coast
Buenos Aires T/PET/R 15.3325 -92.2675 1820 Sierra Madre
El Porvenir T/PET/R 15.457222 -92.281111 2847 Sierra Madre
Finca A. Prusia R 15.731944 -92.794167 1040 Sierra Madre
Finca Chicharras T/PET/R 15.133056 —92.242222 1328 Sierra Madre
Finca Cuxtepeques T/PET/R 15.728611 —92.968889 1550 Sierra Madre
Finca Germania R 15.194444  -92.345833 1214 Sierra Madre
Finca Hamburgo R 15.173089  —92.325278 1200 Sierra Madre
Frontera Amatenango T/PET/R 15.433611 -92.114167 900 Sierra Madre
Monterrey PET/R 16.058889 -93.368889 700 Sierra Madre
Motozintla T/R 15.364167  —92.248056 1260 Sierra Madre
Reforma I1 T/PET/R 15.9 -92.933333 700 Sierra Madre
Unidn Juarez T/PET/R 15.0625 -92.080556 1300 Sierra Madre
Ursulo Galvan T/PET/R 16.278611 -93.418611 700 Sierra Madre
El Triunfo PET 15.6566 -92.8081 1973 Sierra Madre
Sierra Madre 1 PET 15.5497 -92.6268 1898 Sierra Madre
Sierra Madre 2 PET 15.8709 -93.1338 1896 Sierra Madre
Sierra Madre 3 PET 16.1977 -93.6121 2366 Sierra Madre
Acala T/PET/R 16.552778 -92.804167 420 Central Depression

T: temperature; PET: potential evapotranspiration; R: monthly rainfall.



Table S-1. Coordinates and elevations of the weather stations with data used for the analysis of temperature,

potential evapotranspiration, and monthly rainfall.

Climate trends and influences in the Sierra Madre de Chiapas

Weather Station Analysis Latitude Longitude Elevation Region
variable (masl)

Aquespala R 15.794167 -91.920278 617 Central Depression
Benito Juarez R 16.082778 —92.840556 580 Central Depression
Berriozabal T/R 16.796944 —93.265278 890 Central Depression
Cascajal T/PET/R 16.308889 -92.486111 650 Central Depression
Catarinitas T/PET/R 15.9025 —92.482778 945 Central Depression
Chicomuselo T/PET/R 15.751667 -92.273611 550 Central Depression
El Boquerén T/PET/R 16.644167  -93.157222 500 Central Depression
El Progreso T/R 16.708889 —93.4025 781 Central Depression
Finca Ocotlan T/PET/R 16.369444 -93.477222 650 Central Depression
Flores Magon R 16.393333 -92.696111 482 Central Depression
Francisco 1. Madero R 16.802778 —93.755278 736 Central Depression
Guadalupe Grijalva T/PET/R 15.693611 -92.161111 630 Central Depression
Jaltenango T/PET/R 15.870833 —92.723889 640 Central Depression
La Angostura (CFE) T/R 16.419722  -92.767778 500 Central Depression
La Mesilla T/R 16.184167 —92.2875 1210 Central Depression
La Unién T/PET/R 16.665 —93.800833 580 Central Depression
Las Flores T/R 16.691944 -93.563056 480 Central Depression
Ocozocoautla R 16.750883 —93.373889 838 Central Depression
Paso Hondo R 15.684444  -92.006944 660 Central Depression
Portaceli PET/R 16.449167 —93.125278 780 Central Depression
Puente Colgante T/PET/R 16.740556 -93.031111 418 Central Depression
Puente Concordia (CFE) T/PET/R 15.848611 -91.968056 582 Central Depression
Querétaro R 15.838611 —92.755556 665 Central Depression
Revolucion Mexicana T/PET/R 16.163056 -93.076389 540 Central Depression
Rosendo Salazar R 16.471111 —94.003889 721 Central Depression
San Miguel T/PET/R 15.708611 -92.208611 600 Central Depression
Soyatitan T/PET/R 16.288889  —92.428333 832 Central Depression
Tuxtla Gutiérrez (CFE) T/PET/R 16.761667 -93.102778 532 Central Depression
Villa Corso R 16.194444 -93.2625 600 Central Depression
Villa de Chiapilla R 16.5775 —92.715278 550 Central Depression
Villaflores T/PET/R 16.228889 —93.2625 554 Central Depression
Abelardo L. Rodriguez R 16.379167 -92.2375 1920 Central Highlands
La Cabafia R 16.714167 -92.628889 2113 Central Highlands
La Trinitaria (CFE) T/PET/R 16.117778 -92.051667 1540 Central Highlands

T: temperature; PET: potential evapotranspiration; R: monthly rainfall.
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Table S-II. Years with data used to determine significant rainfall trends.*

Years with data where significant rainfall trends were determined

Central Depression Sierra Madre Coast
Year 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016

*Central depression: 1) Francisco 1. Madero (June), 2) Francisco I. Madero (Sept), 3) Villa Corzo (Aug), 4)
Chicomuselo (Sept), 5) Benito Juarez (Aug); Sierra Madre: 6) Finca A. Prusia (May), 7) Finca A. Prusia (June),
8) Finca A. Prusia (July), 9) Finca A. Prusia (Aug), 10) Buenos Aires (May), 11) Independencia (June), 12)
Independencia (Aug), 13) Independencia (Sept), 14) San Jeronimo (June), 15) San Jerénimo (July), (16) San
Jerénimo (Aug), (17) San Jeronimo (Sept), (18) San Jerénimo (Oct); and coast: (19) San Isidro (June), (20)
Talisman (Aug), (21) Metapa de Dominguez (Sept).
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Table S-III. Changes in monthly rainfall between 1990 and 2016 in the Sierra Madre, central depression (CD)
and coast areas of Chiapas, Mexico. Only weather stations with significant (p < 0.05) rainfall trends are included.
Significant rainfall trends during the longer 1960-2016 period at the same stations are indicated in the far-right
column (trend since 1960), where data are available since 1960. Details of these trends are shown in Table S-VII.

Area Weather station Month ~ No.of  Regression P-value Change  Trend since
data value (mm) 1960

CD Francisco 1. Madero June 26 0.4036 0.002 200

CD Villa Corzo Aug 17 0.4004 0.002 160

CD Francisco 1. Madero Sept 25 0.3475 0.002 220

CDh Chicomuselo Sept 24 0.2314 0.018 260

CDh Benito Juarez Aug 25 0.1852 0.021 180

Sierra Finca A. Prusia May 18 0.277 0.003 200 No
Sierra Buenos Aires May 21 0.2848 0.010 150

Sierra Finca A. Prusia June 18 0.2232 0.031 230 No
Sierra Independencia June 23 0.4194 0.000 440

Sierra San Jeronimo June 25 0.2243 0.018 500 No
Sierra Finca A. Prusia July 18 0.2692 0.023 400 No
Sierra San Jerénimo July 24 0.2778 0.004 500 No
Sierra Finca A. Prusia Aug 18 0.1242 0.041 400 No
Sierra Independencia Aug 24 0.2366 0.031 320

Sierra San Jerénimo Aug 24 0.2286 0.035 400 No
Sierra Independencia Sept 23 0.2495 0.002 400

Sierra San Jeronimo Sept 23 0.3234 0.006 650 No
Sierra San Jeréonimo Oct 25 0.2541 0.012 470 No
Coast San Isidro June 23 0.3693 0.001 400

Coast Talisman Aug 20 0.2549 0.021 250 No

Coast Metapa de Dominguez Sept 24 0.4361 0.002 600 Yes
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Table S-IV. Landsat satellite images used for classification of vegetation types and estimation of evapotranspiration.

Path Row Season Date Landsat Bands used for Bands used for
classification NDVI

1990 (1987-1992)

22 49 Transition 19 December 1987 5 23,4 3,4
21 49 Transition 3 February 1990 5 2,34 34
21 50 Transition 1 December 1989 5 2,34 34
22 49 Dry 19 March 1992 5 23,4 3,4
21 49 Dry 19 April 1991 5 2,3,4 3,4
21 50 Dry 19 April 1991 5 2,3,4 3,4
22 49 Wet 19 November 1988 5 2,34 3,4
21 49 Wet 14 August 1987 5 2,3,4 3,4
21 50 Wet 8 July 1991 5 2,3,4 34
2005 (1997-2011)
22 49 Transition 22 December 1997 5 23,4 3,4
21 49 Transition 1 February 1998 5 2,34 3,4
21 50 Transition 16 November 1998 5 2,34 34
22 49 Dry 1 April 2011 5 2,3,4 3,4
21 49 Dry 9 April 1999 5 2,3.4 3,4
21 50 Dry 8 March 1999 5 2,3,4 3,4
22 49 Wet 24 August 2000 5 2,3.4 3,4
21 49 Wet 16 July 2000 5 2,3,4 3,4
21 50 Wet 24 July 1997 5 2,3,4 3,4
2020 (2017-2020)
22 49 Transition 11 January 2017 8 3,45 4.5
21 49 Transition 28 December 2019 8 3,4,5 4.5
21 50 Transition 28 December 2019 8 34,5 4.5
22 49 Dry 23 April 2019 8 34,5 4,5
21 49 Dry 26 April 2017 8 3,45 4,5
21 49 Dry 29 January 2020 8 34,5 4,5
21 50 Dry 11 February 2019 8 3,45 4,5
22 49 Wet 29 August 2019 8 3,45 4,5
21 49 Wet 5 July 2019 8 34,5 4,5
21 50 Wet 16 August 2017 8 3,45 4,5
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Table S-V. Comparison of potential evapotranspiration (PET) methods for seven weather
stations located within or near to the study area for days representing the dry (1 May 2020),
and wet (25 July 2020) seasons. Percent Errors between each of the simpler PET methods
used in comparison with the Penman Monteith (PM) method are shown between parenthesis.

Potential evapotranspiration values (mm/day)

Weather station  Season

PM Thornthwaite Hargreaves Turc
Coast

Tapachula Dry 5.44 5.45(0.2) 5.98 (9.9) 5.04 (-7.4)
Wet 4.79 5.30 (10.6) 5.96 (24.4) 5.10 (6.4)

Escuintla Dry 4.34 5.07 (16.9) 6.42 (48.0) 5.52 (27.3)
Wet 4.73 5.04 (6.6) 5.80 (22.7) 5.06 (7.0)

Sierra Madre

El Triunfo Dry 4.35 4.09 (-5.9) 4.19 (-3.7) 3.92 (-9.8)

Wet 3.83 4.13 (7.8) 3.45(-9.8) 3.29 (-13.9)

Volcan Tacana Dry 291 4.29 (47.4) 4.36 (50.0) 4.06 (39.7)
Wet 1.36 4.19 (208.5) 3.35(146.6)  3.21(136.6)

Central depression/highlands

Comitan Dry 498  4.60(-7.6) 4.55(-8.6)  4.16(~16.5)
Wet 474  4.72(-0.5) 4.78 (0.7) 433 (-8.7)

Tuxtla Dry 528  4.92(-6.7) 508(-3.7)  4.51(-14.5)
Wet  4.90 4.99 (1.9) 5.65 (15.3) 4.96 (1.3)

Lagunas Dry 232  424(82.5) 3.58(54.1)  3.41(46.7)

de Montebello ~ Wet 334 4.42(32.3) 472 (414)  4.35(30.5)

119



120 A. Wootton et al.

Table S-VI. Changes in average daily temperature between 1990 and 2016 in the Central Depression (CD), Sierra
Madre, and Coast regions of Chiapas, Mexico. Only weather stations with significant (p<0.05) temperature trends are
included. Significant temperature trends during the longer 1960-2016 period at the same stations are indicated in the far-
right column (Trend since 1960), where data are available since 1960. Details of these trends are shown in Table S-VII.

Area  Weather station Season No.of Regression P-value  Change Trend Trend since
data value (°0) 1960

CD Catarinitas Dry-cool 24 0.2336 0.018 2.7 Warm

CD Guadalupe Grijalva Dry-cool 25 0.2009 0.047 -1.4  Cool Yes

CD Jaltenango Dry-cool 27 0.3876 0.000 —1.1  Cool

CD Soyatitan Dry-cool 27 0.646 <0.0001 -3.5 Cool

CD La Mesilla Dry-cool 27 0.7258 0.05 -5.0  Cool

CD Tuxtla Gutiérrez (CFE)  Dry-cool 26 0.6112 <0.0001 -2.9  Cool

CD El Progreso Dry-cool 27 0.558 <0.0001 2.0 Warm Yes

CD Catarinitas Dry-hot 24 0.6103 0.001 6.0 Warm

CDh Guadalupe Grijalva Dry-hot 25 0.2772 0.003 2.5 Warm No

CD Jaltenango Dry-hot 27 0.2017 0.033 -1.0  Cool

CD Soyatitan Dry-hot 27 0.318 <0.0001 -1.5  Cool

CD La Mesilla Dry-hot 27 0.4293 0.000 -3.1  Cool

CD Tuxtla Gutiérrez (CFE)  Dry-hot 26 0.3435 0.005 -2.2  Cool

CD El Progreso Dry-hot 27 0.5245 <0.0001 2.5 Warm No

CD Catarinitas Wet 24 0.5763 0.002 5.2 Warm

CD Guadalupe Grijalva Wet 25 0.2547 0.023 3.1 Warm No

CD Jaltenango Wet 27 0.3518 0.001 -1.4  Cool

CD Soyatitan Wet 27 0.2293 <0.0001 -1.2  Cool

CD La Mesilla Wet 27 0.28 0.009 -23  Cool

CD Tuxtla Gutiérrez (CFE)  Wet 26 0.3517 0.009 -1.8  Cool

CD El Progreso Wet 27 0.6608 <0.0001 33 Warm No

Sierra  Buenos Aires Dry-cool 27 0.3447 0.003 -1.8  Cool

Sierra  Frontera Amatenango Dry-cool 26 0.4652 0.000 -3.5 Cool No

Sierra  Motozintla Dry-cool 26 0.3686 0.011 -1.9  Cool No

Sierra  Ursulo Galvan Dry-cool 23 0.3038 0.023 -1.8  Cool

Sierra  Buenos Aires Dry-hot 27 0.236 0.010 -0.9  Cool

Sierra  Reforma II Dry-hot 27 0.3049 0.008 1.2 Warm

Sierra Motozintla Dry-hot 26 0.2678 0.025 -2.0  Cool No

Sierra  Ursulo Galvan Dry-hot 23 0.2135 0.039 -1.3  Cool

Sierra  Buenos Aires Wet 27 0.108 0.023 -1.0  Cool

Sierra  Ursulo Galvan Wet 23 0.5223 0.001 -22  Cool

Coast  Pijijiapan Dry-cool 27 0.2785 0.010 0.9 Warm Yes

Coast  Tapachula Dry-cool 27 0.878 <0.0001 2.5 Warm Yes

Coast  Escuintla Dry-cool 27 0.6687 <0.0001 2.8 Warm Yes

Coast  Plan de Iguala Dry-cool 26 0.1355 0.029 0.9 Warm

Coast  Huehuetan Dry-cool 27 0.5034 0.021 1.3 Warm

Coast  Salvacion Dry-cool 27 0.5077 0.000 2.7 Warm

Coast Ignacio Lopez Rayon Dry-cool 26 0.5177 0.000 -1.8  Cool Yes

Coast  Pijijiapan Dry-hot 27 0.1376 0.05 0.7 Warm Yes

Coast Medio Monte Dry-hot 26 0.2626 0.028 1.2 Warm Yes

Coast  Tapachula Dry-hot 27 0.6059 <0.0001 1.9 Warm Yes

Coast  Escuintla Dry-hot 27 0.5386 0.000 33 Warm Yes

Coast  Salvacion Dry-hot 25 0.3778 0.001 23 Warm

Coast Medio Monte Wet 26 0.5173 0.000 1.1 Warm Yes

Coast  Tapachula Wet 27 0.7001 <0.0001 1.2 Warm Yes

Coast  Escuintla Wet 27 0.4543 0.003 2.1 Warm Yes

Coast Plan de Iguala Wet 26 0.4562 0.001 1.5 Warm

Coast  Salvacion Wet 26 0.6964 <0.0001 3.6 Warm
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Table S-VII. Significant (p < 0.05) trends in mean daily temperature and monthly rainfall during the periods of
1960-1989 and 1960-2016 at climate stations with significant trends during the 1990-2016 period, where data are
available since 1960 in the regions of Pacific Chiapas.

Mean daily temperature Trends 1960-1989/1960-2016

Weather station Season/ Period No. of Reg. P-value Change Trend
month data value (°C)

Guadalupe Grijalva Dry-cool 19602016 54 0.1925 0.001 -1.6 Cool

Guadalupe Grijalva Dry-hot  1960-1989 29 0.2994 0.001 -1.9 Cool

El Progreso Dry-cool  1960-2016 57 0.0687  <0.0001 1.8 Warm
El Progreso Dry-hot  1960-1989 30 0.4865  <0.0001 -1.9 Cool

Frontera Amatenango Dry-cool  1960-1989 30 0.7776  <0.0001 53 Warm
Tapachula Dry-cool 19602016 57 0.7538  <0.0001 5.2 Warm
Tapachula Dry-hot  1960-2016 57 0.6872  <0.0001 4.8 Warm
Tapachula Wet 1960-2016 57 0.773 <0.0001 4.6 Warm
Escuintla Dry-cool  1960-1989 30 0.2315 0.011 1.5 Warm
Escuintla Dry-cool  1960-2016 57 0.1313 0.002 1.3 Warm
Escuintla Dry-hot  1960-2016 57 0.0544 0.040 0.9 Warm
Escuintla Wet 1960-2016 57 0.1029 0.008 1.0 Warm
Ignacio Lopez Rayon Dry-cool  1960-1989 29 0.414 0.001 1.2 Warm
Ignacio Lopez Rayon Dry-cool  1960-2016 56 0.1284 0.027 -0.9 Cool

Ignacio Lopez Rayon Dry-hot  1960-2016 56 0.5215  <0.0001 2.3 Cool

Ignacio Lopez Rayon Wet 1960-2016 56 0.4717  <0.0001 -1.5 Cool

Pijijiapan Dry-cool  1960-1989 30 0.2979 0.017 1.3 Warm
Pijijiapan Dry-cool  1960-2016 57 0.482 <0.0001 1.7 Warm
Pijijiapan Dry-hot  1960-2016 57 0.0942 0.020 0.6 Warm
Medio Monte Dry-cool  1960-1989 30 0.3287 0.001 0.8 Warm
Medio Monte Dry-cool  1960-2016 57 0.4819  <0.0001 1.2 Warm
Medio Monte Dry-hot  1960-1989 30 0.2458 0.006 -0.9 Cool

Medio Monte Dry-hot  1960-2016 57 0.3215 0.000 1.7 Warm
Medio Monte Wet 19602016 57 0.6236  <0.0001 1.6 Warm
Monthly rainfall trends 1960-1989/1960-2016 (mm)

Metapa de Dominguez September 1960-2016 53 0.031 0.1527 310 Wet
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Table S-VIII. Mean and standard deviations of the Normalized Difference
Vegetation Index (NDVI), Potential evapotranspiration (PET), and estimation of
evapotranspiration (ET) values within the central depression, Sierra Madre, and
coast regions of Chiapas, Mexico, during the transition from wet to dry, dry, and
wet season of 1990, 2005, and 2020.

Region Season NDVI PET ET estimation
(mm/day) (mm/day)
1990 transition 0.49+0.19 3.80+0.15 2.33+0.92
1990 dry 0.35+0.14 5.39+0.26 2.31+0.94
1990 wet 0.65+0.16 4.81+0.20 3.87+0.97
Central 2005 transition 0.56+0.19 3.66+0.16 2.54+0.83
Depression 2005 dry 0.35+0.16 5.30+£0.25 2.27+1.00
2005 wet 0.68+0.16 4.63+0.16 3.89+ 0091
2020 transition 0.59+0.22 3.49+0.21 2.52+0.95
2020 dry 0.42+0.17 5.20+0.33 2.69£1.11
2020 wet 0.72+£0.19 4.42+0.26 3.93+£1.03
1990 transition 0.72+0.14 3.30+0.36 2.94 +0.69
1990 dry 0.64+£0.17 4.51+0.51 3.58+£0.99
1990 wet 0.71+0.15 4.27+0.39 3.75+0.89
Sierra 2005 transition 0.75+£0.12 3.10+£0.40 2.89+0.62
Madre 2005 dry 0.63+0.16 4.30+0.55 3.36+£0.97
2005 wet 0.74+£0.15 4.62+0.16 3.59+0.82
2020 transition 0.81+£0.12 2.88+045 2.89+0.62
2020 dry 0.71+0.15 4.08 +0.60 3.57+0091
2020 wet 0.77+0.19 3.60+0.57 3.43+£1.01
1990 transition 0.64+0.21 3.09+0.21 3.09+0.88
1990 dry 0.49+£0.20 5.07+0.28 3.11+£1.15
1990 wet 0.68+0.17 4.76 +£0.27 4.03+£0.92
2005 transition 0.70+0.19 3.76 +£0.20 3.27+0.79
Coast 2005 dry 0.52+0.21 4.93+0.26 324+1.14
2005 wet 0.70 £0.18 4.57+0.27 4.01 +£0.90
2020 transition 0.68+0.23 3.68+0.25 3.14+0.95
2020 dry 0.60+0.23 4.78 £0.31 3.58 £1.21
2020 wet 0.77+£0.19 4.36+0.36 4.19£0.93
200

150

100

50

./
Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov ec

Average change in monthly rainfall (mm)

50 Central Depression == Sierra Madre Coast

Fig. S-1. Regional averages of changes in monthly rainfall (mm) between 1990-2016 in the central depression, Sierra
Madre and coast regions of Chiapas Mexico.



