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Abstract
Tropical Andean ecosystems are critical for biodiversity conservation andwater regulation. Climate
change is affecting these ecosystems, but research at high altitudes is still scarce.We aim to understand
the complex relationships between surface temperatures and seasons, ElNiño SouthernOscillation
phenomenon (ENSO), elevation, and slope direction, using novel in situmonitoring data inNorthern
SouthAmerica (i.e., CocuyNational Park, Colombia).We analyzed hourly surface temperature data
recorded from2011 to 2019 at four summits between 4050 and 4400m elevation, collected using self-
logging thermometers as part of theGlobal Observation Research Initiative in Alpine Environments
(GLORIA)Andes network. Furthermore, we assessed temperature trends and differences in relation
to elevation, season, slope, and ENSO. Contrary to other regional results, surfacewarming in these
summits did not increase with altitude i.e., no local evidence of elevation-dependent warming (EDW).
Evenmore,minimumandmaximum temperatures exhibited contrasting trends:minimum and
maximum temperatures increased over time at the lowest elevation, whileminima increased and
maxima decreased at the highest elevation. Also, lower elevations warmed faster during the dry season.
Surface temperatures were weakly correlatedwith theOceanicNiño Index (ONI), and the other El
Niño indices (1+2, 3 and 4). Given that theONI index reflects both the effects of ElNiño and LaNiña,
we observed that during LaNiña therewas a significant intensification of warming forminimum
temperatures and cooling formaximum temperatures at the highest elevation. Slope orientation
played an important role. Contrary towhat other studies have found,minimum temperature trends
on slopes exposed to predominant winds (i.e., northeasterlies)were significantly different (warmer)
from the leeward slopes (cooler). Thesefindings underscore the need for continued research and
monitoring to better understandmicroclimate variability and heterogeneity in these complex
topographic regions. Such efforts are essential for improving climatemodel accuracy and guiding
effective natural resourcemanagement in the face of a changing climate.

Introduction

Climate change is one of themain threats tomountainous ecosystemsworldwide. These regions, covering about
25%of the land surface, are crucial for providing numerous environmental services, including drinkingwater
for ca. 40%of the population (Rahbek et al 2019). However, there are also potential impacts on these ecosystems
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including reduced biodiversity, habitat loss, declining snowpacks, and retreating glaciers (Chimborazo et al
2022, Pepin et al 2022).

Studying the climate in thesemountainous ecosystems is complex because there is high local variability due
to topography, slope, aspect, land cover and exposure (Navarro-Serrano et al 2020).Many studies have suggested
thatwarming rates inmountains are elevation-dependent (Palazzi et al 2019, Rottler et al 2019, You et al 2020,
Miller et al 2021, Pepin et al 2022). However, this relation is not always positive, since higher elevations do not
consistently experiencemore rapidwarming (Toledo et al 2022). Globally, and particularly in extratropical
regions,minimum temperatures have shown a greater increase with elevation compared tomaximum
temperatures. This suggests that differentmechanismsmay be driving changes in daytime and nighttime
temperatures (Rangwala et al 2016, Toledo et al 2022). In general, evidence shows a rapid increase in
temperature in the cryosphere due to snow-albedo feedback, although other factors such as changes in cloud
cover and soilmoisture also play an important role (Pepin et al 2015, 2022).

One of the best-known cases of elevation dependent warming (EDW) is in the Tibetan Plateau, where rapid
warming is evident since the 20th century (Lu et al 2010, You et al 2020). However, EDWpatterns are not
consistent.Wei and Fang (2013) found positive warming of 0.318 °Cdecade−1 in thewhole region, based on
data from144 stations from1961–2010; but this trend has been gradually decreasing. Lu et al (2010) found that
high-altitude areas in the plateau (below 5000m) are less sensitive towarming than low-altitude areas, both in
speed and intensity of thewarming. The uncertainty in the EDWpattern is greater in tropicalmountains because
they are not as studied as theNorthernHemisphere ormid-latitudemountains (e.g., Palazzi et al 2019,
Williamson et al 2020,Hu andHsu 2023, Pandey et al 2024, Zhao et al 2024). Besides, warmingwith elevation in
tropicalmountains could bemore pronounced due to the stronger albedo feedback, the reduced seasonal
variation in snowline elevation and themore dominant cloud feedback and latent heat release present at these
locations (Pepin et al 2015, Byrne et al 2024).

High-altitude climate data is scarce, thereby studies usually usemodels rather than observations (Rangwala
et al 2016, Zhang 2018, You et al 2020). Despite significant advancements, climatemodels often fall short in
capturing the complexities of high-altitude environments (Lembrechts et al 2019). In contrast, in situ
monitoring provides a better representation of the highly complex spatiotemporal weather conditions and air
temperature patterns (Thornton et al 2022). This challenge is compounded by the insufficient number of
meteorological stations inmountainous, particularly in the Tropics, to accurately capture climate variability
(Navarro-Serrano et al 2020,Newell et al 2022).

TheAndesMountains are theworld’s largest continentalmountain range (Espinoza et al 2020).Within these
mountains, the Tropical Andes are considered a biodiversity (Myers et al 2000) and a climate hotspot (Nogués-
Bravo et al 2007). The surface temperature has risen by 0.68 °Cbetween 1939 and 2008, reflecting an average
increase of 0.1 °Cper decade. (Vuille et al 2008). In one of themost representative Colombian ecosystems, the
páramo, a tropical high-altitude tundra above 3000m.a.s.l, there has been a temperature increase of 0.6 °C to
1.3 °Cdecade−1 (Ruiz et al 2008).

In the tropicalmountains, high elevation temperatures aremodulated by the ElNiño SouthernOscillation
phenomenon (ENSO) (Sarachik andCane 2011). ENSO is the primary driver of climate variability on
interannual timescales, especially in the tropical Pacific, which directly influences atmospheric circulation and
temperature patterns in the Andes (Bedoya-Soto et al 2019, Reboita et al 2021). Therefore, EDWcould also be
influenced by ENSO, due to changes in clouds, atmospheric water vapor, and the increase in freezing level
heights (Diaz et al 2014). A study byToledo et al (2022), using climatemodel data, reported a positive EDW in
both the tropics and subtropics formaximum temperatures, probably due to changes in the shortwave radiation
related to the presence of snow.However, for theminimum temperatures, the tropics presented a negative EDW
trend, explained by changes in longwave radiation. These changes could also be explained by the stronger
warming trend in daytime comparedwith nighttime temperatures (Aguilar-Lome et al 2019).

In the context of local climate variability, another key factor is the slope.However, slope direction dependent
warming (hereafter: SDDW), has not beenwidely studiedworldwide. In the Andes, warming has been higher in
thewestern side than in the eastern (Vuille et al 2003), due to enhanced easterly winds andwind subsidence on
those slopes (Chimborazo et al 2022). In other parts of theworld, such as theKilimanjaro, the northeast slope
waswarmer on average compared to the southwest slope, and these differences were up to 4 °C–5 °C (Pepin et al
2017).

Despite thesefindings, tropicalmountains remain largely understudied. Given their conservation value,
unique topography, and limited in situ climate data, understanding climate variability in these regions is crucial
formanaging natural resources and anticipating climate change impacts on biodiversity andwater regulation.
TheNorthAndeanCordillera inColombia encompasses a significant portion of these ecosystems and faces
threats from climate and land cover changes. Therefore, this study aims to understand: (1)Howdoes surface
temperature vary inColombia’s tropical Andean summits over different timescales (fromhourly to
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multiannual)? (2)Howdoes temperature variability relate to ENSO, season, and elevation? (3)How is
temperature variability linked to slope direction?

Materials andmethods

Study area
The SierraNevada de El Cocuy is aNational Park (PNNCocuy), spanning theDepartments of Boyacá, Casanare,
andArauca inColombia (6.402°N, 72.345°W) (Molano et al 2022) (figures 1(a), (b)). One of its key ecosystems
is the páramo, represented by herbaceous vegetation, with average temperatures below 10 °C and they present a
strong diurnal temperature range, cloudy skies, foggy days, highUV radiation, and strongwinds (Ruiz et al
2008). According to data from the Institute ofHydrology,Meteorology and Environmental Studies (IDEAM),
the eastern portion of the range is unimodal, with one dry season and one rainy season (IDEAM et al 2017,Urrea
et al 2019).Maximumprecipitation occurs between June andAugust (López-Moreno et al 2014).

Figure 1. Study site. (a)Colombia. (b)CocuyNational Park location. (c)Elevationmapwith the four summits (LGB, CAC,CLG,
MOL) and areas coveredwith glacier (more than 3 km fromour summits). Source: Paramo’s delimitationministry of environment
and sustainable development Colombia 2021.
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Data
Weused data from the ‘GlobalObservation Research Initiative in Alpine Environments (GLORIA)’Andes
network (https://redgloria.condesan.org/homeen/), which studies climate change impacts in highmountain
ecosystems, collecting data on plant biodiversity and climate. All GLORIA sites follow a standardizedmulti-
summit approach for easy comparability between study sites (Carilla et al 2018, Llambi et al 2022, Cuesta et al
2020, 2023).

In the PNNCocuy, theGLORIA site was installed in 2010 and has four summits at different elevations:
Lagunillas Bajo (LGB, 4033m), CaminoAlto del Conejo (CAC, 4197m), Cerro Lagunillas (CLG, 4324m) and
Cerros delMolino (MOL, 4399m) (figure 1(c); https://redgloria.condesan.org/sitios-piloto/parque-nacional-
el-cocuy/). At these summits, there is no permanent snow cover; hailmay occasionally fall, but it does not form a
permanent, lasting ice cover. Temperature has been recorded usingGeoPrecisionMlog-5W (accuracy of at least
±0.1 °Cat 0 °Cwith a resolution of 0.01 °C ; temperature logged every hour; Ettlingen, Germany) located at
ground level, without direct exposure to sun, wind, or rain, sheltered beneath rocks or hidden among vegetation
clumps. These sensors have a long lifespan, lasting between five and ten years on a single battery. Although four
loggers have been placed in each summit, one in each of the four cardinal points, according toGLORIA protocol
(Pauli et al 2015), in our comparisonwe only used the northern sensor, as it had continuous data from
September 2011 toMarch 2019 (Supplementary information). However, we double-checked trends by
comparing to other sensors in the same summit, which showed the same temperature patterns in the recorded
temperature range. For exploring the differences in surface temperature between the four slopes, we chose LGB
as it was the only summit with a continuous 10-year record for the four sensors. For tropical Andeanmountain
summits, an unprecedented large amount ofmore than 500,000 datawas compiled and synthesized in this
study, representing data collected at the four summits of PNNCocuy, Colombia (Sanchez 2025).

Data analysis
Data processingwas done using the interquartilemethod for removing outliers (Dash et al 2023).We removed
only the superior limit (data points falling aboveQ3+ 1.5 * IQR), due to the occasional values higher than
20 °C–25 °C,whichwe considered as errors based on previous páramo studies (Ruiz et al 2008, Sanchez et al
2018). These outliers were not present in theminimum temperatures. To characterize the climate, hourly to
decadalmaximumandminimum temperatures were analyzed. Daily temperatureminima andmaximawere
first derived by selecting the lowest and highest hourly values recorded each day, ensuring a consistent and
standardized approach before further analysis. To assess the differences between seasons, the dry seasonwas
considered fromDecember toMarch, and thewet season as the rest of themonths. The dry season in this region
does not imply an absence of precipitation but rather a period of significantly lower rainfall. This seasonal
variability plays a crucial role in shaping ecological processes, hydrological dynamics, and local climatic
conditions (Lazo et al 2019, Patiño-Gutiérrez et al 2024).

Climate and ENSO relationswere analyzed usingmultiple indices that capture different expressions of the
phenomenon, including theOceanicNiño Index (ONI), which is based on a 3-month rolling average of sea
surface temperature anomalies in the central Pacific (Glantz andRamirez 2020). According to theNational
Oceanic andAtmospheric Administration (NOAA), El Niño conditions occurwhenONI is+0.5 °Cor higher,
while LaNiña occurs whenONI is−0.5 °Cor lower.We also consideredNiño 1+2,Niño 3 (Canonical ElNiño),
Niño 4 (ElNiñoModoki), andNiño 3.4, as they are known to produce different atmospheric responses in the
Andes (Reboita et al 2021). To better understand the ENSO-temperature relationship, we performed a lagged
correlation analysis betweenONI and surface temperatures at 1-month, 3-month, and 6-month lags, as the
ENSO signal oftenmanifests with a delay in high-altitude tropical regions (Córdoba-Machado et al 2016, Sayol
et al 2022). The strength of these relationships was quantified using the Spearman correlation coefficient.
Additionally, we incorporated theMonthly ArcticOscillation (AO) as an additional climate driver thatmay
influence temperature variability (Chen et al 2024).We also tested the relationshipwith the AntarcticOscillation
(AAO), but therewas no significant correlationwith temperature variability at the study site, likely due to its
equatorial location (results not shown).

A linear regressionwas performed usingmonthly temperature values, with elevation and date as predictors
to determine overall warming trends. Statistical significancewas assessed using a t-test. Diurnal temperature
range (DTR)was calculated as the difference between themonthlymeanmaximum temperature and the
monthlymeanminimum temperature. Additionally, warming trends forminimumandmaximum
temperatures were analyzed separately using linear regression onmonthlymean temperatures across seasons
and ENSOphases. Differences between summits and slopes under varying conditions (dry/wet seasons, El
Niño/LaNiña)were tested using aKruskal–Wallis test and post-hocDunn test due to non-normal data.
Correlations between slopes (in LGB) and summits were evaluatedwith Spearman’s rank coefficient. All the
analyses were performed inR (R studio team2020) and a list of all the packages used can be found in the
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supplementarymaterial.We highlight that the temperature trends presented in this study, including changes in
minimumandmaximum temperatures aswell as diurnal temperature range (DTR) focus on climate variability
rather than long-term climate change, given the� 20-year study period.However, studyingmicroclimatic
heterogeneity, evenwith shorter-termdata, is key to predict and understand the impacts of climate change at
different scales (Zandonai et al 2024).

Results

Temperature variation fromhourly to decadal scales
In analyzing temperaturedynamics across summits, variations indaily temperaturedifferencesbetween thedry andwet
seasonswereobserved,particularly at thehigher-elevation sites (figure 2). Long termmonthly temperature showed
distinct trends inminimumandmaximumtemperatures (figure3). In general,maximumtemperatures increased in all
summits, except at thehighest summit (MOL).Minimumtemperatureswerenot consistent across summits,with two
summits (CACandCLG) showingan increase and twoothers (LGBandMOL) showingadecrease.Average
temperature trendswerenon-significant except forLGB,which showedan increaseof 1.15 °Cdecade−1 (p<0.05, table
S2).Minimumtemperatures exhibiteda significant increasing trend inLGB (1.04 °Cdecade−1, p<0.05; table S1) and
MOL (3.15 °Cdecade−1, p<0.05; table S1),withMOLconsistentlyhaving the lowestminimumtemperatures and
LGBthehighest.However,CACandCLGshoweddecreasing trends forminimumtemperatures (−1.74 °Cdecade−1,
and−0.40 °Cdecade−1 respectively; table S1).Conversely,maximumtemperatures generally showedan increasing
trend for all summits (LGB1.96 °Cdecade−1,CAC2.12 °Cdecade−1,CLG3.12 °Cdecade−1, p<0.05; table S1), except
MOL,whichexhibiteda significantdecreasing trend (−5.39 °Cdecade−1, p<0.05; table S1).Minimumtemperatures
showed less variability over timeandacross the summits, compared tomaximumtemperatures (figure3, table S1).
After removing the seasonal cycle, the regression analysis of temperature anomalies showed that theoverall trends
remainedconsistent, confirming the robustnessofourfindings (figureS1).

The correlations between the four summits are generallymoderate to high (figure 3, table S5), with stronger
correlations observed formaximumcompared tominimum temperatures. However,MOL exhibits weaker
correlations, particularly formaximum temperatures, suggesting that while the variability across slopes is
comparable, their time evolution differs significantly at these scales. Additionally, Diurnal Temperature Range
(DTR,maximumminusminimum temperatures) exhibited significant increasing trends in LGB, CAC and
CLG,whereas a significant decreasing trendwas observed inMOL (figure S2, table S3). Therewere also
significant differences in theDTRbetween LGB and all the other summits (p< 0.05, table S4).

Relationships between temperature variability and the ENSO, season, and elevation
The impact ofENSO, representedby theONI index andotherNiño indices (Niño1+2,Niño3, andNiño4), on
monthlymean temperaturewas low (r<0.5) across all summits. Specifically, forONI, this low impactwas consistent
across all lag scenarios (0-month, 1-month, 3-month, and6-month lags) (figure S3). Similarly, theArcticOscillation
(AO) index showedno significant impact on temperature variability (figure S4). CorrelationswithNiño1+2,Niño3,
andNiño4wereweak andnon-significant formost summits, except for LGBandMOL,whereweakbut significant
correlationswere observed for someNiño types (figure S5).However,when averaging theONI indexduring the

Figure 2.Differences in hourly temperatures between the dry andwet seasons, for the four summits (LGB,CAC,CLG,MOL) (local
time, GMT-5). The largest differences between dry andwet seasons occurred during the daytime (6AM to 3 PM) across all summits,
though each summit exhibited distinct peaks during this period. The summits are presented in ascending order of elevation.
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studyperiod (2011–2019),we foundapositive value of+0.13, suggesting a slight dominanceof ElNiño conditions
during this time.Differences in average temperatures between summitswere significant for bothmaximumand
minimumtemperatures, except betweenLGBandCLG (maximumtemperatures;figure 4(A), table S6).During the
dry season, LGB temperatures ranged from7 to13 °C,whileMOLranged from3 °Cto6 °C (figure 4(B)). In thewet
season, LGBhad ahigher temperature range, especially compared toMOL (7 °Cto14 °Cversus 2 to 6 °C,
respectively).MOLpresented the lowest temperatures, especially in thedry season (figure 4(B)).Differences between
summitswere significant duringboth seasons (p<0.05; table S7).

Warming trends forminimumandmaximum temperatures, categorized by seasonal (dry/wet) and ENSO
(ElNiño/LaNiña) conditions, are summarized infigure 5. Trendswere calculated separately for each category
usingmonthly temperature data to assess how temperature changes vary under different climatic conditions. At
LGB, consistent warmingwas observed in bothminimumandmaximum temperatures during the dry season,
while no significant trendswere found during thewet season or ENSO. AtMOL,minimum temperatures
showed significantwarming across all conditions except ElNiño, whereasmaxima consistently cooled, with
stronger cooling during ElNiño than LaNiña. CACdisplayed significant trends undermost conditions (figure 5,
table S8). In contrast, at CLG,minimum temperatures showed significant cooling for the overall dataset and the
dry season, whilemaxima displayed significantwarming across all conditions except ElNiño (figure 5, table S8).
Atmid-elevations, like CAC andCLG, cooling forminimumandwarming formaximum temperatures were less
pronounced during the dry season, but intensified during LaNiña, reflecting significant differences between all
data and these conditions (figure 5, table S9).

The altitudinal temperature gradient showed a negative slope, decreasing by ca.°C-0.007°Cpermeter
(−7 °Ckm−1, p<0.001) (figure S6), consistently for bothminimumandmaximumtemperatures (figure 4(A)).
However, elevation-dependentwarming trendswerenot significant (p>0.05),with rates of−1.61 °Cdecade−1 km−1

for average temperatures,−14.13 °Cdecade−1 km−1 formaxima, and4.28 °Cdecade−1 km−1 forminima.
Temperaturedifferences betweenLGBandMOLvariedover time,with a slight decreaseduring thedry seasonandan
increase from2 to3 °Cduring thewet season (slope=0.02 °Cmonth−1, p=0.06). This suggests LGB temperatures
rose significantly faster during thedry season,whileMOLtemperatures decreased (figure6).

Figure 3.Monthlyminima (upper panel) andmonthlymaxima (lower panel) temperature variation in the four summits (LGB, CAC,
CLG,MOL). The x-axis displays data at two-month intervals. Regression slopes are indicated (units: °Cday−1). Statistically significant
slopes (p< 0.05) are depicted by an asterisk (*) and specific slope and p-values can be found in table S1. The summits are presented in
ascending order of elevation.
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Temperature variability and slope direction relation
Minimumandmaximum temperatures showed distinct trends among slopes in SDDW (figure 7). For the
minima, theN and E slopes exhibited increasing trends (2.8 °Cdecade−1 and 1.47 °Cdecade−1 respectively,
p< 0.05), while S andW showed a decreasing trend (−1.88 °Cdecade−1 and−0.67 °Cdecade−1, p< 0.05; table
S10). For themaxima,N, S, and E slopes increased (0.205 °Cdecade−1, 0.12 °Cdecade−1, 1.18 °Cdecade−1,
respectively, p< 0.05), whereas theW slope decreased significantly (−1.05 °Cdecade−1, p< 0.05; table S10)
(figure 7). Correlations between slopes were higher forN-E (r= 0.17) thanW-S (r= 0.04), though bothwere
significant (p< 0.05; table S11). Significant differences were observed among slopes under all conditions (dry/
wet seasons, ElNiño/LaNiña), except during thewet season (table S12). Notable differences included E-S, N-S,
and S-W (p< 0.05) for combined data, the dry season, and ElNiño, while E-Wand S-Wdiffered significantly
during LaNiña (p< 0.05; table S12).

Comparingminimumandmaximum temperatures across seasons and ElNiño/LaNiña for each slope at
LGB, significant differences (p< 0.05, table S13)were found for themaxima. For theminima, no significant
differences were observed between all data and LaNiña (p> 0.05, table S13). However, a significant cooling
trend inminimum temperatures was found during the dry season and LaNiña on the S-facing slope.
Additionally,maximum temperatures showed a significant cooling trend during thewet season and LaNiña on
theWslope, withmore cooling ofminimum temperatures in the dry season. In contrast, warming trendswere
more pronounced on theN and E slopes during ElNiño (table S14,figure S6).

Figure 4. (A).Mean temperature differences betweenminimumandmaximum temperatures in the four summits (LGB,CAC, CLG,
MOL).Maximum temperatures tend to have a broader range than theminimum,with LGB consistently beingwarmer thanMOL
(meanminimum temperature≈ 5 °C,meanmaximum≈ 13 °C.) (B).Mean temperature differences between the dry andwet seasons
for the four summits (LGB, CAC,CLG,MOL). Diamonds show themean temperature for each summit.Minimum temperatures are
significantly different between LGB-CAC, LGB-CLG andLGB-MOL andmaximum temperatures between LGB-CAC and LGB-MOL
(p< 0.05; table S6). All summit temperatures were significantly different between the dry andwet season (Table S7). The summits are
presented in ascending order of elevation.
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Discussion

Surface temperature variability in the tropical Andean summits of Colombia, particularly in PNNCocuy,
showed distinct patterns across elevations.Minimum temperatures increased in both LGB andMOL,while
maximum temperatures increased in LGBbut decreased inMOL (figure 3). Despite being less than 400meters
apart, temperature trends variedwidely (from−5 to 3 °Cdecade−1), contrastingwith previous páramo
ecosystem trends of 0.6 to 1.3 °Cper decade (Ruiz et al 2008). However, the average trend of 1.15 °Cdecade−1 at
the lowest elevation alignedmore closely with those previous values. This discrepancy is likely due to air/surface
temperature variability and the proximity of glaciers, wheremicroclimates arewarmingmore rapidly, especially
in tropical and SouthernHemispheremountains (Marta et al 2023).

Maximum temperatures showed about 20%more variability thanminimum temperatures, likely due to
differences in solar radiation and cloud cover (figure 3). From1981 to 2020, cloud cover explained over 83%of
the changes in diurnal temperature range (DTR) across global land areas (Ruiz et al 2008, Zhong et al 2023). The
increased variability inmaximum temperaturesmay also be linked to the reduced cooling effect of soilmoisture,

Figure 5.Changes inwarming trends forminimumandmaximum temperatures for the seasons (dry andwet) and ENSO (ElNiño
and LaNiña) between summits (LGB,CAC,CLG,MOL).Monthly temperature datawere grouped into seasonal andENSO categories,
and trendswere calculated separately for each condition. Significant differences (p< 0.05) between groups are depicted by an asterisk
(*) and details are found in table S9. Color asterisks show significant trends (p< 0.05)within each specific group; values can be found
in table S8.
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which contributes to faster warming (Zhong et al 2023). Additionally, daytime temperatures increasedmore
than nighttime temperatures inmost of our summits, likely due to lower specific humidity and precipitation,
potentially leading to heat stress on fauna and flora (Cox et al 2020). Temperature differences between dry and
wet seasons varied significantly, with lower altitudes warmingmore during thewet season.However, in regions

Figure 6.Average temperature differences for the dry (upper panel) andwet (lower panel) seasons, between the lower and higher
elevation summits (LGBminusMOL). Slopes are in units: °C/month and the statistical significance (p< 0.05) is shown by an
asterisk (*).

Figure 7.Monthlyminimum (upper panel) andmonthlymaximum (lower panel) temperature variation in the four slope directions
(north, south, east andwest) at LGB summit. The x-axis displays data at three-month intervals for improved readability. Regressions
are in units: °C/day. Statistically significant slopes (p< 0.05) are depicted by an asterisk (*). Specific slope and p-values can be found in
table S7.

9

Environ. Res. Commun. 7 (2025) 061002



with unimodal regimes, wet seasons have been shortened by 60.3%of the tropics and by 64.8%of these areas the
season’s timing has shifted, alongside decreased precipitation (Guo et al 2022).

A contrasting trendwas observed at the highest summit (MOL), whereminimum temperatures increased
more thanmaximum temperatures, suggesting that nights are warming faster than days (figure 3). This is likely
due to higher humidity and cloud cover, which reduce the diurnal temperature range. This pattern alignswith
global observations of nighttimewarming exceeding daytimewarming by 0.25 °C,which has significant
implications for plant phenology and carbon processes (Cox et al 2020). Thewarming asymmetry is primarily
driven by reduced shortwave radiation during the day due to cloud cover, leading to cooler daytime
temperatures, while longwave radiation re-emission at night causes warming. Soilmoisture also plays a critical
role in this asymmetry, particularly in the tropics (Cox et al 2020).

Warming asymmetries, where temperature differences betweenminima andmaximaexceed3 °C, havebeen
reported in theTibetanPlateau andparts of theAndes (Cox et al 2020). At high elevations (around4500m), this
phenomenon ismore pronounced, particularlydue to extensive cloud cover at night. The impacts observed on the
TibetanPlateauprimarily affect plant growth, phenology shifts (Cox et al 2020), and ectotherms (Speights and
Barton2019). The rising nighttime temperatures offer thermal refuge, allowing organisms to recover fromdaytime
heat, potentially driving shifts in species distributions to higher altitudes (Cox et al 2020). The cooling trend atMOL
(figure 3) alignswith lesswarming observed at higher elevations in the tropics since 1979 (Wigley et al 2006) and
maybe linked to a globalwarming hiatus, as noted in recentAndes studies (Vuille et al 2015). A local high-elevation
microclimate atMOLcan run counter to thebroaderAndeanwarming trend. Several complex feedbacks specific to
theMOL summitmay be occurring, including snow-albedo and surface energy balance feedbacks, katabaticwinds,
water vapor and cloud interactions, soilmoisture trends and associated latent heatfluxes, localized shading effects,
or even subtle changes in vegetation cover (see Pepin et al2015, Byrne et al 2024). For example, amicroclimatewith
increaseddaytime snowcover and reduced cloudiness—leading to greater outgoing shortwave and longwave
radiation—during the 2011–2019period at the highest summit (MOL) couldhelp explain the contrastingnegative
trend inmaximum temperatures.However, confirming this hypothesiswould require dedicatedmodeling efforts
and/or additional instrumentation,which are beyond the scope of the present study.

InColombia, ENSOplays a crucial role in shaping hydroclimatic variability, with its effects shaped by the
country’s tropical condition and complex Andean topography (Vega et al 2024). ENSOphases strongly regulate
rainfall patterns, with ElNiño bringing prolonged droughts, heat waves, and forest fires, whereas LaNiña leads
to severe storms, landslides, and floods (Poveda et al 2020). ENSO also affects soilmoisture and causes anomalies
in vegetation, influencing evapotranspiration patterns (Poveda et al 2011). Higher elevation areas also face
unique challenges, including frequent frost events during dry seasons due to intense nighttime radiative cooling
and low cloud cover (Poveda et al 2020). Despite these broad-scale influences, the relationship between ENSO
and surface temperature variability in the tropical Andean summits of PNNCocuy appears to be complex.

Theweak correlation between ENSO indices and surface temperature variability (figures S3, S4 and S5)
suggests that local and regional factors, such as slope orientation andmicroclimatic conditions,maymediate its
effects. The lack of significantfindings regarding ENSO’s impact could also stem from the relatively short period
of analysis (2011–2019), which limits our ability to fully capture the interdecadal variability of the ENSO-
temperature relationship.Moreover, the EasternAndes is impacted later andmoreweakly by the ENSO signal
(Poveda et al 2011), which could further explain theweak correlation in this region. Thismay explainwhy
warming during ElNiño/LaNiñawas non-significant at the lowest summit (LGB) andwhy therewere no
significant differences inminimum temperatures at the highest summit (MOL). Interestingly,maximum
temperatures atMOL cooledmore during ElNiño than LaNiña, whileminimum temperatures increasedmore
during LaNiña. The absence of significant differences inminimum temperatures indicates that local factors—
such as persistent cloud cover,moisture levels, or wind patterns—may play amore dominant role in
temperature dynamics in thesemountainous regions (Lundquist andCayan 2007).

Our analysis revealed a significant altitudinal temperature gradient, of ca. 7 °Cper kilometer, higher than the
standard adiabatic lapse rate of 6 °C (Fitzgerald andKirkpatrick 2020) and the 4.5 °Cof othermountainous
regions (Dutra et al 2020). Nevertheless, elevation-dependent warming inmaximumandminimum
temperatures was non-significant, suggesting that local factors such as topography, wind patterns, or cloud
cover changesmay influence temperature trends independently of elevation (Lundquist andCayan 2007).
Contrasting results in Andean EDWstudies include Toledo et al (2022), who found a negative EDW in
minimum temperatures and a positive trend in themaxima, likely due to differingmethodologies, such as
climate simulations for future projections. Vuille and Bradley (2000) reported a negative EDW in the Andes,
with reducedwarming but no cooling. InColombia, an EDWhas been reported, but nowarming rate has been
estimated (IDEAM, PNUD,MADS,DNP,Cancillería 2017), likely due to biases fromusing average
temperatures from climatological stations. Byrne et al (2024) estimated a surface air temperature trend from
0.0089 to 0.018Kdecade−1 km−1, in the tropics and the subtropics, while Chimborazo et al (2022) reported a
positive warming rate of 0.08Kdecade−1 km−1 in Ecuador. These numbers are smaller than the
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−1.61Kdecade−1 km−1 reported in this study, likely due to the use of climatemodels versus observed data and
the broader spatial and temporal scales considered in those studies.

The analysis of SDDWshowed that temperature trendswere influencedbywhether the slope faced northeast or
southwest, likelydue to factors such as cloud cover and solar geometry (Pepin andLundquist 2008). The
predominant easterlywinds inCocuy, shifting to northerlywinds at times (Murcia et al 2017), likely explain the
correlations between theNandE slopes. Thesewindsmay enhance heating on the east-facing slopes bymoving
clouds andmist (Pepin andLundquist 2008). Pepin et al (2017) found similar trends inKilimanjaro,whereNE
slopeswarmed faster due to earlier direct sunlight, coupledwith lower humidity. Interestingly, in contrastwith
Vuille et al (2003) andChimborazo et al (2022), thewest-facing slope exhibited a significant decrease inmaximum
temperatures,which could be explained by differences in solar exposure,windpatterns, andmoisture retention.
López-Moreno et al (2022)observed similar trends inCocuy glaciers, where east-facing slopes experienced greater
ice loss, whilewest-facing slopes saw increased ice cover, likely due to higher humidity. This could cause species to
migrate to higher elevations or seek thermal refuge there. Feldmeier et al (2020)observed that speciesmaymove
towards locations that are either cooler orwarmer, depending on their thermal preferences. For instance, the alpine
salamander and the common lizard in the SwissAlps exhibitedupward shifts in elevation aswell as northward shifts
in aspect, with the latter being associatedwith cooler conditions.

Conclusion

This study significantly contributes to understandingElevationalDependentWarming (EDW) and its broader
climatic impacts in theAndes,with a focus inColombia—anunderstudied region. By examining spatial
heterogeneity in alpine environments, it highlights how short-term temperature variability candiffer between
closely spaced elevations andmountain slopes, revealing the complexities of climatic patterns in tropical high-
altitude ecosystems.Thesefindings are invaluable formanaging vulnerable ecosystems,where surface temperature
is a key factor in environmental research andwatermanagement (Aguilar-Lome et al 2019, Zandonai et al 2024).
However, effectivelymodelingmicroclimates across large areas remains a challengedue to limited data in tropical
mountainous regions. Continuousmonitoring, including energyfluxes andhumidity (Rangwala andMiller 2012),
is essential. Additionally, understanding short-term temperature variation, such as diurnal temperature range
(DTR), is vital, as it influences species distribution and the elevational range of vascular plants (Gallou et al 2023).
This knowledge is critical for developing strategies tomitigate the impacts of climate change in this region.
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