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Abstract

Much recent scientific focus has been on the impact of climate change on human and natural environments. However, a
particular research gap that we address is evaluating the effect of global warming on land surface temperatures across differ-
ent spatial contexts, such as elevation, in mountain regions. Our aim is to establish the effect of global warming on daytime
land surface temperatures at various elevations and slope aspects of the central Alborz Mountains in northern Iran. The land
surface temperature (LST) component is extracted from MODIS Terra sensor satellite images for the period 2001-2021 on
a monthly basis (240 images were used). Results indicated that increasing surface temperature trends are more pronounced
than decreasing trends. Significant increasing surface temperature trends are observed for the months of January through
December and June through July. In contrast, October records significant decreasing trends across all study areas and geo-
graphic domains. Rates of surface temperature increases are lower in the northern zones compared to the southern zones
of the Central Alborz, for elevations ranging from 1500 to 4000 m above sea level. A key finding is that global warming
has increased surface temperatures on both the northern and southern aspects of the western and mid regions of the Central
Alborz Mountains, while no changes are noted for the eastern region.

Keywords Global warming - Temperature gradient - Elevation - Alborz Mountains

1 Introduction

Land surface temperature (LST) plays a crucial role in
global change studies, particularly in the estimation of radia-
tion values and the environmental heat balance for climate
modeling (Kayet et al. 2016). Usually, seasonal and inter-
annual fluctuations in air temperature are smaller than those
at the Earth’s surface. (Oko et al. 2006; do Nascimento et al.
2022). Changes in the daily cycle of LSTs are also strongly
influenced by surface characteristics and local environmen-
tal conditions such as air flow and insolation at the ground
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surface (Dutta et al. 2022). Given that meteorological param-
eters measured by synoptic stations are usually set at~1.5 m
above the ground surface and are highly location-specific,
such data are unsuitable for generalization across a regional
scale, and especially so where the topography is diverse
(Dowling, et al., 2022). This challenge is surmounted by
leveraging remotely sensed thermal data captured within the
thermal infrared portion of the electromagnetic spectrum. In
this approach, the thermal emissions from the Earth's sur-
face, which directly correspond to land surface temperature,
are detected and measured using sensors sensitive to thermal
infrared radiation. This technique allows for the collection of
valuable temperature data across vast areas without the limi-
tations posed by ground-based measurements (Sahani 2021).

Global surface temperatures have surged to unprec-
edented record highs in recent decades, with consequential
stress and challenges for societies and environments world-
wide (Briscoe et al., 2023). Global warming rates during
the twentieth century have been widely documented, but
are even more pronounced and concerning during the first
2 decades of the twenty-first century (Wang et al. 2022).
For instance, it is estimated that the global mean surface
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air temperature has increased by 1.09 °C over the last dec-
ade (2011-2020), relative to the period 1850-1900 (IPCC,
2014; Chen et al. 2022a, b). However, at the global scale,
such warming rates may be highly variable in space and
time, with some areas even experiencing cooling or rela-
tively stable climate conditions during the past few decades
(Estrada et al. 2021). In addition, the northern hemisphere
has warmed more than twice as fast as the southern hemi-
sphere (Wu et al. 2023). Understanding the spatial contexts
of these temperature variations holds considerable impor-
tance given their profound implications for regional hydro-
logical and environmental processes, such as permafrost
thaw (Ma et al. 2023), ice melt (Ivanov 2023), slope stabil-
ity (Thomas et al. 2023), and the frequency and intensity of
tropical storms (Kaur et al. 2023). Nevertheless, accurately
projecting future temperature changes remains a formidable
challenge, particularly when considering finer spatial scales
(Park et al., 2023).

There is a general agreement in the literature that regions
most strongly impacted by warming trends are terrestrial
areas at high latitude or elevation (Overland et al. 2018;
Thompson et al. 2021). Mountain regions are particu-
larly sensitive to global warming and in several cases high
mountain environments have warmed more rapidly than in
adjacent lower elevation areas (e.g., Mountain Research
Initiative EDW Working Group, 2015). This has important
implications for mountain bio-diversity, water security and
landscapes (e.g., Korner 2003). Warming at high elevations
has also impacted the cryosphere (i.e., permafrost, glaciers,
snow cover), with in many cases glaciers rapidly retreating
or disappearing (e.g., Sommer et al. 2020), permafrost thaw-
ing and causing slope instability (e.g., Swanson 2021), and
snow packs declining in their annual longevity (e.g., Hun-
ing and Aghakouchak 2018). Given that snow has impor-
tant thermal regulatory control on the substrate (soil, rock)
through its insulating properties, humidity and moisture,
and reflective properties on insolation, changes in snow-
pack thickness and longevity have direct implications on
soil temperatures. Such climate warming related changes
in mountain regions have knock-on effects on biosystems,
and very importantly, on water availability. Mountains are
oftentimes referred to as “Water Towers” (e.g., Hill 2013)
given their source of regulated and reliable water to sur-
rounding drier regions (Viviroli and Weingartner 2004). To
this end, changes in mountain water storage (as glaciers and
snowpacks) are likely to impact future water availability for
human consumption, irrigation and power generation.

Prior investigations into climate-related changes in Ira-
nian mountain regions have provided valuable insights.
Using oak tree ring data, Azizi et al. (2013) reconstructed
precipitation patterns and trends for the central Zagros
Mountains, dating back to A.D. 1840. Tree-ring data have
also been used to establish ecological implications of recent
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warming on oak forest health in the Zagros Mountains
(Arsalani et al. 2022). Detection and attribution of seasonal
climate variability has also been considered for lower eleva-
tions (hillsides) of the Central Alborz Mountains (Naseri
et al. 2021). In contrast, future climate projections with
ensemble species distribution modeling for potential habitat
shifts of Salvia hydrangea have been considered for the Cen-
tral Zagros Mountains (Ardestani and Ghahfarrokhi 2021).
Collectively, these studies span a wide spectrum of climate-
related investigations for the Zagros and Alborz Mounains,
ranging from historical precipitation trends to future habitat
projections, climatic attribution, and ecological responses.
Given that most lower elevation regions surrounding high
mountains in Iran are climatologically and hydrologically
semi-arid to arid, any climate change related alteration to
reducing mountain water resources has critical implications
for agriculture and society (Asakereh and Ashrafi 2023).
To ensure appropriate planning and preparation for future
climate-water scenarios in Iran, it is essential to undertake
downscaled approaches to establish region-specific changes
in temperature and hydrology. About 16% of Iran’s popula-
tion, primarily those living in the provinces of Alborz and
Tehran, directly depend on water resources originating from
the Central Alborz Mountains. Given climate warming and
associated impacts in these mountains, water scarcity has
become an acute concern to the region (Daneshvar et al.
2019; Vaghefi et al. 2019; Nagha and Farid Mojtahedi 2020).
To this end, and in an attempt to establish potential spatial
differences in environmental warming across this mountain
landscape, our aim is to investigate spatial-temporal patterns
of surface temperature changes during the last 2 decades.

2 Materials and methods
2.1 Study area

The Central Alborz Mountains, situated in northern Iran
(between 35° 50" to 36° 40’ N and 50°50' to 52°50" E),
constitute Iran’s highest mountain range. They feature a
dramatic elevation change, ranging from —40 m above
sea level near the Caspian Sea to a towering 5,671-m a.s.1.
at the summit of Mount Damavand (Nasiri et al., 2022).
The northern Central Alborz Mountains receive varying
precipitation levels (500-1500 mm per year), depending
on elevation. These areas are mainly covered by Hyrcan-
ian forests, extending up to around 2850 a.s.l (Noroozi
et al., 2008; Karimi et al. 2015). The climate shifts from
a humid-warm-temperate on the northern side to a con-
tinental-semiarid climate on the southern side, charac-
terized by noticeable summer drought (Foroozan et al.
2020). However, at high elevation, the climate remains
Mediterranean-type, with considerable snowfall during
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late autumn, winter and early spring seasons. In line with
our research objectives, the Central Alborz is categorized
into three sub-regions: the Eastern, Middle, and Western
Alborz (Fig. 1). Additionally, each of these sub-regions
is further divided into the northern (N) and southern (S)
aspects of the mountain range. Elevations range from
1000 to 4000 m a.s.1., as indicated in Table 1. For defin-
ing elevation gradients, we'll refer to each 500 m eleva-
tion zone using its uppermost value (e.g., 1000-1500 m
a.s.l. will be denoted as 1500 m a.s.l.). LST changes are
determined by elevation across different landscape com-
ponents. For specific area coverage (in hectares) and
mean slope gradients (in degrees), please see Table 1.

(Meter)
Elevation  Elevation  Elevation

2.2 Land surface temperature extraction

To extract monthly Land Surface Temperature (LST), we
employed the Moderate Resolution Imaging Spectroradi-
ometer (MODIS) satellite MOD11A2.061 Terra LST prod-
uct, which operates at a daily time scale and offers a spa-
tial resolution of 1 km. We generated an image collection
considering all the MOD11A2.061 images for the period of
2001-2021. Prior to extracting the LST time series, quality
bit masks were employed to filter out low-quality images.
Only the pixels with good quality were retained, eliminat-
ing the need for examining more detailed quality indica-
tors. Based on resulted LST pixels, we calculated the mean
monthly LST for each study site. In this regard, we utilized
the capabilities of the Google Earth Engine (GEE) cloud
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Fig. 1 Geographical location of key study regions including the Western, Middle and Eastern Central Alborz Mountains. Height profile changes

are also given for each of the study regions

Table 1 Area (hectares) and mean slope gradient (degrees) for elevation classes on north (N) and south (S) aspects of the three study regions

Elevation (m a.s.l.)  West Middle East

N slope S slope N Slope S slope N slope S slope
1000-1500 46,3572 2198 9522 6.27 42,793 2320 54,109.6 11.01 10495.6 2325 30,7144  4.02
1500-2000 65,2482 22.06 40,1969 14.65 50,752.6 24.06 83,661.1 19.29 17,093.5 2591 29,522.1 9.51
2000-2500 41,6049 2299 68367.7 21.03 953503 20.60 139,257.2 19.54 46,661.5 21.53 39,598 18.29
2500-3000 24,896.1 2497 85,8057 2422 78,6947 20.74 59,469.8 18.63 34,1009 20.66 16,094.7 21.93
3000-3500 10,986 25779 36,339.1 2522 50,470.2 22.83 6697.5 19.89 6546.7 2231 8136.5 26.09
3500- 4000 11245 26.28 7484.8 26.15 9869.2 23.26 653.1 24.66 14024 2655 4532 28.01
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computing platform. After extracting the monthly LST time
series, further processes such as statistical analysis were per-
formed using Visual Basic for Applications (VBA) program-
ming in Excel (Fig. 2).

2.3 Normalized difference Vegetation index (NDVI)
extraction

Based on previous studies, variations in land use and land
cover (LULC) patterns, vegetation density, and types can
influence the synergistic operation and lapse rates of LST,
especially across different elevation gradients. To assess
the impact of these factors, we calculated the Normalized
Difference Vegetation Index (NDVI) as a proxy for LULC
classes, vegetation density, and types as suggested by (Cui
et al. 2020). For this purpose, we used the Landsat 7 reflec-
tance product during the growing season (April-September)
to prepare an annual mean NDVI time series. All images
with cloud cover less than 30% were utilized, and bit masks
were applied to mask cloud shadows and snow. Finally, we
implemented a gap-filling algorithm (Yan & Roy 2018) to
obtain reflectance data for pixels affected by clouds, cloud
shadows, or Scan Line Corrector (SLC) failures.

2.4 Trend detection based on linear regression

Linear least squares (SL) regression is a common method
for detecting linear trends in climate time series, as dem-
onstrated by Eklundh and Jonsson (2016). In this method,
the observed climate variable and the time sequences are
respectively considered as the response variable Y and the
independent variable X (as shown in Eq. (1)). The slope
and intercept coefficients (B0 and 1) in the best-fitting line
can be determined using the Least Squares (LS) technique.
This method aims to find coefficient values that minimize
the squared differences between the observed and predicted
values of Y.
(Huang et al. 2022).

Y=p+pX ey

The trend derived from SL is determined by the slope
coefficient, and its LS estimate, which can be expressed
as Eq. 2:

Tr=3)x0-y
Z(x—)_c)2

The sign of the slope coefficient thus indicates trend
direction (i.e., positive upward and negative downward).
Significance of upward/downward trends is determined by
the p-value of the slope coefficient (Huang et al. 2022).

b= @

3 Results

3.1 Spatial-temporal variability and change (2001-
2021) of LSTs across the central alborz

3.1.1 Correlation analysis of land surface temperature
changes in eastern region

The correlation heatmap for changes in LST across the
Eastern study region is presented in Fig. 3. Based on
the results, LST increases were observed in both mid-
summer (June—July) and mid-winter (December—Janu-
ary) on the northern aspect at various elevations. Some
of these increases showed statistical significance, such as
r=0.38 in January at 3500 m a.s.l. However, significant
temperature decreases were only noted in October, with
a correlation of —0.54 at 2500 m a.s.l. Similar temper-
ature patterns were found on the southern aspect, with
the exception of June. Notably, significant temperature
increases were recorded in July (r=0.72 at 1500 m a.s.1.),
January (r=0.51 at 4000 m a.s.l.), and December (r=0.42
at 2000 m a.s.l).

(m) Feb Mar Apr Jun Jul Aug Sep Oct Nov
1500 0357 007 027 -0.14 . -0.06 -022 [ 044 -0.27
2000 | 033 | -001 -0.08 -0.02 018 033 014 -0.14 - 024
Northern aspect 2500 026 008 008 012 -012 (022 021 0.03 0.14
3000 | 032 013 -004 -0.11 -0.15 0.19 015 011  -044 -0.05
3500 | 01 005 -009 -019 016 026 -022 003  -037 -0.07
4000 | 028  0.09 -0.06 -0.05 -0.14 0.3 025 -0.04 _-0.39  -0.08
1500 0.3 011 021 018 023 -0.15 0.1 021 -035 -035
2000 | 026  -008 -026 -023 -024 -0.16 027 -0.22 [EUETENEHSS
Southern aspect  230? 01 -025 -027 -025 -0.16 027 -022  -04 -032
3000 Bl 023 030 028 -0.17 023 -021 [EUSEM -0.26
3500 IR 014 027 (0321 -02 OESM -027 -021 B0BSN -0.13
4000 027 | -0.16 -026 -034 -023 02 037 -021  -038 -0.17 024

Fig.2 R coefficient values calculated for changes in LSTs on northern and southern aspects, Eastern study region, Central Alborz (* =signifi-

cance level of 0.05%; ** =significance level of 0.02%)
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(m) Jan Feb Mar Apr
Northern aspect 1500 5.68 8.7 1521 19.46
2000 2 499 12.66 19.43

2500 1.72 1093 20.46
3000 6.63 17.47
3500

1.58 11.54
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Southern aspect 1500
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19.71 26.48

2500 14.03 214
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2253
22.86
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24.22 | 30
19.76
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18.29

1725
Sep Oct Nov Dec
228 1797 1142 7.8
23.78 17.71 9.47 3.87
2796 19.13 84
2739 1749 5.74
24.06 13.74 1.79

21.31 11.08  -0.96

29.57 19.55 11.57
2549 1584 8.32
21.17 1121 3.45
3.5 26.38 17.49 7.46
2573 EOOROOEISY 22.95 13.81 W20
14.6 23.75 27.82 27.05 2028 11.02  0.35

Fig.3 Average monthly LSTs (°C) for different elevation zones on northern and southern aspects of the Central Alborz in Between 2001 and

2021 (Eastern study region)

3.1.2 Altitudinal temperature trends and seasonal changes

On the northern aspect, maximum LSTs are reached during
August at elevations of 1500 m a.s.1. (25.34 °C) and 2000 m
a.s.l. (26.95 °C) (Fig. 3). At higher elevations, maximum
LSTs are reached during July, suggesting an earlier onset of
seasonal cooling here (i.e., from August onwards). During
winter (December—March), LSTs turn negative, reaching
coldest conditions in January at 4000 m a.s.l. (—10.18 °C).
In March, negative mean LSTs are only measured at 4000 m
a.s.l. Very notable is the increase in mean temperature at
2500 m a.s.l. (17.62 °C) compared to that at 2000 m a.s.l.
(16.40 °C) (Fig. 4). This reflects a strong temperature inver-
sion, which may be a consequence of land use (i.e., land
cover and hence surface albedo). Land use classes are more
diverse (i.e., including gardens, forests with variable canopy
cover, pastures with good cover and others with poor cover,
rainfed and irrigated lands etc.) for the 2500 m a.s.l. class
than 2000 m a.s.l. class, while forests with dense canopy
cover a larger area at the 2000 m a.s.l. class than 2500 m
a.s.l. class. LSTs are notably higher on the southern aspect.
Mean annual LSTs, considering all elevations in this study,
are 14.57 °C for the northern aspect and 18.70 °C for the
southern aspect (Fig. 4). All elevations on the southern
aspect have their highest mean LSTs in July, ranging from
46.47 °C at 1500 m a.s.1. to 27.82 °C at 4000 m a.s.l. Nega-
tive LSTs during winter months (December to February)
are more confined to higher elevations and exhibit a lower
amplitude of freezing on the northern aspect. (see Fig. 3).

3.1.3 Decadal trends in land surface temperatures (LST)
from 2001 to 2021 across different elevations
and aspects

The results of this section focus on decadal rates of change
in LSTs within elevation zones ranging from 1500 to
4000 m above sea level, covering the period from 2001 to

Eastern region

0
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Elevation (m a.s.l.)

@ Northern aspect B Southern aspect

Western region
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»
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B Northern aspect B Southern aspect

Middle region

0
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Fig.4 Mean LSTs for different elevation zones (northern and south-
ern aspects) of the three study regions, Central Alborz
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(m) Feb Mar Apr
Northern aspect 1500 -1.17  -2.09 0.33
2000 -0.84 -1.77 045
2500 -0.1  -2.01 0.17
3000 022 -1.61 0.34
3500 0.17 -133 04
4000 -0.01 -1.09 0.59
Southern aspect 1500 -0.8 24 -1.74
2000 -0.61 | -2.93 -2.06
2500 024 -2.88 -1.96
3000 099 -252 -15
3500 139 -1.53 -0.83
4000 1.08 -1.47 -0.86

Jun Jul Aug Sep Oct Nov Dec

1.01 119 -023 -0.44 -1.57 -123 0.94
084 151 -04 -034 -199 -131 134
061 124 -046 02 -2.19 -1.15
058 1.13 -025 052 -195 -093
047 0.7 -034 034 -1.81 -097
0.39 -04 019 -2.02 -1.25
-3.11 -3.23 -1.99

-3.6 -3.07 146 -0.19 -295 -1.86
265 13 -0.3 | -2.55 -1.92
-238 1.07 -039 -2.18 -343 -1.76
238 07 -059 -196 -2.83 -1.68
-2.56 057 -0.84 -1.87 -2.7 -194

Fig.5 Average decadal changes of monthly LSTs (°C/decade) for different elevation zones on northern and southern aspects of the Central

Alborz (Eastern study region)

2021 (see Fig. 5). For all elevations, LSTs increase dur-
ing the January (+2 °C/decade), April (+0.4 °C/decade),
June (+0.7 °C/decade), July (+ 1 °C/decade) and December
(+ 1.5 °C/decade). In contrast, LSTs have decreased during
the February (— 0.3 °C/decade), March (— 1.7 °C/decade),
August (—0.3 °C/decade), October (— 1.9 °C/decade), and
November (— 1.1 °C/decade) (Fig. 6). In May and Septem-
ber, LST trends are unidirectional, depending on elevation.
For example, this month, LSTs increase by + 0.6 °C/dec-
ade for both 1500 and 2000 m a.s.l. elevation zones, while
they decrease by —0.7 °C/decade for elevation zones 2500
to 4000 m a.s.l. Our results indicated +0.003 °C/decade
mean annual LST change for all elevations between the
years 2001 and 2021 on the northern aspect (Fig. 4). Here,
mean LST has decreased by —0.11 °C/decade at 4000 m
a.s.l., but has increased by 0.12 °C/decade at 3000 m a.s.l.
(Fig. 7). At 2000 m a.s.l. the increase has been more mar-
ginal (+0.004 °C/decade). Results show that for the south-
ern aspect, four months record positive LST changes (mean
for all elevations): January (+2.70 °C/decade), February
(+0.38 °C/decade), July (+1.20 °C/decade) and Decem-
ber (+1.69 °C/decade). Other months record negative LST
changes, with the strongest mean cooling trend in October
(—3.63 °C/decade). The overall mean LST change for all
months and elevations on the southern aspect is — 1.01 °C/
decade (Fig. 4; Fig. 9). Decreasing LSTs here range from
-1.46 °C/decade at 1500 m a.s.1. to -0.66 °C/decade at eleva-
tion zones 3500 and 4000 m a.s.l.

The monthly characteristics of lapse rates, consider-
ing each elevation class, are presented in Fig. 10. As
can be observed, for the N aspect, strongest lapse rates
(= 0.72 °C/100 m) are for elevation classes 3000 to
3500 m a.s.l., while for the S aspect strongest lapse rates
(—0.98 °C/100 m) are for elevation classes 2000— 2500 m
a.s.l.

For the northern aspect, positive average lapse rates (indi-
cating temperature inversions) are observed in the months
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of June (4+0.02 °C/100 m), July (+0.11 °C/100 m), and
August (+0.07 °C/100 m). The strongest negative lapse rate
(-0.66 °C/100 m) is recorded in March (as shown in Fig. 8
and Fig. 9). In contrast, the southern aspect exhibits much
stronger lapse rates, ranging from —1.01 °C/100 m in April
to —0.71 °C/100 m in August (as indicated in Fig. 8 and
Fig. 9). Overall mean annual lapse rates for all elevations
are —0.28 °C/100 m for the N aspect and —0.82 °C/100 m
for the S aspect, thus indicating large differences in cooling
according to slope aspect (Fig. 10).

3.2 The western region of central Alborz

The results of the LST trend analysis in the Western region
of Central Alborz are presented in Fig. 11 Based on the
results, LSTs have increased at all elevations on the north-
ern aspect of the western study region, during the months
of January, May, June, July, and December (Fig. 11). Some
such increases are significant at the 0.05 percentage level.
In summary, notable positive correlations were observed in
various months, including January (r=0.42 at 2000 m and
3000 m a.s.l.), May (r=0.41 at 1500 m a.s.l.), June (r=0.59
at 1500 m a.s.1.), July (r=0.55 at 1500 m a.s.1.), and Decem-
ber (r=0.53 at 4000 m a.s.l). However, LSTs exhibited sig-
nificant decreases (at a 0.05% significance level) in October
for different elevation zones, with the strongest decreasing
trend (r=-0.52) observed at 1500 m a.s.] (more information
in Fig. 11).

3.2.1 Seasonal and elevation-dependent patterns
of land surface temperatures (LSTs) on northern
and southern aspects of the central Alborz

On the northern aspect, maximum LSTs are reached dur-
ing August at elevations of 3500 m a.s.l. (31.41 °C) and
3000 m a.s.l. (30.57 °C) (Fig. 12). At higher elevations,
maximum LSTs occur in July, indicating an earlier onset of
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Fig.6 Comparison of LST
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cooling, usually beginning in August. Sub-zero tempera-
tures are recorded as follows: November at 4000 m a.s.1.;
December at 3000-4000 m a.s.l.; January at 2000—4000 m
a.s.l. (coldest at 4000 m a.s.l., —9.78 °C); February at
3000—4000 m a.s.l.; and March at 4000 m a.s.l. (Fig. 12).

Months

@ Northern aspect B Southern aspect

As expected, LSTs are considerably higher on the south-
ern aspect. Mean annual LSTs across all elevations consid-
ered in this study are 14.70 °C for the northern aspect and
18.01 °C for the southern aspect (Fig. 4). In August, the
southern aspect records its highest mean LSTs, varying from
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Fig. 7 Spatial distribution of LST changes (°C/decade) for northern and southern aspects of the Central Alborz (Eastern study region)
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Fig.8 Average monthly LST lapse rates (°C/100 m) for different elevation zones on northern and southern aspects of the Central Alborz (East-

ern study region) over time

40.34 °C at 1500 m a.s.l. to 29.61 °C at 4000 m a.s.l. How-
ever, during winter (December—February), negative LSTs
are confined to higher elevations and exhibit a lesser freeze
amplitude compared to the northern aspect.

3.2.2 Decadal trends in land surface temperatures (LST)
for elevation zones (1500-4000 m a.s.l.)—2001-2021

The decadal rates of change in LSTs for elevation zones
ranging from 1500 to 4000 m a.s.l. during the period
2001-2021 are displayed in Fig. 13.For all elevations, LSTs
increased during the January (42.7 °C/decade), February
(+0.1 °C/decade), April (+0.6 °C/decade), May (+0.6 °C/
decade), June (+ 1.4 °C/decade), July (+ 1.4 °C/decade),
August (+0.02 °C/decade), September (0.003 °C/dec-
ade), and December (+ 2.8 °C/decade). Negative decadal
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temperature changes are measured in the March (—0.23 °C/
decade), October (—1.31 °C/decade) and November
(—=0.13 °C/decade). Our results indicated a+0.66 °C/dec-
ade mean annual LST change for all elevations between the
years 2001 and 2021 on the northern aspect (Fig. 4). Within
this region, mean LST increases vary from+0.56 °C/decade
at 1500 m a.s.l. to+0.75 °C/decade at 4000 m a.s.l. (Fig. 6
and Fig. 13).

Results show that for the southern aspect, three months
record LST cooling rates (mean for all elevations): March
(—0.85 °C/decade), October (— 1.53 °C/decade), and
November (— 1.73 °C/decade). Other months record posi-
tive LST changes, with the strongest increase in January
(+2.65 °C/decade). The overall mean LST change for all
months and elevations on the southern aspect is +0.35 °C/
decade (Fig. 6 and Fig. 13). Decreasing LST (- 0.52 °C/
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Fig.9 a Monthly LST b Annual LST lapse rates (°C/100 m) for N- and S-facing slopes of the three Central Alborz regions (different altitude

levels Between 2000-2021)

decade) is only recorded for the 1500 m a.s.l. class. Tem-
peratures are increasing for all other elevation classes, with
a maximum of +0.66 °C/decade for the 2000 m a.s.l. class
(Fig. 14). We thus note accelerated warming with increasing
elevation (Fig. 10).

3.2.3 Lapse rates in the western study region: northern
and southern aspects

For the N aspect, two months (July & August) record positive
mean lapse rates or temperature inversions (4+0.03 °C/100 m
& +0.04 °C/100 m respectively). The strongest negative
lapse rate (—0.71 °C/100 m) is recorded for March (Fig. 15
and Fig. 9). In contrast, all months record negative lapse
rates on the S aspect, ranging from -0.96 °C/100 m in March
to —0.43 °C/100 m in August (Fig. 15 and Fig. 9). Mean
annual lapse rates are —0.37 °C/100 m for the N aspect
and —0.69 °C/100 m for the S aspect. Regarding the N

aspect, the most pronounced lapse rate (—0.56 °C/100 m)
is observed within the elevation range of 3500 m a.s.l. to
4000 m a.s.l. Conversely, for the S aspect, the steepest lapse
rate (—0.96 °C/100 m) is evident between 2500 m a.s.l. and
3000 m a.s.l. (Fig. 16).

3.3 The Middle region of Central Alborz

3.3.1 Land surface temperature patterns in northern
and southern aspects at various elevations

We note that LSTs have increased at all elevations for the
northern aspect during the months of January, June, July and
December (Fig. 17). Some such increases are significant at
the 0.05 percentage level. For example, in January, June,
July and December. Although LSTs are decreasing during
other months, such decreases are only significant (at 0.05%
significance level) in October for a variety of elevation zones
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Fig. 10 Spatial distribution of
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mean annual LST lapse rates
(°C/100 m) for northern and
southern aspects of the Central
Alborz (Eastern study region)
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Fig. 11 R coefficient values calculated for changes in LSTs on northern and southern aspects, Western study area, Central Alborz (* =signifi-

cance level of 0.05%; ** =significance level of 0.02%)

(Fig. 17). Results for the southern aspect are not dissimilar,
except for February, March, April, September and Novem-
ber, which record an increasing trend. Significant Land sur-
face temperature increases (the maximum value of r) are
measured for February at 4000 m a.s.l. (r=0.85), March and
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April at 4000 m a.s.l. (r=0.81), September at 4000 m a.s.1.
(r=0.55) and November at 4000 m a.s.l. (r=0.82). (Fig. 17).
Although LSTs are decreasing during other months, such
decreases are only significant (at 0.05% significance level)
in October at 1500 m a.s.l. (r=-0.49). (Fig. 17).
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Fig. 12 Average monthly LSTs (°C) for different elevation zones on northern and southern aspects of the Central Alborz (Western study region)
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Fig. 15 Mean monthly LST lapse rates (°C/100 m) for different elevation zones on northern and southern aspects of the Central Alborz (Western
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On the northern aspect, the highest LSTs are attained
in August at elevations of 2500 m a.s.l. (35.50 °C) (see
Fig. 18). At higher elevations, the maximum LSTs occur
in July, indicating an earlier initiation of seasonal cool-
ing. (i.e., from August onwards). Negative Land surface
temperature values are measured in January for elevation
classes 2500-4000 m a.s.l. (coldest conditions at 4000 m
a.s.l.=—10.18 °C), in February for 3000 to 4000 m a.s.l.
(coldest conditions at 4000 m a.s.l. 7.64 °C), in March
and November for 4000 m a.s.1. (—2.08 °C and — 1.38 °C
respectively) and in December for 3000—4000 m a.s.l. (cold-
est conditions at 4000 m a.s.l.=—8.09 °C) (Fig. 18).

As expected, LSTs are considerably higher on the south-
ern aspect. Mean annual LSTs across all elevations consid-
ered in this study are 15.87 °C for the northern aspect and
21.90 °C for the southern aspect (Fig. 4). All elevations on
the southern aspect have their highest mean LSTs in July,
ranging from 49.56 °C at 1500 m a.s.1. to 31.50 °C at 4000 m
a.s.l. Mean negative LSTs during winter months (Decem-
ber to February) are more elevationally constrained (i.e., to

higher elevations) and have a lower amplitude of freeze than
on the northern aspect (see Fig. 18 to compare).

The results of decadal rates of change in LSTs for the dif-
ferent elevation zones and for the study period is presented
in Fig. 19. For all elevations, LSTs increase during the
months of January (+2.60 °C/decade), February (+0.13 °C/
decade), April (+0.34 °C/decade), May (+0.53 °C/decade),
June (+1.15 °C/decade), July (+ 1.21 °C/decade), August
(+0.28 °C/decade), September (+0.57 °C/decade) and
December (+2.38 °C/decade). Mean decadal cooling is
recorded for the months of March (—1.52 °C/decade), Octo-
ber (—1.18 °C/decade) and November (— 1.24 °C/decade).

Our results indicated an overall +0.44 °C/decade
mean annual LST change for all elevations over the years
2001-2021 on the northern aspect (Fig. 4). In a way that
the mean LST has increased from a minimum of +0.30 °C/
decade at 1500 m a.s.l. to a maximum of +0.70 °C/decade
at 2500 m a.s.1. (Fig. 6 and Fig. 19).

Results show that for the southern aspect, three months
record negative LST changes (mean for all elevations):

(m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
The N slope 1500 736 10.84 16.93 22.07 25.09 27.95 28.51 28.87 25.79 20.63 13.36 8.52
2000 4.03 7.89 15.17 22.01 25.65 29.75 30.16 30.83 27.23 20.69 11.74 5.65
2500 SO 13.36 22.25 [27:45 S SONN 21.61 | 10.34 SR ‘
3000 6.85 17.37 24.01 . 28.2 1843 588 -2.26
3500 10.62 19.73 28.23 30.52 30.37 25.56 15.57
4000 546 15 DSR2 22.72 B125,
The Sslope 1500 1293 19.1 34.68 33.6 22.04 13.89
2000  6.33 12 21.08 27.88 16.21 8.35
2500 246 12.58 4.33
3000 . .78 21.28 8.88
3500 12.72 22.16 131.95 34.09 33.97 29.07 18.87 53
4000 12.06 19.78 28.85 31.28 31.5 2821 19.56 7.77

Fig. 18 Average monthly LSTs (°C) for different elevation zones on northern and southern aspects of the Central Alborz (Middle study region)

(m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
The N slope 1500 061 121 149 145 043 0.17
2000 0.76 097 153 195 038 0.28
2500 031 028 1.17 1.85 029 0.59
3000 023 0.12 1.00 130 020 0.82
3500 0.02 024 087 066 0.19 0.81
4000 0.11 037 0.84 0.06 0.17 0.72
The S slope 1500 | 2.10 1.02 059 089 139 021 0.68
2000 043 025 1.10 136 031 0.60
2500 03 -0.02 1.06 139 038 0.79
3000 036 -0.12 1.05 124 0.16 0.75
3500 028 0.12 091 0.59 0.06 0.61
4000 0.55 056 0.85 -0.08 0.17 043

Fig. 19 Average decadal changes of monthly LSTs (°C/decade) for different elevation zones on northern and southern aspects of the Central

Alborz (Middle study region)
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March (-1.42 °C/decade), October (-0.69 °C/decade), and
November (-1.30 °C/decade). Other months record positive
LST changes, with the strongest mean warming trend for
January (4 3.01 °C/decade). The mean annual LST change
on the southern aspect is+0.54 °C/decade (Fig. 19; Fig. 6).
Increasing LST varies from +0.45 °C/decade at 3500 m a.s.1.
to+0.63 °C/decade at 2500 m a.s.l. Thus, for the Middle
region of the Central Alborz, strongest warming is recorded
at lower elevations (Fig. 20).

Lapse rates on the northern aspect vary from
—0.76 °C/100 m in March to —0.05 °C/100 m in July, while
those for the southern aspect range from -0.92 °C/100 m in
May to —0.56 °C/100 m in October (Fig. 21 and Fig. 9).
Mean annual lapse rates are —0.43 °C/100 m for the northern
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aspect and —0.74 °C/100 m for the southern aspect. For the
northern aspect, the strongest lapse rate (—0.78 °C/100 m)
occurs between elevation classes 3000 m a.s.l. and 3500 m
a.s.l., while that for the southern aspect (—1.20 °C/100 m) is
between 1500 m a.s.l. and 2000 m a.s.l. (Fig. 22).

3.4 Effects of land use class and vegetation types
on synergistic operation and LST lapse rates

The mean NDVI for the various elevation zones (north-
ern and southern aspects) in the three study regions of
the Central Alborz shows higher values for the northern
aspect (0.291) compared to the southern aspect (0.101)
(see Fig. 23). NDVI values also vary longitudinally across

0.72 °C/decade

0.56

0.24

6800005

640000 660000

0.64°C/decade

0.58

0.52

0.46
640000

620000

Fig. 20 Spatial distribution of LST changes (°C/decade) for northern and southern aspects of the Central Alborz (Middle study region)

(m) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

The N slope 2000-1500 -0.67 -0.59 -035 -0.01 0.11 0.01 -032 -0.57
2500-2000 -0.9 -0.82 -0.36 0.05 0.18 -028 -0.68
3000-2500 -0.82 -1.02 098 -069 -052 -04 -044 -05 -0.64 -0.89 -091
3500-3000 -0.71 -0.81 &h 086 -0.62 -0.57 -058 -0.53 -0.57 -0.86 -0.75
4000-3500 -0.42 -0.46 -0.64 -1.03 -094 -0.67 -0.64 -0.63 -057 -0.56 -0.6 -0.42
The S slope 2000-1500 BINISN -1.07 -1.08  -1.1 DETRIZRSINGE ~1.11 |
2500-2000 0.8 -0.87 -0.57 -0.54 -0.58 -0.66 -0.73 -0.8
3000-2500 -0.91 -0.89 -087 -0.76 -0.74 -0.68 -0.66 -0.66 -0.74 -0.91
3500-3000 -0.6 -1.01 -077 -0.71 -0.65 -0.54 -0.48 -0.72 -0.65
4000-3500 -0.13 -047 -062 -0.56 -0.49 -0.17 0.14 [049 045

Fig.21 Mean monthly LST lapse rates (°C/100 m) for different elevation zones on northern and southern aspects of the Central Alborz (Middle

study region) in over time
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Fig.22 Spatial distribution of
mean annual LST lapse rates
(°C/100 m) for northern and
southern aspects of the Central
Alborz (Middle study region)
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the Alborz, with the Western region having the highest
(NDVI=0.35), followed by the Eastern (NDVI=0.28) and
Middle (NDVI=0.24) regions. In contrast, NDVI values for
southern aspects range from 0.13 (Western region) to 0.09
(Eastern and Western regions).

The results showed that mean NDVI for both the north-
ern and southern aspects of the Western region decrease
with increasing elevation. The most robust vegetation
cover is found at elevations between 1500 and 2000 m
a.s.l. While NDVI decreases with rising elevation on
the northern aspect of the Eastern and Middle Alborz, it
increases with elevation on the southern aspect. Maxi-
mum and minimum NDVI values of 0.429 and 0.121 are
recorded at elevations of 1000-1500 m a.s.l. and 3500-
4000 m a.s.l. on the northern aspect of the Middle Alborz,
while on the southern aspect, max/min NDVI values of
0.111 and 0.063 are observed at 3000-3500 m a.s.l. and
1000-1500 m a.s.l., respectively. This pattern is similar
for the Eastern Alborz where max/min NDVI values of

620000

Lapse Rates (°C/100m) 7

620000

630000 640000 650000

e

3976000 3988000 4000000

3964000

3924000 3936000 3948000

3912000
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0.483/0.205 are recorded on the northern aspect at eleva-
tions of 1500-2000 m a.s.l. and 3500-4000 m a.s.1. respec-
tively, while on the southern aspect max/min values of
0.111 and 0.063 are recorded at 3000-3500 m a.s.l. and
1000-1500 m a.s.l. respectively. For the Western Alborz,
maximum vegetation density is measured at elevations
of 1500-2000 m a.s.1., for both northern (NDVI=0.478)
and southern (NDVI=0.138) aspects, while minimum
vegetation cover is observed at between 3500 and 4000 m
a.s.l. (northern aspect: NDVI=0.136; southern aspect:
NDVI=0.113) (Fig. 23).

We thus note considerable spatio-elevational variabil-
ity in NDVI values across various sub-regions and slope
aspects of the Alborz. A variety of factors operating syn-
ergistically may account for such findings, including dif-
ferences in LST lapse rates, strength of adiabatic airflow
between northern and southern aspects, variable climatic
influence of the Caspian Sea, and land use patterns.
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Fig. 23 a Land use and b Mean NDVI for different elevation zones (northern and southern aspects) of the three study regions, Central Alborz

4 Discussion

Our results demonstrate similar LST trends for the East-
ern and Middle regions of the Central Alborz Mountains.
Here, for both N and S facing aspects, LSTs have increased
at all elevations during the months of January-December
and June-July. In contrast, LSTs have decreased at all eleva-
tions during October, indicating an earlier onset of autumn.
Although the N aspect of the Western region also records
significant LST increases during January-December and
June-July, such a pattern is only observed for January-
December on S aspects. Instead, S aspects record significant
decreasing temperatures during June-July. Such contrasting
findings may, in part, be due to spatio-temporal land cover
[vegetation] change across the landscape. Such an inference
is supported by the work of Askarizadeh et al. (2018), who
identified that decreasing vegetation cover in some parts of
the Alborz has direct impact on local climate.

Similar to our findings, an earlier study (Halabian and
Sehlhi 2019) focusing on the years 2003-2018, not only
identified that LSTs reached maximum values during June
when the sun reaches its maximum solar azimuth, but also
that LSTs were substantially higher on S (as opposed to N)
aspects. This is not only owing to latitudinally-controlled
higher levels of insolation on S and SE aspects (Halabian
and Sehlhi 2019), but also due to the climate/environmen-
tal moderating effects (increased humidity and associ-
ated increased forest cover) that the Caspian Sea has on
the more directly exposed N aspects. Further, we find that
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annual LSTs on southern slopes increase from west to east,
which is consistent with snow cover on such slopes, which
decreases eastwards (Aziz, 2017). To this end, snow cover
reduces air temperatures (and associated LSTs) through its
albedo effect (Thiebault and Young 2020). Consequently,
some of our observed LST patterns are likely influenced by
topographically-controlled snow longevity. Aziz (2017) also
established that snow cover had diminished most strongly
in the Middle Alborz and percentage change was particu-
larly strong above 3000 m a.s.l. This is in strong agreement
with our results which indicate significant increasing LSTs
on southern slopes of the Middle Alborz over December-
January and at elevations over 3000 m a.s.l.

Lowest mean LSTs (14.57 °C) on N aspects are recorded
for the Eastern Central Alborz region, while highest val-
ues (15.88 °C) occur in the Middle region. The Middle
region also records highest mean LSTs (21.91 °C) on S
aspects, while the Western region records lowest mean
LSTs (18.01 °C) on this aspect. These results likely reflect
the influence of local and extra-local factors. For instance,
the eastern region is most strongly impacted by high pres-
sure and cold-frontal systems that extend southwards from
Siberia. This impact dissipates from east to west across the
Central Alborz (Lashkari and Yarmoradi 2014; Ghangher-
meh et al. 2015). Western parts of the Central Alborz are
also most strongly influenced by the Caspian Sea, which
has temperature moderating effects (Alijani 1995). In addi-
tion, aeolian climatic influence from Turkmenistan to the
northeast, has strongest climatic impact over the eastern
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parts of the Central Alborz (Parvin et al. 2014). Such cli-
mate influencing factors also account for strongest vegeta-
tion cover (density) over western regions, which itself has
an effect on LSTs (Noroozi and Korner 2018a, b; Khare
et al. 2021).

A notable finding in our study is that while LST
between N and S aspects is significantly different at lower
elevations (<3000 m a.s.1.; 6.05 °C), this difference dimin-
ished with elevation, such that at 4000 m a.s.l. this differ-
ence is 1.36 °C. It seems that one of the influential factors
is greater diversity in land use change for lower eleva-
tions. On the other hand, at high elevations, the variety
of land use decreases and this can be effective in reduc-
ing the LST difference. However, the results of previous
researches show that different slopes and elevation levels
in mountainous areas experience different effects of tem-
perature changes in the context of global warming (Pepin
et al. 2015; Rottler, 2019; Pepin et al. 2022).

Our findings indicate that the impact of global warm-
ing has led to an increase in LSTs on both the N and S
aspects of the Western (by 0.66 °C/decade and 0.35 °C/
decade respectively) and Middle (by 0.44 °C/decade
and 0.54 °C/decade respectively) regions of the Central
Alborz. In strong contrast, the Eastern region of the Cen-
tral Alborz records negligible LST change (0.003 °C/dec-
ade) on the N aspect and cooling (-1.01 °C/decade) on
the S aspect. It is necessary to explain that various local
and extra-local factors can be influential in the occurrence
of such a result, and the interpretation of these changes,
especially in the mountainous region, is very complex and
affected by various feedbacks. At the same time, among
these influential factors, it can be pointed to the change of
the spatial-temporal pattern (intensification or weakening
of the west—east expansion of the westerly winds or the
change in the penetration and expansion of the Siberian
high pressure in the east—west axis of Iran) of the atmos-
pheric systems into the country. On the other hand, as
Askarizadeh et al (2018) showed, the process of reducing
vegetation changes in the recent decades in the Eastern
region has expanded more intensively, which can affect the
change in the temperature pattern of the area and decrease
the night temperature.

LST lapse rates are considerably stronger
(av=—0.75 °C/100 m on S aspects of the Central Alborz
than on the N aspect where they average —0.36 °C/100 m.
Strongest LST lapse rates on S aspects is for the Eastern
region (—0.82 °C/100 m), while that for the N aspect is for
the Middle region (—0.43 °C/100 m). Again, the moderating
climatic influence of the Caspian Sea on N-facing moun-
tain slopes facing it, as also strong vegetation cover on such
slopes, (as opposed to the more arid continental-climatic
and sparsely vegetated S-facing slopes), likely best explain
such differences.

5 Conclusion

Studies have confirmed that global warming is having
considerable consequences and threatening biodiversity
in mountain regions globally (Schmeller et al. 2022). Such
climate-warming related consequences on fauna and flora
has also been confirmed for the Central Alborz (Fatemi
et al. 2018). Our findings demonstrate strong increas-
ing trends in LST, but also a decreasing LST anomaly
on S aspects of the Eastern part of the Central Alborz.
Patterns of elevational and temporal cooling/warming
are thus highly complex across this mountain range and
such a complexity may help better understand potentially
equally complex species responses across spatial domains.
Given the high elevations of the Alborz, these mountains
have been a popular tourist skiing region in winter and an
escape from lower elevation heat in summer (Akbarian
Ronizi et al. 2016; Pourzavareh et al. 2022). Winter ski
tourism is already threatened in many parts of the world
due to warming and less reliable snow cover (Steiger
et al. 2022). The LST trends for the Central Alborz indi-
cate that such threats are considerable to the region, and
likely to negatively impact tourism in years ahead. We
anticipate that such warming will also have implications
for future mountain precipitation patterns (flooding and
droughts), lengthen the warm season, and have associated
consequences on water resources, fire frequency and dis-
tribution, and agriculture. To this end, land use itself has
impacted on the diverse nature of LST patterns in this
landscape and is likely to continue doing so under contin-
ued warming scenarios.
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