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ABSTRACT iii

Abstract

Surface temperatures are rising globally, but the pace of warming varies with regional
factors. Recent studies reported increased rates of temperature increase with elevation,
a phenomenon referred to as elevation-dependent warming (EDW). Among others,
drivers of EDW include albedo changes due to an upward migration of snow- and
treelines, as well as a rise of the condensation level and water vapour changes. Amplified
warming in high altitudes can have a great impact on the cryosphere with consequences
for downstream water availability and on mountain ecosystems, which are particularly
vulnerable and sensitive to changes of climate variables. While various studies have
reported the presence of EDW, it is still unclear whether the phenomenon occurs in all
mountain ranges or at all elevations and what the main physical drivers are and how

they vary spatially.

Especially in the Andes, EDW has not been widely studied. Due to their latitudinal
and altitudinal extent, which covers a wide range of regions with different land cover
and climate, they are especially interesting for understanding the phenomenon and its
drivers and spatial variations. Research on EDW is impeded by many studies focusing
on observations from weather stations which have limited spatial representativity. Due
to complex terrain and high elevations, they are particularly sparse in many mountain
ranges of the world. By exploiting satellite earth observation data, these limitations of
accessibility can be overcome and analysis on the scale of whole mountain ranges and
for longer time periods can be performed. In this study, I used 20 years of land surface
temperature (LST) observations from the Moderate Resolution Imaging
Spectroradiometers (MODIS) on board of the TERRA satellite to investigate EDW in the
Andes.

I found warming to occur predominantly in the subtropics and the midlatitudes,
while in the tropical Andes both, cooling and warming patterns occurred. The patterns
of EDW also varied clearly with latitude with decreasing trends with elevation in the
tropics while in extratropical latitudes trends increased with elevation. Results differed
between day and nighttime, with daytime results showing more pronounced patterns of
elevation-dependent LST trend changes. Similar results were found for the western and
eastern watershed of the Andes despite climatic differences with strong gradients in

humidity between the mountain sides.






ZUSAMMENFASSUNG v

Zusammenfassung

Wihrend Temperaturen im globalen Durchschnitt ansteigen, variiert das Tempo der
Erwarmung regional. Es wurde beobachtet, dass Temperaturverinderungen von
Hohengradienten in  Gebirgen beeinflusst werden, mit zunehmendem
Temperaturanstieg in zunehmender Hohe. Verschiedene physikalische Mechanismen
und Feedbacks, wie z.B. Verianderungen der Albedo durch eine Verschiebung der
Schnee- und Baumgrenze in hohere Lagen und einen Anstieg des Kondensationsniveaus
und der damit verbundenen Freigabe latenter Warme, konnen zu hohenabhiangigen

Temperaturveranderungen fiihren.

Besonders starke Erwarmung in hohen Lagen kann u.a. besonders anfillige, auf die
Klimabedingungen der Gebirgslagen angepasste Okosysteme negativ beeinflussen und
hat groBe Auswirkungen auf die Kryosphdre, und die damit verbundene

Wasserverfiigbarkeit.

Wihrend Muster hohenabhingiger Temperaturveranderungen in verschiedenen
Studien beobachtet wurden, ist noch ungeklirt, ob dieses in allen Gebirgsziigen und
iiber alle Hohenlagen vorkommt, sowie welche die wichtigsten physikalischen Faktoren
dahinter sind und wie diese raumlich variieren. Vor allem in den Anden ist das
Phianomen noch nicht umfassend untersucht worden. Durch die lange Nord-Sid
Erstreckung und groBe Hohe des Gebirges ist ein breites Spektrum von Klimazonen und
sozio6konomischen Zonen abgedeckt. Die Anden sind dadurch besonders geeignet um
ein besseres Verstindnis der raumlichen Unterschiede des hdohenabhingigen

Phanomens und der physikalischen Faktoren, die es antreiben, zu erlangen.

Die Erforschung der héhenabhingigen Temperaturveranderungen wird bei Studien
in denen Daten von Wetterstationen verwendet werden durch eine begrenzte raumliche
Abdeckung der Gebirgsregionen der Welt mit Stationen erschwert. Durch die Nutzung
von Satellitendaten konnen diese Einschrankungen iiberwunden und Analysen auf der
Ebene ganzer Gebirgsziige und iiber langere Zeitraume durchgefiihrt werden. In dieser
Arbeit wurden Oberflichentemperatur Daten vom MODIS Sensor (Moderate
Resolution Imaging Spectroradiometer), welcher sich auf dem TERRA-Satelliten
befindet, iiber einen Zeitraum von 20 Jahren verwendet, um die Hohenabhangigkeit von

Temperaturveranderungen in den Anden zu untersuchen.

Es wurden steigende Temperaturen in den Subtropen und geméifBigten Breiten
beobachtet, wihrend in den tropischen Anden sowohl Erwarmung als auch Abkiihlung
auftrat. Auch die Muster der Hohenabhangigkeit dieser Trends dnderten sich deutlich
mit dem Breitengrad mit in steigender Hohe abnehmenden Trends in den Tropen und

zunehmenden Trends auBerhalb der Tropen. Die Ergebnisse unterschieden sich



zwischen Tag und Nacht, wobei die Muster der Hohenabhingigkeit tagsiiber
ausgepragter waren. Fiir die westliche und 0Ostliche Seite der Wasserscheide der Anden
wurden trotz Gradienten in Niederschlagsmenge und Wasserverfiigbarkeit dhnliche

Ergebnisse gefunden.
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INTRODUCTION 1

1 Introduction

1.1 Motivation and Study Objective

While climate change occurs globally, its regional manifestations vary around the
world. Feedback mechanisms, short-lived forcing agents and changes of surface
properties through land-use and changes in vegetation cover affect temperature
changes. These temperature changes are represented by an alteration of the radiation
budget stating how much energy is available at the earth’s surface and by variation in
the magnitudes of the terms in the surface energy balance describing the redistribution
of the available energy at the earth’s surface (Zeng et al. 2015). While on global average
temperatures are rising, the pace of warming varies with regional factors with some

areas showing cooling trends (Tudoroiu et al. 2016).

Next to several factors like e.g. latitude, elevation can play a role for regional
variations in temperature trends (Myers-Smith et al. 2020; Pepin et al. 2015). Numerous
studies found increasing warming rates with increasing elevation as reviewed in Pepin
et al. (2015) and Pepin et al. (2022). This phenomenon is called elevation-dependent
warming (EDW). It is driven by several physical mechanisms like e.g. albedo feedbacks
connected to aerosol deposition and to an upward migration of the snow- and tree-line,
non-linearity effects of longwave radiation and radiative effects of clouds and aerosols

(Pepin et al. 2015).

Alteration of vegetation by increased warming in high altitudes influences
mountainous ecosystems, which are especially fragile and likely severely affected by
changing climate (La Sorte and Jetz 2010; Pepin et al. 2015). Further, the hydrological
cycle is expected to change with EDW, as e.g., the high-altitude cryosphere system is
altered with potentially detrimental impacts on downstream water availability

(Motschmann et al. 2020).

While EDW has been observed in regional studies, it is not yet fully understood. The
physical processes and driving factors behind it and whether it is a global phenomenon
occurring across all mountain ranges are questions of ongoing research (Pepin et al.

2015; Krishnaswamy et al. 2014).
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In this study, I will analyse EDW in the Andes, which are a less represented mountain
range among the mountains of the worlds in regard of research on EDW (Toledo et al.
2021). The Andes are ideal to study the variation of EDW with climate, as they cover the
tropics, subtropics and temperate zones with their 7500 km long latitudinal extent and

show spatial gradients in precipitation amounts (Garreaud 2009).

As surface stations can’t cover whole mountain ranges, especially as some regions are
hardly accessible in mountainous terrain, research on EDW with surface weather
stations is limited. With satellite data in contrary, data covering all areas in a regular
grid can be obtained and can thus overcome the limitations of data coverage in mountain
ranges (Tai et al. 2020; Pepin et al. 2019a). In this study, the phenomenon of EDW was
studied for the time period from 2001 to 2021 in the Andes. Data of land surface
temperature (LST) and land cover (LC) from Moderate Resolution Imaging

Spectroradiometers (MODIS) on board of NASA’s terra and aqua satellites was used.

1.2 Theory of Radiation and Surface Energy Balance

Regional manifestations of changing climate depend on parameters which alter the
radiation budget and the surface energy balance (Friedl 2002; Fritschen and Simpson

1989; Kiehl and Trenberth 1997; Foken 2016):
—R,=— (KL +KT+ 1L +IND=H+ AE+G (1)

Based on the principle of energy conservation, the sum of the sensible heat flux (H),
latent heat flux (AE) and soil heat flux (G) equals the net radiation (R,,). Per definition,
positive terms are going towards the earth’s surface and negative terms away from it
(Friedl 2002). Sensible and latent heat flux are turbulent transport processes between
the surface and the atmosphere, while the soil heat flux is a molecular transport term
and is thus considerably smaller in magnitude (Green et al. 2022). Net radiation is the
sum of all shortwave and longwave radiative components that go towards the surface
and that are reflected or emitted from the surface (Foken 2016). K| and I| are the
imcoming shortwave and longwave components of solar radiation and Kt and I the
equivalent outgoing radiation terms. When changes in the surface energy balance occur
preferentially along an elevational gradient or at critical elevation levels, this leads to

elevation-dependent warming or cooling.

Net radiation is altered if the individual radiation components change. This occurs
e.g. if the surface albedo changes, which describes the ratio between incoming and

outgoing shortwave radiation:
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with a being the albedo. This fraction depends on properties of the surface. Surfaces
which absorb more and thus reflect less shortwave radiation are darker and have a lower
albedo than surfaces absorbing less shortwave radiation which appear bright (Stephens
et al. 2015). Thus, elevation-dependent albedo changes occur in relation to elevation-
dependent land cover changes. One case of this is the snowline retreating to higher
elevations as a consequence of global warming. At the elevation, below the new snow
line, where melting occurred, surface albedo is reduced, and thus a higher fraction of the
incoming shortwave radiation is absorbed, leading to warming at this elevation (Figure
1). A shortening of the snow-cover duration and a change of the snow/rain ratio is also
expected to be elevation-dependent and to affect temperature trends via albedo change.
This can also lead to seasonal variations of EDW. The snow-albedo effect is regarded as
one of the most important drivers of EDW (Pepin et al. 2015; Guo et al. 2016). Similar
to the snowline migration, with rising temperatures, vegetation density can increase in
higher elevated regions where temperature is likely the limiting factor to plant growth
and where warming thus can lead to an upward shift of vegetation and the treeline (Li
et al. 2016; Tai et al. 2020). With albedo generally being lower for forests than for other
vegetation LC types like e.g. grassland, tree line rise is also expected to lead to
preferential warming in the corresponding elevation (Pepin et al. 2015). Both, snow and
tree line migration, are positive feedback mechanisms, as warmer temperatures
resulting from the albedo changes further increase vegetation growth and snow melt
rates (Russell et al. 2017). A third elevation-dependent albedo feedback occurs, with
aerosol deposition on bright surfaces, like glaciers and snow-covered regions. This
reduces albedo, leading to rising surface temperatures with a higher fraction of absorbed
shortwave radiation which again, as positive feedback, enhances melting processes.
With snow cover and glaciers being more abundant at higher elevations, the effect

supports EDW (Figure 1, Ramanathan and Carmichael 2008).

The longwave radiation terms in the radiation budget depend on specific humidity
and on the surface temperature. With increasing specific humidity, incoming longwave
radiation increases (Pepin et al. 2015). Outgoing longwave radiation is related to

temperature given by the Stephan-Boltzmann law:
[T=0T* ©))

with o being the Stefan-Boltzmann constant, and T the surface temperature (Blevin
and Brown 1971). In contrary to air temperature, which is commonly measured by a

sensor in contact to the surrounding air at 1.5 m to 2 m height from the surface, surface
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temperature, LST or skin temperature refers to the energy at the surface. This results
from the term of net radiation, and on how this energy is distributed between the
turbulent and molecular transport fluxes and influence the outgoing longwave radiation
as stated in the Stephan-Boltzmann law with an LST increase leading to an increase of
outgoing longwave radiation. LST and air temperature are coupled, but can differ,
especially for LC changes, with LST being more sensitive to changes in vegetation cover

than air temperatures (Mildrexler et al. 2011).

The relations of the longwave radiation terms to surface temperatures and to
humidity can enhance EDW, as both relations are non-linear. Outgoing longwave
radiation depends on the surface temperature to the power of four and thus changes for
low temperatures have a bigger effect than changes for high temperatures. Similarly,
below a certain threshold of specific humidity, small changes in humidity have a stronger
effect on downward longwave radiation due to optical under-saturation in the longwave
water vapour absorption lines. This non-linearity can also contribute to EDW, as
temperatures are lower in high elevations and low values of humidity also typically occur
in higher elevated regions. An increase of specific humidity and the connected non-
linear increase of downward longwave radiation thus leads to preferential warming with

elevation (Ruckstuhl et al. 2007; Pepin et al. 2015).

Further, clouds and aerosol particles can affect net radiation. Clouds reduce
downward shortwave radiation, but increase downward longwave radiation (Kandel
1990). Aerosol particles also reduce atmospheric transmissivity and with that downward
shortwave radiation at the surface (Tudoroiu et al. 2016; Kandel 1990). Thus, changes
in cloud abundance and in aerosol concentration, affect surface temperatures. However,
the impact on the radiation budget by changes of clouds varies regionally and research
on their impacts on EDW is sparse (Kandel 1990; Moorthy et al. 2008; Pepin et al. 2015).
The effects of aerosols on radiation can be elevation-dependent, as anthropogenic
sources for aerosols are most abundant in lower elevations where population is denser.
An increase in particles would lead to a surface dimming effect, leading to preferential
cooling or decreased warming rates at lower elevations (Figure 1). A decrease on the
other hand with improved air quality, can have the opposite effect (Tudoroiu et al. 2016;

Pepin et al. 2015; Ramanathan and Carmichael 2008).

Besides changes of the radiation budget, a redistribution of the energy between the
turbulent fluxes of the surface energy balance affects LST. Assuming a negligible effect
of the molecular ground heat flux, an increase of the latent heat flux reduces the sensible
heat flux and with that the LST, while a decrease of the latent heat flux correspondingly
increases the sensible heat flux and leads to cooling (Green et al. 2022; Liu et al. 2016).

Changes in the latent heat flux are associated with parameters like water availability,
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vegetation density and species composition. An increase in evapotranspiration (ET) due
to an increase of the leaf area index with vegetation changes, provided water availability
not being a limiting factor results in a local reduction of LST (Li et al. 2015b). This effect
of ET cooling can counteract the warming effect due to albedo reduction, as both occur
in connection to changes in vegetation cover. An increase in forested area for example
would result in the occurrence of both effects. According to Bonan (2008) latitude is
decisive about which of the two biogeophysical mechanisms of ET changes and albedo
changes predominates and governs temperature changes. It was found that tropical
forests have an overall cooling effect, while boreal forests lead to warming. This is
connected to forests buffering the effect of an albedo increase and connected cooling by
snow in boreal forests while snow plays a minor role in tropical forests. It remains
unclear which effect predominates for temperate forests (Bonan 2008). Further, related
to clouds, a shift of the condensation level is a potential driver of EDW. At this level,
latent heat is released, resulting in air temperature warming. With global warming and
an increased dew point depression at sea level, the elevation of this level is expected to
rise, resulting in EDW by shifting the area that receives warming to a higher altitude
(Figure 1, Pepin et al. 2015). As air temperatures and the surface are coupled, changes

in air temperatures also affect LST.

New Condensation Level
Aerosol Deposition

New Tree Line

Surface Dimming
(Aerosols)

:> D Decreased Albedo

Global Warming
Latent Heat
% Release

Figure 1: Schematic drawing of the driving mechanisms of EDW
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1.3 Expectations and Hypotheses

The mechanisms influencing LST trends and causing EDW can vary in space and time
and mostly occur simultaneously. Trends are expected to vary with LC changes, with
changes from and to the LC types of forest, barren land, snow and ice in particular
affecting LST trends by changing the ratio between latent and sensible heat flux and the
surface albedo. LC change to forest is associated with an increase in ET rates and thus
an increase in the latent heat flux which decreases the sensible heat flux and leads to
cooling, while for the same change of LC albedo decreases leading to warming due to
more shortwave radiation being absorbed. This counteracts on the effect of the ET
increase. For changes from forest to other LC classes the opposite is expected with
warming due to an ET decrease and cooling due to an albedo increase. For the overall
change of LST occurring with changes from and to the LC class forest, it is decisive which

of the two mechanisms prevails.

Changes from barren land are likely due to an increase in vegetation density and are
thus also connected with an increase in ET rates, leading to ET cooling similarly to the
LC change to forest. Albedo can either decrease or increase, depending on the surface
properties of both, the barren land and the LC class to which the change occurs. Albedo
can thus, either enhance the ET cooling or counteract on it in which case, like for the
change to and from forest either mechanism can prevail, leading to cooling or warming.
Accordingly, for changes from a LC with vegetation to barren land, ET decreases and
warming is expected. Again, Albedo can either in- or decrease. For a change from and to
the LC of snow and ice, the associated albedo change is expected to drive LST trends
with an increase in albedo for changes to snow and ice leading to cooling, as more
shortwave radiation is reflected and a decrease in albedo for a change from snow and ice

to any other LC class leading to warming with more shortwave radiation being absorbed.

Major factors influencing the magnitude of EDW in the Andes, that are considered in
this study, are day versus nighttime, humidity, and latitude. EDW is assumed to be

observed in the whole study area, but to vary in space and time as stated in Table 1.

Due to temperature differences and as the mountain height of the Andes varies along
the cordillera, latitude is expected to be a governing variable for differences in the
patterns of EDW. As the area covered by snow or ice and the snow duration throughout
the year increase from North to South with the zero-degree isotherm reaching lower
elevations, the snow, ice and aerosol albedo feedbacks are expected to be strongest in
higher latitudes (Russell et al. 2017). Tree line migration on the other hand is expected
to occur across all latitudes. Whether the warming effect due to albedo decreases or the

cooling effect due to an increasing latent heat flux is stronger, can depend on latitude
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though, as previously discussed in chapter 1.2. Both result in elevation-dependent
temperature changes, but the cooling effect of the increasing ET rates counteracts on
EDW. As in tropical forests the cooling effect predominates in theory (Bonan 2008),
EDW contribution of the tree line migration is expected to be weaker in the tropics than
in higher latitudes. The radiation effects of clouds and aerosols and latent heat release
at the condensation level are not expected to show systematic patterns along latitude.
The non-linear relationship between temperature and outgoing longwave radiation is
likely stronger in higher latitudes with colder climate, as the effect is strongest at lowest

temperatures.

Further, the driving mechanisms of EDW can be influenced by humidity. In climate
and elevations where precipitation falls at least in parts of the year as snow, the snow/ice
albedo feedback is expected to be bigger for subregions with more abundant
precipitation. An elevation-dependent increase in vegetation density and both, the
connected redistribution of the available surface energy from the sensible to the latent
heat flux inducing elevation-dependent cooling, as well as an enhancement of EDW by
albedo changes with an upward migration of the tree-line, can be diminished in drier
regions with water availability limiting plant growth. The effect of preferential warming
around the condensation level is also likely to be stronger in more humid climate, where
more clouds are formed and thus, more latent heat is released, leading to preferential
warming at the level where the condensation occurs, by an increase in the sensible heat
flux. In contrary, the non-linearity effect of specific humidity and outgoing longwave
radiation is expected to be stronger in more arid areas, as the effect is biggest for lowest
humidity contents. A systematic difference between aerosol abundance and influence on

radiation along precipitation gradients on the other hand is not expected.

Regarding differences between day and nighttime, albedo effects are only apparent
during daytime, because shortwave radiation is absent during the night. Additionally,
effects of vegetation changes are expected to be higher at daytime with photosynthesis
occurring at daytime. This leads to more pronounced changes in ET rates at daytime,
which, by affecting the ration between latent and sensible heat flux, affect LST trends.
Effects on the radiation budget by clouds or aerosols as well as a rise of the condensation
level are not expected to systematically change with the daily cycle. The non-linearity
effects of longwave radiation could shift to lower elevations at nighttime when
temperatures are lower. The lower temperatures might generally enhance the effect of
EDW driven by non-linearity of the longwave radiation at nighttime. Considering all of

these factors, EDW should prevail during daytime.
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Table 1: Overview of the expectations of where/when the relative magnitude of the main driving

mechanisms on EDW in dependence of spatio-temporal aspects is strongest. ‘+’ indicates more

precipitation, ‘-‘ indicates less precipitation and x’ indicates no systematic differences for the

corresponding parameters being expected.

Latitude  Precipitation Day/
gradient Night
Snow/ice and aerosol albedo Higher + Day
feedback Latitudes
Tree albedo feedback Higher + Day
Latitudes
Tree-line migration and Tropical + Day
latent heat (cooling effect) Latitudes
Radiative effects of clouds X + X
and aerosols
Condensation level rise and X X X
latent heat
Non-linearity effects Higher - Night
of longwave radiation Latitudes

To gain a better understanding of spatio-temporal variations of EDW in the Andes,

based on the theory of the surface energy balance and the considerations summarized

in Table 1, I formulated the following hypothesis:

II
I1I

There is EDW in the whole Andes for the considered study period with increasing
magnitude from north to south.
Along precipitation gradients, EDW is stronger in more humid regions.

EDW is stronger at daytime than at nighttime.
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2 Materials and Methods

2.1 Study Area: the Andes

2.1.1 Overview, Atmospheric Circulation and Climate

Reaching along South America’s West coast from approximately 10 °N to 53 °S with
maximum peak heights excessing 6000 m above sea level, the Andes are the southern
hemisphere’s most important mountain range. From North to South the Andes cover
the seven countries Venezuela, Colombia, Ecuador, Peru, Bolivia, Chile and Argentina.
Due to their great heights and continuity, atmospheric circulation is disrupted which
leads to strongly contrasting climatic conditions on the east and western mountain side
(Garreaud et al. 2009). Despite the high elevations, the average width is with 200 km
quite narrow. In the subtropics, the Andes split into two mountain ranges and form the
South American Altiplano, a high-level plateau, in between. Highest elevations occur in

the tropical and subtropical Andes (Figure 4; Garreaud 2009).

Large scale circulation of the northern Andes is under the influence of the Hadley Cell
with the equatorial trough of low pressure and the subtropical belt of high-pressure
systems (Garreaud 2009). To both sides of the continent, there are oceanic anticyclones.
Air masses follow the pressure gradient from the subtropical high pressure regions to
the equatorial trough and, with the influence of the Coriolis force, form easterly trade
winds over the northern Andes (Emck 2007). Further south, the Andes are in the zone
of the Ferrel Cell with west winds arising from compensating flow between the tropical

and polar regions which is deviated eastwards by the Coriolis force (Garreaud 2009).

Mid- and upper-level flows are mostly zonal with easterly flow in the tropical latitudes
and west wind south of 25 °S. Low-level flow deviates from the zonal patterns of the
described large-scale circulation, as the flow is mechanically blocked by the mountain
chain (Figure 2). Exceptions are the northern and southern outskirts of the mountain
cordillera where altitudes are lower. Roughly between 10 °S and 30 °S, the wind flows
meridional from south to north on the western mountain side and north to south in the

east (Espinoza et al. 2020; Garreaud 2009).
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Figure 2: Schematic low-level atmospheric flow in South America (Garreaud 2009, modified)

Low-level flows are crucial for moisture transport and precipitation (Espinoza et al.
2020). The trade winds transport warm and highly moist air from the amazon region
and the Atlantic Ocean to the tropical Andes. With orographic lifting, this delivers
exceptional high precipitation rates to the eastern mountain side in the tropics. For some
regions in Bolivia and Peru up to 6000 mm precipitation per year are reached.
Accordingly, runoff amounts on the eastern mountain side in the tropics are also high.
With the northern low-level flow, which is south of the trade winds, moisture from the
Amazon basin is also transported to the southern tropical and northern subtropical part
of the eastern Andes (Espinoza et al. 2015; Garreaud 2009; Emck 2007). Most parts on
the west side of the tropical and northern subtropical Andes between 5 °S and 30 °S, on
the other hand, are characterized by more arid climate. In the northern part of this area
air masses descend and can, due to the connected warming, take up more moisture,
leading to drier conditions. Coming from the easterly trade winds which have already
lost moisture due to orographic lift effects on the eastern side. Further south, the
anticyclone over the pacific supports the arid and stable conditions of the meridional
low-level flow by subsiding air along the southern Peruvian and northern Chilean part
of the western Andes. A cold ocean current along the coast further prevents air from
taking up moisture and stabilizes the climate in this region even more, leading to
exceptional arid conditions and the formation of the Atacama Desert at the western
mountain side between 15 °S and 30 °S up to an elevation of 3500 m (Espinoza et al.
2020; Garreaud 2009; Houston and Hartley 2003). In the midlatitudes, similarly as in

the tropics orographic effects lead to high precipitation amounts on the Luv in the west,
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where the air masses are rich in moisture from the pacific. The Lee in the east is
characterized by dry climate due to descending air masses (Arias et al. 2021). In the
tropics, most of the precipitation falls as rain and the area that is permanently snow-
covered is smallest. Snowfall only occurs at elevations approximately above 5000 m
(Saavedra et al. 2018). Further south in the Andes, the o °C isotherm reaches down to
the altitude of 500 m (Garreaud 2009). Looking at the MODIS Snow cover product for
the years 2000 to 2016 and the Andes between 9 °S and 36 °S, Saavedra et al. (2018)
found, that only 14 % of the total snow-covered area of the study region occurred north
of 24 °S and the remaining 86 % were south of that. Thus, as summarized in Table 2,
aridity varies with climate zone and mountain side with the tropical west, subtropical

west and midlatitudinal east being most arid.

On an interannual scale, climate in the Andes is affected by El Nifio events which has
a big impact on temperature and precipitation patterns, as well as by the Pacific Decadal

Oscillation and Antarctic Oscillation (Garreaud et al. 2009).

Table 2: Overview of precipitation gradients and main wind directions in the climate zones. ‘+’
indicates more precipitation and ‘-‘ indicates less precipitation along the gradient between the

mountain sides

Climate Precipitation Precipitation Main Wind
Zone West East Direction
Tropics - + East
Subtropics - + N/S

Midlatitudes + - West
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2.1.2 Land Surface Temperatures and Land Cover

Average annual LSTs in the study area range from -14 °C in the southern Andes to locally
excessing 50 °C in the Atacama Desert in northern Chile on the western side of the
mountain cordillera at daytime for average values over the study period from 2001 to
2021 (Figure 3). Lowest temperatures in the South of the Andes are expected due to the
increasing latitude. The extraordinary high temperatures in the Atacama Desert are
connected to the arid conditions described in section 2.1.1 and the linked absence of ET
cooling. At nighttime, temperatures range from -22 °C in the southern Andes to 27 °C in

the tropical Andes (Figure 3).
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Figure 3: Average annual LST between 2001 and 2021 from MODIS Terra (MOD11A2) for
daytime (left) and nighttime (right) data

The main LC classes found in the Andes by satellite data are grasslands, barren and
evergreen broadleaf forests (Figure 4). Forest mostly occurs in the tropical Andes at
elevations below 1500 m. South of the equator it is mostly restricted to the east side of
the mountains. The majority of the western southern tropics and northern subtropics is

covered by barren lands, due to the arid conditions. This is where the large Atacama
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Desert is located. The tropical Andes at elevations above 1500 m are predominantly
covered by grasslands. At subtropical latitudes, barren lands occur from the highest
peaks to the eastern side. The lower elevations of the eastern mountain side are covered
by savanna vegetation. Further south, LC mostly consists of forest, open shrubland and

permanent snow and ice (Figure 4).
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Figure 4: Topography from digital elevation model data (SRTMGL1_NC) (left) and Land Cover
from MODIS (MCD12Q1) (right) in the Andes

2.2 Data Products from Remote Sensing

To investigate EDW, remotely sensed satellite data of LST, LC and a digital elevation
model (DEM) were used (Table 3). The former two were measured by MODIS
instruments onboard NASA'’s satellites Terra and Aqua. For this study, solely data from
MODIS Terra were used, due to a longer period of available data starting from 2001 until
the current day. For LST, according to the overfly times of the Terra satellite, passing
the equator at 10:30 am and 10:30 pm each day, there are two measurements for each
day. The eight-day composite product with a spatial resolution of 1 km2 (MOD11A2) of

these measurements were used for both, the day and the nighttime data separately. The
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LC data is a combined product from both, the Terra and Aqua satellites, with a spatial
resolution of 500 m and annual values (MCD12Q1). The elevation model is derived from
Shuttle Radar Topography Mission data (SRTMGL1_NC). All data products were
downloaded via AppEEARS (Application for Extracting and Exploring Analysis Ready
Samples) from NASA’s Earth Observation Data (AppEEARS Team 2022). The datasets
were cut to the extent of the Andes according to the definition of which points on the
earth’s surface are considered as mountainous by the Global Mountain Biodiversity

Assessment network for mountain biodiversity and biogeography research (Korner et al.

2017).
Table 3: Details on Data Products
Data Product Spatial Temporal Instrument, Reference
Resolution Resolution Satellite

Land Surface 1km 8 Days MODIS, Terra Wan, Z., Hook, S.,

Temperatures Hulley, G. 2015

Land Cover Type 500m Annual MODIS, Terra & Friedl, M., Sulla-
Aqua Menashe, D. 2019

Digital Elevation Model 9om Static Synthetic Aperture NASA JPL 2013

Radar, Endeavour

2.2.1 Land Surface Temperature Product

2.2.1.1 Measurement and Preprocessing

Among other bands, MODIS sensors measure electromagnetic radiation in the
thermal infrared wavelengths at top-of-atmosphere (TOA) level. Specifically, the bands
31 (10.78-11.28 um) and 32 (11.77—12.27 um) are used for the LST retrieval (Tomlinson
et al. 2011). Based on Planck’s law of the direct relation between the temperature and
the emitted energy of a surface, blackbody temperatures of the surface can be calculated.
To retrieve LST from TOA radiances, several corrections need to be applied, mainly to
account for attenuation through the atmosphere, angular effects and spectral emissivity
of the surface (Tomlinson et al. 2011). Attenuation of electromagnetic radiation occurs
through absorption, reflection or refraction and scattering while passing the atmosphere
with water vapor having the main influence on electromagnetic radiation in the thermal
infrared wavelength (Dash et al. 2002). Angular effects arise from the different viewing
angles of the satellite observations leading to shifts of the measured wavelength.
Emissivity describes the amount of emitted energy from a surface in relation to the

energy a blackbody would emit at the same temperature. It is highly variable and
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heterogenic as it depends on parameters like land surface cover, surface moisture and
roughness (Tomlinson et al. 2011; Dash et al. 2002). After applying corrections for these
atmospheric effects and viewing geometry, LST can be calculated by Planck’s law
multiplied by spectral emissivity to account for the earth’s surface emittance differing

from that of a perfect blackbody:

cA75

R(}L, T) = E(A)B(/L T) = E(A)m

(4)
with R being the spectral radiance of a non-black body, A the wavelength and T the
temperature, £(A) the spectral emissivity of a body at wavelength A, B the spectral
radiance of a black body and c¢; and c. universal constants (Dash et al. 2002). Ideally,
Emissivity and LST should be determined simultaneously. However, by satellite
measurements only, this is a mathematically under-determined problem, as the number
of unknowns is larger than the number of measured parameters. Therefore, the retrieval
algorithm relies on look-up tables of typical emissivity values for different land cover

types (Dash et al. 2002).

The MODIS LST product MOD11Az2 is preprocessed by applying a generalized split
window algorithm as visualized in Figure 5 (Wan 2013; Wan and Dozier 1996). First,
cloudy pixels are masked and the data for the correspondent pixels are excluded, as they
refer to the cloud top reflectance instead of the attributes of the earth’s surface. Second,
corrections for atmospheric effects are conducted by estimations of the atmospheric
column water vapor and lower boundary temperature. Corrections for the viewing
geometry are integrated in viewing-angle dependent coefficients in the algorithm.
Further, using an a priori knowledge of emissivity values for different land surface
classes, and estimating the land-surface types of the individual pixels, band emissivities
for band 31 and 32 are estimated (Wan and Dozier 1996). With that, LST values for each
day and each pixel are retrieved. For the eight-day composite product, average values
for each set of eight consecutive days are calculated. These averages are also conducted,
if not all values within this time period exist to reduce the amount of data gaps due to
cloud cover (Wan 2013). Along with the LST values, quality control flags are provided.
This is based on a comparison of the results of the generalized-split-window algorithm
and results from an alternative algorithm for LST conduction, the day/night LST
algorithm. Additionally, factors like e.g. radiometric calibration accuracy, confidence in
land-cover classification, land-cover mixture, regional topographic effects, and cirrus
effects are accounted for in the quality control layer (Wan 1999). With that, information
on general quality, on emissivity uncertainty and on LST uncertainty are provided for

each pixel (Wan 2013).
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Figure 5: Preprocessing of the LST data with the generalized split window algorithm

2.2.1.2 Data Grouping and Data Availability

The dataset was spatially grouped to analyze EDW separately for regions of different
climate. Along latitude, data was grouped into the climate zones tropics, north of 25 °S,
subtropics between 25 °S and 37 °S and midlatitudes south of 37 °S. The latitudinal
divisions at 25 °S and at 37 °S follow the definitions of the climate zones found in other
studies on temperatures in the Andes (Russell et al. 2017; Zazulie et al. 2017; Toledo et
al. 2021). Each climate zone was delineated into the two mountain sides. These were
defined as west and east of the watershed between the Pacific and Atlantic catchment
areas. This way, six subareas were generated:

Tropics, East
Tropics, West
Subtropics, East
Subtropics, West

Midlatitudes, East
Midlatitudes, West

To investigate elevation-dependence, the data were further grouped into elevation
levels of 500 m each, shown in Figure 4, following examples from the literature (Aguilar-
Lome et al. 2019; Pepin et al. 2019b). Temporally, the data product was available and

treated separate for day- and nighttime values.

The total amount of pixels and their distribution in the spatial groups shows that the
eastern mountain side is larger than the western side and the pixel count of the tropical
domain is a larger than of the subtropics and midlatitudes, which are quite similar to
each other (Figure 6). In general, pixel counts decreased along the elevation levels. Due
to the occurrence of plateaus like the Altiplano the classes reaching from 3500 m to

4500 m showed a higher pixel count than elevations around this level. As pixel counts



MATERIALS AND METHODS 17

in classes above 5000 m decreased to a negligible number, elevation levels above

4500 m were combined to a single elevation group.
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Figure 6: Pixel counts in the total area and spatial groups: mountain side, climate zone and

elevation levels. W= West, E= East, Tro = Tropics, Sub = Subtropics, Mid = Midlatitudes

The data loss by the unavoidable exclusion of cloudy pixels (see section 2.2.1.1) can
lead to a bias with more data loss in humid regions and in wetter seasons and can hence
lead to a systematic overrepresentation of more arid regions and drier seasons. To
account for spatial homogeneity of the data availability, I calculated how many values
occurred in each spatial group in relation to how many values could have been measured
in the spatial group in the studied time period, if there were no data gaps (Figure 7).
Additionally, I compared data availability for different filter options based on the quality
control layer of the LST product. The options were the categories of an average LST error
smaller or equal to 1°C, 2 °C, or 3 °C and average LST error bigger than 3 °C. For
daytime data, the first two options were considered and compared to the data availability
that the product has if no filter is applied. Differences in data availability between the
2 °C filter and unfiltered data were negligible small. Filtering on a maximum LST error
of 1 °C in contrary reduced data availability to approximately two thirds. This would
leave the group with the smallest data availability with less than 30 %. Based on that,
the 2 °C filter was chosen for the analysis, similarly as other studies (e.g. Aguilar-Lome
et al. 2019 and Luintel et al. 2019). Accordingly, for all performed analysis, the 2 °C

filter was applied before conducting further calculations with the LST product.
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For the 2 °C filtered data, data availability ranged from 60 % to nearly 100 % for the
different spatial groups of climate zone, mountain side and elevation level. While no
significant differences between the data availabilities at the two mountain sides were
found, data availability varied between the climate zones with particularly good data
availability for the subtropics due to the rare occurrence of clouds in the comparably dry
subtropics. Regarding elevation, data availability increased. In contrast to the total area
of the elevation levels which generally decreased with elevation (see Figure 6). In
general, and specifically pronounces in the midlatitudes, data availability was higher for
the nighttime than for the daytime data. Overall, data availability was at least 60 % for
all spatial groups and bias by spatial heterogeneity of data availability should thus not
be problematic (Figure 7).
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Figure 7: Data availability without filtering and with two different quality control (QC) filters
applied for the spatial groups mountain side, climate zone and elevation level for daytime (left)
and nighttime (right) data. Displayed are the percentages of pixels containing data in regards to

the maximum possible amount of available data for the corresponding spatial group over the

whole time period. W= West, E= East, Tro = Tropics, Sub = Subtropics, Mid = Midlatitudes

Temporally, data availability for each climate zone was consistent over the study
period for both, day- and nighttime (Figure 8). It ranged from 40 % to 60 % for the
midlatitudes at daytime to a rather stable availability close to 100 % for the subtropics
at nighttime. A seasonal cycle of data availability was observed in tropical latitudes for
both day and nighttime with values ranging from about 70 % to 100 %. Less pronounced,
there was also a seasonality of data availability in subtropical latitudes at daytime. In the

midlatitudes no obvious patterns occurred (Figure 8).
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Figure 8: Data availability over time for each climate zone for daytime (top) and nighttime
(bottom) data. Displayed are the percentages of pixels containing data for each point in time in

regard to the maximum possible amount of available data for the corresponding climate zone.

2.2.1.3 Data Filter and Trend Calculation

Before calculating LST trends, several steps of data filtering were applied, as
visualized in Figure 9. After applying the filter based on the MODIS quality control, to
account for seasonal variation of data availability (Figure 8), monthly averages of the 8-
day composites were calculated. Before calculating annual averages, for each pixel, I
excluded all years in which more than five months were missing due to data gaps.
Similarly, after calculating annual values, pixels with less than 75 % available annual

averages were excluded from further analysis (Figure 9).

To test for significant trends, Mann Kendall tests for monotonic trends were
performed for each pixel individually. The Mann Kendall test is a non-parametric test to
assess for linear monotonic upward and downward trends over time. The null

hypothesis of no monotonic trend in the dataset is tested against the alternative
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hypothesis of an upward or a downward trend. The test calculates whether the difference
between two consecutive data points is positive, negative or zero. With the mean and
variance of these differences, Mann Kendall tests are conducted (Goswami 2017). Trend
magnitudes were calculated with the Theil-Sen method (Theil 1992; Sen 1968). To
identify robust trends, the resulting trends were filtered by a p-value of 0.01.

Accordingly, in the following, trends with a p-value below 0.01 will be referred to as

significant.
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Figure 9: Schematic drawing of the filter process, trend calculation and spatial grouping of the
LST product

2.2.2 Land Cover Product

To account for LC change as a driver of LST changes during the period 2001-2021,
the MODIS LC product was used (Table 3). LC classification for this product was based
on a supervised decision-tree classification method which used reflectance data adjusted
to nadir view by a bidirectional reflectance distribution function. The classification
scheme of the International Geosphere-Biosphere Programme was used (Friedl and

Sulla-Menashe 2015).

In this analysis the LC change between the beginning and the end of the study period
was of interest. For this, five-year windows of LC data were considered at the start (2001-
2005) and the end (2017-2021) of the period. To exclude less reliable pixels with

abundant LC changes, I filtered for pixels in which the LC class was consistent within
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each of these five-year periods. The three LC classes evergreen broadleaf forest,
permanent snow and ice and barren were selected and put in relation to daytime LST
trends, as these classes are expected to particularly affect daytime LST by altering albedo

and ET rates (see section 1.3).

2.2.3 Digital Elevation Model

The DEM was used for dividing LST data into elevation levels. The data product was
derived from NASA’s Shuttle Radar Topography Mission. Topography information was
retrieved using the method of radar interferometry. For this method, with phase-
coherent sensors, phase-different images are obtained from two images that are created
simultaneously at slightly different locations. These images contain information on
topography (Rosen et al. 2000). For this DEM, data was taken in swaths of 225 km
width, and each terrain image was taken at least twice to fill areas that were shadowed

by terrain by taking data from different viewing angles (Siemonsma and Dawn 2015).
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3 Results and Interpretation

3.1 Annual Land Surface Temperatures

In the following, the course of annual LST over the study period was analysed with
the data spatially grouped into the climate zones and mountain sides for day and for
nighttime. Within each of the spatial groups for both, day and nighttime, average LST
varied about 2 to 3 °C between the years (Figure 10). Spatially, the annual average LSTs
follow the gradient of mountain side and climate zone as described in section 2.1 with
the exception of daytime temperatures on the eastern side of the tropics being similar to

the eastern side and cooler than the western side of the subtropics.

Besides latitude, humidity is expected to influence temperatures with evaporative
cooling leading to lower temperatures in more humid climate. As described in section
2.1.1, the eastern tropics and subtropics and the western midlatitudes receive more
precipitation than the respective other mountain side within each climate zone. In line
with these considerations, daytime temperatures are approximately 7 °C to 8 °C cooler
in the eastern tropics and western midlatitudes than at the corresponding more arid
mountain side. In the subtropics, LSTs of both mountain sides differ by approximately
2 °C, with cooler temperatures on the more humid mountain side, as expected with more
ET cooling connected to a higher water availability. Accordingly, with smaller humidity
differences between subtropical west and east, the temperature differences are smaller
as well. In the eastern tropics, which receive a lot of moisture from the Amazonian
region, evaporative cooling is governing the lower temperatures in comparison to
subtropical more arid regions like the Atacama Desert while the humid subtropics show

similar temperatures.

Contrary to the daytime observations, the tropical east is the warmest and the tropical
west second warmest region during nighttime. This diverging daily cycle is likely
governed by radiation: at nighttime, the outgoing longwave radiation term is bigger than
the incoming longwave radiation, reducing the available energy at the surface. The
consequential cooling pattern is stronger pronounced for clear-sky conditions, when the
term of downwelling longwave radiation is smaller, than in nights with cloudy
conditions. It is thus expected to be stronger at the arid western mountain side. Further,
the cooling effect of ET is usually negligible at nighttime (e.g. van Heerwaarden et al.
2010), additionally explaining smaller differences between the mountain sides during
nighttime. At nighttime, the tropical east is also warmer than the subtropics. In the

subtropics, the expected pattern of the eastern mountain side being colder than the west,
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is also apparent. Similarly, in the midlatitudes the more humid western side is colder

than the east.

Differences between day and nighttime were most pronounced in the western tropics,
with an approximate amplitude of 25 °C between day and nighttime. The subtropics also
have a big day night amplitude of about 20 °C, while the midlatitudes show the smallest
amplitude with an average of about 10 °C. This latitudinal dependence of the magnitude
of the daily cycle is expected as climate is diurnal in regions in vicinity to the equator,

and seasonal further north and south towards the poles (Troll 1965).
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Figure 10: Time series of LST of the individual climate zones separated into the mountain sides

for daytime (top) and nighttime (bottom) data.
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3.2 Annual Land Surface Temperature Trends

Regarding annual trends in LST, I found more significant trends in the nighttime data
than in the daytime data. Nighttime trends, however, were on average smaller in

magnitude (Figure 11).

Regarding daytime data, 3.7 % of the Andes showed significant positive LST trends
while 0.9 % of the mountain range were significantly negative (Figure 11). Significant
warming was mostly around 1 °C per decade, but regionally reached up to around 3 °C
per decade. Negative trends were mostly around minus 1 °C per decade, but also trends
of minus 2 °C per decade were reached (Figure A 1). Strong and spatially consistent
trends were found between 32 °S and 38 °S, i.e., in the southern subtropics and northern
midlatitudes. Trend magnitudes in these regions exceeded 2 °C per decade and were
higher on the eastern mountain side by approximately 0.5 °C per decade on average for
this region (Figure 12). Further south of this area, for both mountain sides, warming
trends were predominant, but were less abundant and with lower trend magnitudes
around 1 °C per decade. Additionally, parts of the Atacama Desert in the north-western
part of Chile and areas in the tropical Andes (northern outreaches and eastern Peruvian
Andes) showed significant warming trends. South of the Equator, in the tropical Andes,
trends differed between the mountain sides with higher trend magnitudes in the eastern
Andes (Figure 11, Figure 12). Most of the negative trends occurred in the northern part
of the mountain cordillera between 10 °N and 8 °S and between 8 °S to 20 °S. Further
to the south little cooling spots with one noticeable patch at the western mountain side

around 35°S were found.

The magnitudes of the observed trends are in a range in line with the findings of
Aguilar-Lome et al. (2019) of average warming rates of 1 °C per decade in the tropical
Andes for winter daytime LST of MODIS data between 2000 and 2017. Spatial variations
of warming rates are expected with the mechanisms driving changes in the radiation
budget and surface energy balance, as discussed in chapter 1.2. The exceptionally strong
warming pattern found between 32 °S and 38 °S could be related to a reduction in snow
cover, reducing albedo. Considering north-south gradients of elevation and
precipitation within the Andes, the largest area that is covered by snow and by mountain
glaciers is approximately at 35 °S (Zazulie et al. 2017). An upward migration of the
snowline and a reduction of snow persistence throughout the year, thus affects larger
areas of the land surface in this region. Amplified warming due to snow and ice albedo
feedback mechanism are thus plausible to be particularly pronounced in the Andes
around 35 °S. The tropical regions, where abundant daytime cooling was found, are

predominantly covered by tropical forests and partly by savanna (Figure 4). Several
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studies found that forests have an overall cooling effect in the tropics (Bonan 2008; Li
et al. 2015b; Zeng et al. 2021). This suggests, that among the dominating biophysical
effects on LST trends in forest areas the cooling effect of ET outweighs the warming
effect of a low albedo (Li et al. 2015b). An increase in forest vegetation can hence be a

potential reason for the observed daytime cooling.

For the nighttime data, 17.4 % of the study area showed significant positive trends
and 0.5 % of the area was significantly cooling (Figure 11). The range in trend magnitude
was smaller compared to daytime trends and most warming was below 1 °C per decade
(Figure A 1). Compared to the daytime trends, the zonal distribution of trend magnitude
had a smaller amplitude with most latitudes showing average trends between 0.5 °C and
1 °C per decade (Figure 12). A big part of the area south of 32 °S had positive nighttime
trends with bigger magnitudes on the western side. In the subtropical and tropical
Andes, most of the areas at the edges of the mountains were warming. Nighttime cooling
mostly occurred in the northern Andes. Some local cooling patches were also found

between 15 °S and 20 °S on the eastern mountain side (Figure 11, Figure 12).

While the cooling effect by ET seems to also exist in tropical forests at nighttime, it
was found to be counteracted by warming by energy release of stored heat at nighttime
(Li et al. 2015b). An increase in heat storage capacity at the surface by an increase in
areas covered by forest vegetation and a connected increase in biomass would mean that
heat stored during daytime is released at nighttime and could hence explain regional

patterns in the tropics where daytime cooling and nighttime warming was found.
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Figure 11: Annual LST trends for daytime (left) and nighttime (right) data. Only significant
pixels (p < 0.01) are shown; white colour indicates non-significant pixels. The area of the Andes
and the division between the Atlantic/Pacific watershed are indicated. Pie charts show which

fractions of the trend results were positive, negative and non-significant
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Figure 12: Zonal distribution of annual LST trends for daytime (left) and nighttime (right) data.
Average trend values of significant pixels (p < 0.01) for each latitude are shown for both
mountain sides. The bold line shows rolling zonal averages of 200 km in latitude derived from

linearly interpolated zonal trend data. The background shows zonal average trend data.
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3.3 Land Surface Temperature Trends and Land Cover Changes

LC transitions from and to the selected groups of evergreen broadleaf forest, snow/ice
and barren land, were associated with positive average LST trends for five of the six
considered cases of LC change (Figure 14). Most abundant were positive trends in the
connection with LC changes from forest to any other LC type with 40% among the
selected LC transitions (Figure 14). For these changes from forest, the average of the
trends was 0.8 °C per decade with a standard deviation of 0.7°C, indicating a
homogeneous warming pattern. Opposed to that, the group of changes from any class to
evergreen broadleaf forest, was the only group with clearly negative LST trends with an
average of -1.0 °C per decade and a standard deviation of 0.8 °C (Figure 13). Hence, on
average, changes to forest had a cooling effect on LST and changes from forest led to
warming. This supports the explanation of the observed daytime cooling in the tropics
more thoroughly described in chapter 3.2. Cooling occurs due to an increase in biomass
with pixels having changed to forest vegetation leading to an increase of ET rates
resulting in an overall cooling which outweighs the possible warming effect which could
be attributed to a reduced surface albedo of forest LC.

Pixels changing from permanent snow or ice connected with significant LST trends
were accounted for 6 % of occurring pixels among the selected transition groups. The
average trend of 2.5 °C per decade for the change from snow or ice was highest among
the considered groups. The positive trends for this change are in line with the
expectations, as with snow and ice melting, the surface albedo decreased, resulting in
warming due to more absorbed shortwave radiation. Surprisingly, LC changes from any
LC class to permanent snow and ice, were associated with positive LST trends. This
group was smallest with 2 % of pixels among the selected LC transitions. Here, cooling

would be expected due to the albedo increase.

Similar to changes from permanent snow or ice, the transitions to barren LC were
connected to greater trends with an average of 2.5 °C per decade and a standard
deviation of 1.8 °C. This is likely related to removal of snow/ice surfaces and the
associated albedo decrease. With LC changing from a class with vegetation to barren
land, albedo can increase, which leads to cooling. At the same time, the change of the
ratio between the latent and sensible heat fluxes leads to warming in this case, with a
reduced latent heat flux, due to the loss of vegetation and the connected transpiration.
The observed warming for the LC change to barren land indicates the warming
connected to a change of the ratio of the heat fluxes to outweigh albedo cooling. The
average of the trends found for pixels with changes from barren to other LC classes was
also positive with 0.9 °C but had a high standard deviation of 1.7 °C ranging to negative

trend magnitudes. This suggests that different patterns were combined in this group.
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For pixels that change from barren to a class with more vegetation, with the related
increase of ET, the surface energy balance is altered with an increase of the latent heat
flux on cost of the sensible heat flux, which explains cooling trends connected to changes
from barren. Depending on both the properties of the barren and the properties of the
new LC class, albedo can either in- or decrease which would explain why negative as well

as positive trends are observed within this group.
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Figure 13: Significant (p < 0.01) daytime LST trends for pixels in which LC changes from and to
selected LC classes (evergreen broadleaf forest, permanent ice and snow and barren) occurred.
n gives the number of pixels in which the correspondent LC change and a significant LST trend

occurred.

Most of the changes from and to evergreen broadleaf forest, permanent ice and snow
and barren land occurred in the tropical Andes, north of 15 °S as well as in an area
between 30 °S and 39 °S at the transition between the subtropics and the midlatitudes

(Figure 14, Figure 15, Figure A 2).

In the northern Andes, changes from and to forest were the main LC changes with
warming trends associated with deforestation, occurring mostly in Venezuela, the north
of Columbia and Peru, and cooling trends in areas where afforestation occurred located
in Columbia and Ecuador (Figure 14). This is well in line with the considerations

previously mentioned in chapter 3.2 of vegetation driving daytime cooling in the tropics.
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Close to the Pacific coast of Peru, there is a region where LC changed from barren
land to other LC classes. These changes are connected to cooling trends. Both, higher ET
rates due to more vegetation and a reduced albedo, if the new vegetation is brighter than

the barren land, can lead to this cooling.
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Figure 14: LC changes from selected LC classes (evergreen broadleaf forest, permanent ice and
snow and barren) (left), to selected LC classes (middle) and significant (p > 0.01) daytime LST
trends of the corresponding pixels to LC change occurrences from/to the selected groups (right)

in the northern Andes

Around 35 °S in western Chile, like in the northern Andes, forest changes were
associated with warming for changes from forest and cooling trends for changes to

forest. This could also be driven by the effect of ET cooling.

Further, at the border between Chile and Argentina, changes from permanent ice and
snow to barren occurred and were aligned with LST trends around 2 °C per decade. This
supports the expectation that the strong warming in this region is connected to melting

processes and the according albedo changes.

At these higher latitudes, in contrary to the patterns in Peru, changes from barren to
other LC types indicate warming. In dependence of the properties of the LC class barren
land changes to and of the barren land itself, albedo can either increase, leading to
surface cooling, which is perhaps the mechanism observed in the tropics, or decrease,
amplifying warming which seems to be the case for the area shown in Figure 15. The
different effect on trends of LC changes from barren land between the tropics and the
region around 35 °S explains the high standard deviation observed for this group (Figure

13).
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Figure 15: Same as Figure 14 but for southern Andes
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3.4 Elevation-dependence of Annual Land Surface Temperature

Trends

3.4.1 Overview

Elevation-dependences of LST trends were evaluated for each climate group, divided
into the western and eastern side of the mountains for day and nighttime data. For the
majority of the domain, average trends were positive with the exception of daytime
trends in the tropics (Figure 16). Patterns of elevation-dependence differed significantly
between the climate zones. For both day and nighttime the patterns were similar, but
the magnitude of trend variation between the elevation levels varied significantly e.g.

with an approximate range of 1.4 °C at daytime and 0.4 °C at nighttime for the western

tropics as shown in Figure 16.

Trend (°C/decade)
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Figure 16: LST trends for each elevation level. Average values of all significant (p < 0.01) LST
trends of the pixels in the corresponding elevation level, climate zone and mountain side are
shown. The bands show the standard deviations, marker sizes indicate the number of
significant trends within each group. Above 8000 significant pixels within a group, all markers
have the same size, while for all groups below this threshold value, the size varies according to

the number of trends in the group

3.4.2 Tropics
The averages of the tropical daytime trends were negative across all elevations for
both mountain sides with the exception of the east having average trends of
approximately 0 °C per decade between 1000 m and 2000 m and one elevation level
(3500 m to 3400 m) in with a positive average trend of 0.7 °C per decade, but a
comparably high standard deviation (Figure 16). For the lowest three elevation levels in

the west and for the lowest four elevation levels in the east LST trends were decreasing
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in magnitude with elevation. Above, trend magnitudes were generally increasing with
elevation. For the western side, this increase in trend magnitude was from -0.3 °C per
decade on average at 1000 m to 1500 m to -1.8 °C per decade. The amount of significant
daytime trends for the western tropics was small for all elevations, compared to the other
groups. On the eastern side, trend magnitude increased from around o °C per decade at

1000 m to 2000 m to a cooling of -1.3 °C per decade at 3000 m to 3500 m (Figure 16).

The decrease of daytime trends with elevation (i.e., stronger cooling in higher
elevations) disagrees with the expectation of EDW as discussed in section 1.3. The
abundant cooling is also surprising in the context of global warming. Supported by the
analysis of LC changes to forest and the associated negative daytime LST trends in Figure
13 and Figure A 2, the daytime cooling likely occurred due to an increase in forested
areas or an increase in vegetation density associated with an increase in ET rates. The
elevation dependence of the negative trends could be due to an elevation dependence of
the vegetation greening which leads to the observed cooling pattern along an elevation
gradient as in high altitudes minimum temperatures become the limiting factor for plant
growth (Tai et al. 2020). Correspondingly, the observed increase of nighttime
temperatures, can lead to an upward migration of vegetation. This phenomenon,
referred to as elevation-dependent vegetation greening has been observed across
different studies e.g., in the Tibetean Plateau (Li et al. 2015a). Supporting the idea of
vegetation changes being a driving factor for the observed daytime LST trends, Shen et
al. (2015) found a negative correlation between an NDVI and maximum temperature
trends over the Tibetan Plateau. Further, Toledo et al. (2021) found that albedo is not a
driving mechanism on temperature trends in the tropical Andes. This supports the
argument of an increase in forested area in these latitudes having led to the observed
cooling via ET changes outweighing warming by albedo reduction. In contrast to my
results, Toledo et al. (2021) found positive maximum temperature trends which were
increasing with elevation for the tropics. A reason for different results could be the study
region being restricted to the tropics south of the equator in the study of Toledo et al.
(2021). The tropical regions, where I found abundant daytime cooling, which is included
in the averages of my analysis on EDW, was north of this area (see Figure 11). Further,
the analysed variable being air temperature and not LST, as in my study, could have led
to the different results. As described in 1.2, LST is more closely linked to surface
processes and stronger affected by LC changes and could thus show different trend
results than air temperature. Additionally, Toledo et al. (2021) were looking at a
different time period by looking at future projections, analysing air temperature
differences between a period in 2071—2100 and the period 1976—2005. Vuille et al.

(2015) found that the choice of the study period within the last decades played a major
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role for trend results in the Andes, supporting the argument of different time periods
considered explaining the deviations of my results to the literature. Similar to Toledo et
al. (2021), Aguilar-Lome et al. (2019) also found daytime temperatures to be positive on
average and increasing with elevation for tropical latitudes in trend calculation of
MODIS LST data for the period from 2000 to 2017. Daytime cooling occurred in some
pixels, spatially consistent with my results of cooling trends, but less cooling was found,
than in my study. Aguilar-Lome et al. (2019) evaluated LST trends of the months June,
July and August (JJA). Additional analysis of monthly daytime trends of my data
revealed similar warming patterns in the study area considered by the authors for the
respective months (compare Figure A 3). Including the rest of the year leads to results
of more cooling than when looking only at the austral winter months. In addition, again,
a different area that was included in the analysis than the region of the tropics used in
my study with the northern tropics where abundant cooling occurred not being included,
could explain parts of the disagreement to my results of the EDW analysis. Aguilar-Lome
et al. (2019) restricted the study area to the latitudes 7 °S to 20 °S. A possible driver for
the outstanding warming trends in the level from 3500 m to 4000 m on the eastern
mountain side can be a rise of the condensation level and the associated increase in

latent heat release.

For the nighttime data, average LST trends were positive in the tropics and ranged
from approximately o0 °C to 1 °C per decade (Figure 16, a & b). In the west, trends
decreased steadily with elevation from 0.9 °C to 0.5 °C per decade. In the east, trends
decreased up to 3000 m, while above, no clear pattern was found. In these elevations,
the standard deviation was higher than for the western side and for the lower elevations

on the east (Figure 16).

The nighttime pattern of LST trends contradicts my expectations of EDW as
discussed in the sections 1.2 and 1.3. In contrast to my expectations I found an inversed
pattern of decreasing trends with elevation during nighttime. This is however in line
with results by Toledo et al. (2021) who found decreasing temperature trends with
elevation for minimum temperatures in the tropical Andes. Incoming longwave
radiation was found to be the main driving factor for minimum temperatures. For the
nighttime trends, change in vegetation is likely a negligible driver. Accordingly, Shen et
al. (2015) found no significant correlation between NDVI and minimum temperatures.
Also in line with my results, Aguilar-Lome et al. (2019) found nighttime trends to be
more steady between the elevation levels. The range of their trend results is with 0.5 °C
to 0.8 °C per decade consistent with my findings. They found a reduction of trend
magnitude especially at the elevation level of 3500 m to 4000 m which matches the

tendency in my results observed for the eastern mountain side.
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3.4.3 Subtropics

In the subtropics, average LST trends showed EDW for both, day- and nighttime data
(Figure 16). Daytime trends at the lowest elevation levels were 1.0 °C (-0.1 °C) per decade
and rose to 2.8 °C (2.6 °C) per decade at 3000 m to 3500 m (3500 m to 4000 m) at the
western (eastern) side. Above these elevation levels trends were decreasing. The increase
was strongest in the elevation level from 1500 m to 3000 m in the west and from 1000 m
to 3000 m in the east. Nighttime trends rose approximately linear with elevation for
both mountain sides, with trends rising from 0.5 °C per decade (west) and 0.1 °C per
decade (east) in the lowest elevations to about 1 °C per decade in the highest elevations

on both mountain sides (Figure 16).

The positive temperature trends and EDW in the subtropics for both day and
nighttime data I found, are consistent with the results of Toledo et al. (2021) and Zazulie
et al. (2017). Both studies made future projections for the 215t century for the latitudes
from 23 °S to 37 °S and from 30 °S to 37 °S respectively. The authors showed that parts
of the observed warming trends were related to a decrease of annual snow cover. As
changes in snow cover are elevation dependent, snow-albedo feedback is likely the
governing driver of the EDW in these latitudes. Accordingly, Toledo et al. (2021) found
Albedo changes to be a major driving factor of the subtropical EDW. Zazulie et al. (2018)
found a reduction in albedo of 20 % to 60 % for the future projections until the end of
the century relative to the period of 1980—2005. This reduction was projected for
altitudes above 1500 m which is where I found the strongest LST trends and particularly
pronounced EDW. Additionally, changes in snow cover and persistence throughout the
year in the tropical and subtropical Andes from 2000 to 2016 by Saavedra et al. (2018)
showed an upward migration of the snowline and decreasing snow persistence in the
subtropics. Maximum change rates of snow persistence were found between 3000 m
and 5000 m elevation in the subtropics, which is just above the elevation where I found
strongest trends (Figure 16). This difference between elevations where I find maximum
trends and Saavedra et al. (2018) found maximum snow persistence changes could be
due to a higher sensitivity of LST on changes in snow persistence close to the snow line,
where LC class changes to barren land occur. The same reason could apply for
decreasing trends with elevation above 3000 m to 3500 m I found. Pepin et al. (2019b)
also found negative EDW in the highest elevations of above 6000 m in the Himalaya.
Besides changes in albedo, longwave radiation and humidity were reported as important

driving factors on LST trends in the subtropics (Toledo et al. 2021).
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3.4.4 Midlatitudes

Similar to the subtropics, daytime trends in the midlatitudes showed EDW for both
mountain sides throughout the elevation level (Figure 16, e & f). Trends at the lowest
elevation level were approximately 0.8 °C per decade and peaked 1.7 °C per decade at
the elevations of 2000 m to 2500 m in the west and 2500 m to 3000 m in the east.
During nighttime, the average trends were approximately 0.8 °C per decade
independent of elevation (Figure 16). With that, at daytime EDW was weaker than in the
subtropics and in contrary to the results of the subtropics did not occur for nighttime
data.

As in the subtropics, the main driving mechanism of EDW in the midlatitudes is likely
the snow-albedo feedback. The weaker EDW pattern that was observed could be due to
less intense changes in snow cover. In the midlatitudes, data availability was very limited
for elevation levels above 2000 m at both mountain sides implying higher uncertainties.
Strongest EDW in the subtropics was observed above this elevation. This might also
explain, why in contrary to the expectations of section 1.3 EDW was less pronounced in

this climate zone.

3.5 Uncertainties and Limitations

Besides the discussed drivers of EDW which affect surface temperature trends by
altering the radiation budget and the surface energy balance, LST trends and their
distribution can also be affected by changes of regional circulation patterns and by
interdecadal variability (Vuille et al. 2015; Russell et al. 2017). Vuille et al. (2015) showed
that the choice of the study period within the last decades strongly affected results on
LST trends and patterns of EDW. The Pacific Decadal Oscillation affects sea surface
temperatures at South America’s coast which in turn affect land surface temperatures in
the western Andes. Congruent with this oscillation, the authors found warming between
1961 and 1990 across most of the Andes, while between 1981 and 2010 cooling was
observed particularly for the tropics for coastal areas and the western slopes of the
Andes. In contrast to my results, this cooling did not occur across all elevations, but in
higher altitudes EDW was found (Vuille et al. 2015). Thus, interdecadal variability is
likely to play a role for tropical cooling I observed, at least for regions in vicinity of the

coast at the western mountain side.

Further, it should be noted that working with remotely sensed satellite data entails
some unavoidable uncertainties. A major limit is the necessary exclusion of cloudy pixels

with which a clear-sky bias is obtained (see also section 2.2.1). Using MODIS data, in the
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Arctic, it was observed that this bias leads to an underestimation of the actual
temperature with surface temperatures usually being colder at clear-sky conditions than
at cloudy conditions which can be attributed to longwave radiation loss (Pepin et al.
2019a; Westermann et al. 2012). Clouds can further be a source for erroneous data, if
they are not detected. In that case a strong underestimation of LST would occur, with
the temperature of the cloud top being significantly colder than at the earth’s surface
(Westermann et al. 2012). Additionally, the calculation of LST depends on the
estimation of surface spectral emissivity and hence, uncertainties connected to the
determination of emissivity affect the accuracy of the retrieved LST product (Dash et al.
2002; Wan and Dozier 1996). A connected limitation occurs by heterogeneity of surface
properties within the pixels of 1 kmz2. A pixel of MODIS data often contains different land
cover types (Wan and Dozier 1996; Pepin et al. 2019a). These can not only have different
emissivity values but also different Albedo, and LSTs and the grid of pixels might be too
coarse to capture small-scale differences. Mountainous terrain in particular is highly
heterogeneous on small scale and this spatial heterogeneity is not depicted by the LST
data product (Pepin et al. 2019a). An additional uncertainty is given by the LST error of
2 K on which I filtered the data (see section 2.2.1). As this LST error is not expected to
have systematic patterns, trend results should not be affected significantly. Still, in the
range of the magnitudes of the observed trends, with averages of the defined spatial
groups between -2 °C and 3 °C per decade, a 2 °C uncertainty is not in a negligible
magnitude. Increasing the data reliability by choosing the filter on an error of 1 °C would
strongly reduce available data on the other hand (see Figure 7), which would likely lead
to a spatio-temporal bias with an overrepresentation of regions and time periods of

especially dry conditions, as most uncertainties result from cloud cover.
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4 Conclusion

Using satellite derived LST data from MODIS from 2001 to 2021 with a spatial
resolution of 1 kmz2, several patterns of dependence of LST trends on elevation across the
Andean Mountain range were revealed. I discussed EDW and its most important drivers
with regard to elevation levels, along a humidity gradient between the Pacific and
Atlantic watershed and the three climate zones tropics, subtropics and midlatitudes.
Latitude had a strong effect on the phenomenon. The two considered times of the daily
cycle at day and at night substantially affected how pronounced the observed patterns
were. Climate differences in terms of humidity between the mountain sides seemed to
have only minor effects on EDW. Results illustrated that EDW occurred in the
subtropics and midlatitudes with stronger patterns at daytime than at nighttime. The
tropics were characterized by negative daytime trends and positive nighttime trends,
which both, in contrary to the patterns of the subtropics and midlatitudes decreased
with increasing elevation. Additionally, I analyzed the effects of land cover change on
trends in LST and showed that changes from forest and from ice/snow to another LC
type as well as changes to barren land were connected to LST warming. Change from

forest to other LC types was related to LST cooling.

I hypothesized that EDW occurs throughout the whole Andes for the considered time
period. This was supported by the results of the extratropical zone but not by the results
of the tropics. Furthermore, I hypothesized the magnitude of EDW to increase from the
north to the south of the Andes. I found pronounced EDW in the subtropics, and less
pronounced in the midlatitudes, while the tropics showed the opposite pattern.
Accordingly, I could not confirm this part of the first hypothesis. However, I observed a
strong dependence of latitude on patterns of EDW. Evaluations of LC changes suggested
that gradients in snow-cover and the extent of vegetation changes drove latitudinal
differences in EDW. My second hypothesis stated stronger EDW for the eastern side of
the Pacific/Atlantic watershed for the tropics and subtropics and the western side for
the midlatitudes due to its higher humidity. In my results, water availability did not seem
to be a key driver and in general, patterns of EDW did not differ significantly between
the mountain sides, not supporting the hypothesis. Finally, I expected EDW to be
stronger for daytime LST than for nighttime which was supported by my results. As I
identified changes in albedo as a key driver in altering the radiative terms of the surface
energy balance, this day-night differences are comprehensible in respect to the lack of
shortwave radiation during night. Similarly, changes in ET prominently drive changes
in LST altering non-radiative components of the surface energy balance primarily at

daytime.



40 ELEVATION-DEPENDENT SURFACE TEMPERATURE CHANGES

To better understand the underlying physical processes of EDW on a large scale,
future research should take a closer look at the potential driving mechanisms. This could
include analysis of gridded datasets of albedo, precipitation, snow and ice cover and
snow persistence. Further, variables representing vegetation variability should be
included by e.g., NDVI timeseries. To disentangle EDW driven by climate change and
the correspondent effects on the surface energy balance and EDW occurring due to
natural interdecadal variability, data of the Pacific Decadal Oscillation could be
evaluated focusing on how the oscillation correlates to LST trends. Investigating these
driving factors, further insight on why the observed patterns of EDW occurred can be

gained.
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DISTRIBUTION LST TRENDS

Appendix A: Frequency Distribution LST Trends
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Figure A 1: Frequency distribution of LST trends in the whole study area for daytime (left) and
nighttime (right) data
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Appendix B: LC changes and LST trends
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Figure A 2: LC changes from selected LC classes (evergreen broadleaf forest, permanent ice and
snow and barren) (left), to selected LC classes (middle) and significant (p > 0.01) daytime LST

trends of the corresponding pixels to LC change occurrences from/to the selected groups (right)
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Appendix C: Monthly LST trends

Seasonal results of LST trends were obtained with the same methods as the annual
trends (see section 2.2.1.3), but trends were calculated for monthly averages instead of

annual averages.

Monthly results showed that daytime cooling in the tropics occurred throughout the
whole year but was strongest in February (Figure A 3). In southern Peru and northern
Bolivia, there was also a striking cooling pattern in October, which partly reversed to
warming patterns in the three consecutive months. In June and partly in November
cooling patterns reach further south in the subtropics. In November, also the most
southern part of the Andes in the midlatitudes had negative trends. In the austral winter
months (June, July, august) and in September on the other hand, for tropical latitudes
south of the equator positive LST trends dominated. In the subtropics and midlatitudes
warming was predominant during the whole year. Positive trends were especially strong
during July, August and September for the subtropics and in October and November in

the midlatitudes (Figure A 3).

At nighttime, noticeable cooling patterns in the tropics occurred as for daytime data
in February and additionally in March and December (Figure A 4). In the subtropics like
for daytime results, cooling was occurring in June. Further, like at daytime, cooling was
apparent in the midlatitudes in September. Warming was strong in the southern tropics
in January, the northern tropics in June and in the south eastern tropics as well as in

the midlatitudes in October and November (Figure A 4).



48 ELEVATION-DEPENDENT SURFACE TEMPERATURE CHANGES
I

I
Figure A 3: Monthly LST trends for daytime data. Only significant pixels (p < 0.01) are shown.
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Figure A 4: Same as Figure A 3 for nighttime data
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