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16  Abstract.

17  The Mediterranean region's climatic parameters are undergoing substantial changes driven by
18  climate change and tropical belt expansion. This paper explores the long-term variability of
19  climatic parameters over the Mediterranean region and their relationship with tropical belt
20  expansion by employing observational and reanalysis data from January 1980 to December 2022
21 through multiple approaches including correlation, linear regression, singular value decomposition
22 (SVD), wavelet coherence (WTC), and principal component analysis (PCA). The lapse rate
23 tropopause height (LRT-H) exhibits upward trends of approximately 80.58 m/dec. Concurrently,
24 the tropical belt shows poleward expansion of approximately 0.14 °/dec and 0.27 °/dec from both
25  applied methods. The tropical edge latitudes (TELSs) of both applied approaches are in phase and
26  have a strong positive correlation with LRT-H, surface temperature, and tropospheric temperature
27  while being of strong negative correlation and out of phase with precipitation. However, there is
28  no substantial correlation for the Standardized Precipitation Evapotranspiration Index (SPEI) with
29  TELs or other climatic parameters. The results of SVD analysis depict that the surface temperature
30 and lower tropospheric temperature (TRP-1) have evident coupling with the TELs in the eastern
31  Mediterranean. Furthermore, surface temperature and TRP-1 have significant increasing trends,
32  which are abundant in the eastern and northern Mediterranean. On the other hand, both
33  precipitation and SPEI exhibit downward trends. Over the Mediterranean, an apparent spatial and
34  temporal variation of climatic parameters is observed. The results confirm the linkage between
35 climatic parameters' variability, coherence, and covariability with the TELs variability patterns
36  over the study area, especially in the eastern Mediterranean region.

37 Keywords Climate change - Mediterranean region - Tropical belt - Tropopause - Climatic parameters

38 1 Introduction

39  Despite the fact that greenhouse gases (GHGs) emissions in Mediterranean countries are generally
40  modest, climate change has been documented at a magnitude that exceeds global averages (Lange,
41 2020). The Mediterranean region is situated in a transition zone between the North Africa arid
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42 climate and Central Europe temperate and wet climate, and it is influenced by interactions between
43 mid-latitude and tropical processes. This makes the Mediterranean region potentially sensitive to
44  climate change (Lionello et al., 2006; Ulbrich et al., 2006; Urdiales-Flores et al., 2023). In fact,
45  the Mediterranean region has experienced significant shifts of climate in the past (Luterbacher et
46  al., 2006), and it has been highlighted as one of the most important "Hot-Spots" in climate change
47  future projections (Giorgi, 2006). This region, which comprises a semi-enclosed sea and
48  neighboring lands, has seen substantial shifts in climate patterns over the last several decades.
49  These changes are corroborated by evidence from the Mediterranean region, which shows altered
50 temperature trends, altering precipitation regimes, and an increase in the extreme weather events
51 frequency and severity (Insua-Costa et al. 2022; Androulidakis et al. 2023; Yavasl and Erlat,
52 2024). Climate change in the Mediterranean basin has far-reaching implications that influence
53  critical socioeconomic areas in addition to meteorological difficulties. These changes have
54  significant implications for agriculture, water resource management, coastal zone planning, and
55 the protection of sensitive ecosystems (Raihan 2023; Noto et al. 2023). Understanding and
56  forecasting climatic patterns is crucial for developing effective adaptation strategies and making
57  informed policy decisions in a highly reactive region to reduce climate change effects (Mastrorillo
58 etal., 2024).

59 In astronomy and cartography, the Tropics of Cancer and Capricorn, at latitudes of ~23.5° north
60 and south define the tropical belt's boundaries (Gnanadesikan and Stouffer, 2006). While in
61 climatology the tropical edge latitudes (TELSs) vary seasonally, and in response to climate forcing.
62  They migrate poleward in the summer and equatorially in the winter (Davis and Birner, 2013).
63  Tropical belt expansion has been robustly detected across the globe using a variety of data sets and
64  approaches (Lucas et al., 2014). The expansion of the tropical belt has been attributed to several
65  factors, including tropospheric warming caused by GHGs forcing, stratospheric cooling owing to
66  ozone depletion, sea-surface temperature (SST) variability over the tropics, in addition to the
67  absorbing aerosols hemispheric asymmetry (Seidel et al. 2008; Allen et al. 2012, 2014; Grise et al.
68  2018). The sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change
69  (IPCC) shows that Hadley circulation (tropics) is expanding poleward at a rate of approximately
70 0.5-1° per decade, with significant regional and seasonal variability (Mathew and Kumar, 2018;
71  Staten et al. 2018). The expansion of the tropics could cause substantial changes in the global
72 climate system; even slight expansion of the tropical belt could cause substantial changes in the
73 global climate system, manifesting as altered precipitation patterns, poleward-shifting storm tracks
74 and jet streams, variations in stratospheric trace gas distribution, and changes in ocean circulation
75  (Seidel et al., 2008; Lucas et al., 2014).

76  The IPCC has repeatedly identified the Mediterranean as one of the most vulnerable regions to the
77  effects of climate change (IPCC, 2021a,b). One of the primary drivers of this susceptibility is the
78  expansion of the tropical belt, which has a significant impact on subtropical and mid-latitude
79  climates (Seidel et al., 2008). The Mediterranean basin is tropicalizing, with its waters increasing
80  warmer and saltier. The enclosed sea warms four times quicker than the global norm for coastal
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81  waters (Bianchi and Morri, 2003; Borghini et al., 2014), and it is anticipated that these rates will
82  rise throughout this century as climate change progresses (Somot et al., 2006; Rilov and Galil,
83  2009). The widening of the tropical belt has direct implications for precipitation patterns,
84  temperature regimes, and the frequency of extreme weather events in the Mediterranean. As the
85  subtropical dry zones move poleward, the Mediterranean region experiences longer droughts,
86 lower rainfall, and more intense heatwaves (Giorgi, 2019). These changes impair agricultural
87  production, water availability, and ecosystem stability, worsening socioeconomic vulnerability
88  (Lionello et al., 2006). Furthermore, Mediterranean Sea warming alters marine biodiversity and
89 accelerates tropical species migration, threatening native ecosystems and fisheries. Desertification
90  processes, driven by decreased soil moisture and increased evapotranspiration, strain terrestrial
91  ecosystems and impede sustainable development in the region (Cramer et al., 2018).

92  The Mediterranean region has experienced major variations in climatic parameters during recent
93  decades. Its unique geographical position, bounded by Europe, North Africa, and the Middle East,
94  makes it particularly vulnerable to global warming and climate variability impacts (Giorgi, 2006).
95 Climate models and observational data consistently indicate that the Mediterranean basin is
96  warming at a rate higher than the global average (Lionello et al., 2012). The region has warmed
97 by approximately 1.4°C since the late 19th century, exceeding the global mean temperature rise of
98  1.1°C (Cramer et al., 2018). This accelerated warming has increased the frequency and intensity
99  of heatwaves, with profound impacts on human health, agriculture, and biodiversity (Kuglitsch et
100  al., 2010). Over the Mediterranean region, precipitation is distributed unevenly throughout the year,
101  with a significant decline in the warm season. The region is also recognized for its wide spatial
102  and temporal variation in precipitation levels (Lionello et al., 2006; Vicente-Serrano et al., 2025).
103  Shifts in precipitation patterns have also been observed across the Mediterranean. Projections
104  indicate that precipitation could decline by 10-30% by the end of the 21st century, exacerbating
105  drought conditions and increasing water scarcity (Gao and Giorgi, 2008).

106  Understanding the interplay between tropical belt expansion and regional climate variability is
107  essential for developing adaptive strategies to mitigate the adverse effects of climate change in the
108  Mediterranean. This paper explores the multifaceted impacts of tropical expansion on
109  Mediterranean climate. Section 2 describes the datasets used and methods for deriving tropical
110  edge latitudes. Section 3 presents the analysis results, and Section 4 provides our conclusions.

111 2 Data and methods
112 2.1 Study area

113 The Mediterranean region encompasses areas surrounding the Mediterranean Sea, including parts
114  of Southern Europe, North Africa, and the Middle East. In this work, the study region is defined
115  as the area between 20° N and 50° N latitude and 15° W and 50° E longitude. The Mediterranean
116  basin is characterized by substantial environmental and geographical gradients, complex
117  morphology with mountain chains and significant land-sea contrasts, and location in a transition
118  zone between mid-latitude and subtropical atmospheric circulation systems, contributing to its
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119  complex climate patterns (Lange, 2020). The Mediterranean region is recognized as a climate
120 change hotspot due to its unique geographic, climatic, ecological, and socio-economic
121 characteristics. Its semi-enclosed nature amplifies warming and limits the exchange of heat and
122 moisture with surrounding regions, making it particularly vulnerable to climate change. The region
123 is warming approximately 20% faster than the global average, leading to profound changes in
124  temperature and precipitation patterns (Cramer et al., 2018). Projections indicate marked increases
125  in heatwaves, droughts, and extreme rainfall events, intensifying challenges for water resources,
126  agriculture, and biodiversity (IPCC, 2021a). The Mediterranean basin hosts one of the world's
127  richest biodiversity reserves with numerous endemic species; however, rising temperatures, habitat
128  loss, and changing phenological patterns pose significant threats (Coll et al., 2010; Lionello et al.,
129 2012). The socio-economic consequences are equally profound, affecting tourism, fisheries,
130  agriculture, and urban settlements, while sea level rise threatens coastal infrastructure and
131 ecosystems (IPCC, 2021a).

132 2.2 Data

133 This study utilizes multiple datasets spanning January 1980 to December 2022 to investigate
134  climate variability in the Mediterranean region. Monthly averaged temperature data on pressure
135  levels from ERAS, the fifth generation ECMWF reanalysis, are used to determine lapse rate
136  tropopause (LRT) parameters (height and temperature). ERAS provides data at 0.25° x 0.25°
137  horizontal resolution (approximately 31 km X% 31 km) with 37 vertical pressure levels ranging from
138 1,000 hPa to 1 hPa (Hersbach et al., 2019a). Monthly averaged surface temperature and total
139  precipitation data are also obtained from ERAS at 0.25° x 0.25° resolution (Hersbach et al., 2019b)
140  to explore the impacts of tropical belt expansion on temperature and precipitation patterns over the
141  Mediterranean region. Additionally, monthly precipitation and potential evapotranspiration (PET)
142 data at 0.5° x 0.5° resolution from the Climatic Research Unit (CRU) Time-Series (Harris et al.,
143 2020) are used to compute the Standardized Precipitation Evapotranspiration Index (SPEI) as a
144  meteorological drought indicator, following the methodology of Vicente-Serrano et al. (2010) and
145  Begueria et al. (2013).

146 2.3 Methods

147  We apply the LRT definition to determine tropopause parameters (height and temperature) using
148  ERAS temperature data on pressure levels. Temperature data are first vertically interpolated to a
149  regular 100 m height resolution (Hindley et al., 2015). Following the WMO definition, the thermal
150  LRT is identified as the lowest level at which the lapse rate decreases to 2°C/km or less, provided
151  the average lapse rate between this level and all higher levels within 2 km does not exceed 2°C/km
152 (WMO, 1957). Long-term trends of tropopause parameters over the Mediterranean region from
153  January 1980 to December 2022 are examined using linear regression analysis at all grid points.
154  The TEL, which indicates tropical belt width, is estimated using two tropopause height metrics.
155  The first method defines TEL as the latitude at which LRT height (LRT-H) drops 1.5 km below
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156  the tropical average (15°S-15°N) (Birner, 2010; Davis and Rosenlof, 2012) and it can be
157  abbreviated as TPD. The second method defines TEL as the latitude of maximum LRT-H
158  meridional poleward gradient (Davis and Rosenlof, 2012; Davis and Birner, 2017) and it can be
159  abbreviated as TPG. Tropical belt expansion rates are determined using both methods.

160  The relationships between TEL and climatic parameters are examined through multiple statistical
161  approaches: correlation analysis, linear regression, singular value decomposition (SVD), wavelet
162  coherence (WTC), and principal component analysis (PCA) (Minh et al., 2024). We investigate
163  the connection between tropical expansion and tropopause characteristics, surface temperature
164  (both as a driver of and response to tropical belt changes), tropospheric temperature (from Earth's
165  surface to the LRT level), precipitation, and SPEI as a meteorological drought indicator. WTC
166  analysis illustrates the time-frequency relationships between TEL positions from both methods
167 and climatic parameters. WTC estimates coherence between two time series within the time-
168  frequency space, with values ranging from 0 to 1 (Grinsted et al., 2004). SVD analysis identifies
169  coupled modes of covariability between TEL locations and climatic parameters. This technique
170  recognizes pairs of coupled spatial patterns and their temporal variations, with each pair describing
171  a fraction of the covariance between fields. The temporal cross-covariance matrix is constructed
172 between the two space- and time-dependent data fields, which need not have the same number of
173 grid points but must span the same time period (Bjornsson and Venegas, 1997; Darrag et al., 2024).
174  Before performing the SVD analysis, all employed variables were pre-processed to remove the
175  long-term trend and the seasonal cycles because we're not interested in seasonal signals. This
176  detrending and deseasonalization is necessary, as removing these components ensures that the
177  SVD analysis results primarily capture covariability between the TELs and the climatic parameters.

178 3 Results and discussion

179 3.1 Tropopause and tropical belt characteristics

180  The monthly average of LRT parameters (height and temperature) over the period from January
181 1980 to December 2022 is depicted in Figure 1 top. Our analysis reveals that LRT-H has increased
182 by approximately 80.58 £ 3.07 m/dec since January 1980 (Fig. 1a), consistent with Schmidt et al.
183  (2008), who reported a global upward trend in LRT-H of 39 to 66 m/dec. This tropopause height
184  increase is attributed to global warming driven by increasing atmospheric GHG concentrations
185  (Meng et al., 2021). Our findings align with previous studies documenting global tropopause
186  height increases from GNSS-RO data (Darrag et al., 2022), radiosonde observations (Seidel and
187  Randel, 2006), and reanalysis datasets (Santer et al., 2004). LRT-T exhibits a downward trend of
188  -0.12 £+ 0.02 K/dec (Fig. 1b), with LRT-H showing a strong negative correlation of -0.86 with
189  LRT-T. These LRT parameter trends are consistent with earlier research (Schmidt et al., 2004;
190  Sausen and Santer, 2003; Seidel and Randel, 2006; Pisoft et al., 2021).

191  Tropopause parameters exhibit significant anomalies driven by atmospheric dynamics, climate
192  change, and natural variability. The anomaly of tropopause parameters over the period January
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193 1980 to December 2022 is shown in Figure 1 middle. LRT-H displays stronger positive anomalies
194  than negative ones, with the maximum positive anomaly of approximately 1.67 km occurring in
195  September 2020 and the greatest negative anomaly of approximately -1.22 km in April 1982.
196  Positive anomalies dominate during summer and autumn, while negative anomalies dominate
197  during winter and spring (Fig. 1c). Conversely, LRT-T exhibits stronger negative anomalies than
198  positive ones, with a maximum positive anomaly of approximately 3.4 K in April 1990 and a
199  greatest negative anomaly of approximately -3.62 K in September 2000. In contrast to LRT-H,
200 LRT-T positive anomalies dominate during winter and spring, while negative anomalies dominate
201  during summer and autumn (Fig. 1d). The anomalies of both tropopause parameters are dominated
202 by inter-annual oscillations and vary across different months. Our results are consistent with Seidel
203  and Randel (2006), who reported tropopause monthly anomalies with standard deviations (SDs)
204  ranging between 0.2 and 0.6 km for LRT-H.

205  Linear regression analysis of LRT parameters was performed at all grid points, with decadal trends
206  plotted in Figure 1 bottom. LRT-H shows a dominant upward trend evident across almost the entire
207  study area, with statistically significant trends at p < 0.05 at most of the grid points (Fig. le). The
208  eastern Mediterranean region around 30° N exhibits the maximum LRT-H increasing trends,
209  reaching 266.5 m/dec, attributed to the stronger influence of the South Asian monsoon system in
210  this area (Tyrlis and Lelieveld, 2013). The zonal mean of the LRT-H regression map (right panel
211 of Figure le) indicates increasing trends at all latitudes, with the latitudinal band between 30° N
212 and 33.75° N showing maximum upward trends. For LRT-T (Fig. 1f), the majority of the study
213  area displays decreasing trends with statistically significant values at p < 0.05 at most of the grid
214 points. The LRT-T regression map reveals a spatial pattern opposite to that of LRT-H, consistent
215  with previous studies (Darrag et al., 2022, 2024). The greatest LRT-T downward trend occurs in
216  the eastern Mediterranean region around 30° N, with maximum decreasing trends of approximately
217 -0.75 K/dec. The zonal mean of the LRT-T regression map (right panel of Figure 1f) shows
218  decreasing trends at all latitudes except the northern zone of the Mediterranean region between
219  43.5° N and 50° N, with the latitudinal band from 20° N to 32.25° N exhibiting maximum
220  downward trends.

221 In this study, TEL representing the tropical belt boundary over the Mediterranean region is
222 estimated using two tropopause height metrics. Figure 2 depicts TEL derived from ERAS data
223 based on both TPD and TPG methods over the period from January 1980 to December 2022. The
224  TPD method shows an observed increase in tropical belt coverage of approximately 0.14 £ 0.05
225  °/dec (Fig. 2a). The TPG method exhibits more poleward TEL occurrences than the TPD method.
226  Tropical belt coverage expanded by approximately 0.27 & 0.06 °/dec using the TPG method (Fig.
227  2b). Meng et al. (2021) reported that the latitudinal zone from 30° N to 40° N exhibits the largest
228  LRT-H trends, likely attributable to the poleward shift of the subtropical jet and tropical belt
229  widening over the past 40 years (Staten et al., 2018). The TPD TEL demonstrates a strong positive
230  association with LRT-H, with a linear regression model yielding a coefficient of determination
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231 (R? of 0.93 (Fig. 2¢). Similarly, the TPG TEL exhibits a strong positive association with LRT-H,
232 with R?=0.87 (Fig. 2d).
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234 Figure 1. Monthly time series of LRT parameters from January 1980 to December 2022 in the top: (a) tropopause height (LRT-
235 H), (b) tropopause temperature (LRT-T). Tropopause anomaly over the period January 1980 to December 2022 in the middle: (c)
236 LRT-H anomaly time series, (d) LRT-T anomaly time series. Linear regression analysis of LRT parameters at all grid points and
237 their decadal trends over the period January 1980 to December 2022 in the bottom: (¢) LRT-H, (f) LRT-T. The zonal mean is
238 displayed on the right side of each regression map.

239 The longitudinal variation of TEL for both approaches over the Mediterranean region from January
240 1980 to December 2022 is depicted in Figure 2e,f. Both the TPD TEL (Fig. 2e) and TPG TEL (Fig.
241 2f) display clear longitudinal variation across the study area. For both methods, TEL in the eastern
242 Mediterranean is positioned more poleward than in the western Mediterranean. This pattern results
243  from multiple factors, including the eastern Mediterranean region's exposure to strong natural
244  climate fluctuations connected to major tropical systems (Alpert et al., 2005). Furthermore, the
245  Mediterranean region's dual climate influence (situated between the subtropical high-pressure
246  systems of the Hadley cell and the mid-latitude westerlies) causes longitudinal differences in TEL
247  through variations in these circulation patterns (Trigo et al., 2006). The contrast between the cooler
248  waters of the western Mediterranean and the warmer landmasses of North Africa and the Middle
249  East contributes to longitudinal TEL variations, with this contrast being more pronounced in the
250  eastern Mediterranean, resulting in higher TEL values in this region (Lionello, 2012). Additionally,
251  SST variability influences longitudinal TEL variation, as SST patterns affect atmospheric
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252 circulation and climate boundary positions (Meli et al., 2023). As shown in Figure 2, TEL
253 variability in the TPG method (Fig. 2f) is higher than in the TPD method (Fig. 2e). Moreover, the
254  TPG TEL occurrences are more poleward, with a maximum value of approximately 42.88° N
255  compared to the TPD TEL maximum of approximately 42.78° N
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256 Figure 2. Monthly time series of the TPD TEL method over the Mediterranean region for the period January 1980 to December
257 2022 (a) and monthly time series of the TPG TEL method over the Mediterranean region for the period January 1980 to December
258 2022 (b). The linear regression model between TPD TEL and LRT-H (c) and the linear regression model between TPG TEL and
259 LRT-H (d) is also presented. Longitudinal variation of TEL using both methods over the Mediterranean region from January 1980
260 to December 2022. The blue line in (e) represents the mean TPD TEL at each longitude over the study period, while the blue
261 shading depicts its standard deviation (SD). In (f), the red line represents the mean TPG TEL at each longitude over the study
262 period, with the red shading indicating its standard deviation (SD). Seasonal variation of TPD TEL (g) and TPG TEL (h) over the
263 period from January 1980 to December 2022.
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264  Figures 2g and 2h depict the seasonal variation of both TPD TEL and TPG TEL over the period
265  from January 1980 to December 2022, respectively. In the case of TPD TEL, Summer (JJA) and
266  Autumn (SON) show higher interannual variability than that in Winter (DJF) and Spring (MAM)
267  (Fig. 2g). The TPD TEL median values exhibit the anticipated seasonal pattern, being maximum
268  in Summer (JJA) at about 38.83° due to warming in the surface and troposphere. On the other hand,
269  the TPD TEL median is minimum in Winter (DJF) at about 29.2° because of the cooling of the
270  surface and troposphere. All seasons show a multimodal distribution of the TPD-TEL, which is
271 clearly evident in Summer (JJA) and Autumn (SON). For TPG TEL (Fig. 2h), the seasonal
272 variation follows the same pattern as that of TPD TEL, being of higher variability in Summer (JJA)
273 and Autumn (SON) than in Winter (DJF) and Spring (MAM), displaying multimodal distribution
274 of the TPG TEL values in all seasons. But TPG TEL exhibits TEL median values that are higher
275  than those in the case of TPD TEL, being greatest in Summer (JJA) at about 41° and lowest in
276  Spring (MAM) instead of Winter (DJF) in the case of TPD TEL, at about 30.33°. Our analysis
277  results are consistent with those of several researches that reported a pronounced seasonal cycle of
278  the TELSs that typically moves poleward in the Summer and equatorward in the Winter. In addition,
279  the amplitude of the seasonal cycle is approximately 5-10° latitude, though it varies depending on
280  the metric employed (Davis and Rosenlof, 2012; Davis and Birner, 2013; Lucas et al., 2014; Luan
281  etal., 2020).

282 3.2 Interaction of TEL and climatic parameters

283  Tropical belt expansion may cause profound changes in the Mediterranean region's climate; even
284  minor expansion would have significant consequences. As shown in Figure 3, TELs estimated
285  using both TPD and TPG methods exhibit a high Pearson correlation of 0.9. Furthermore, TELs
286  from both definitions show strong correlations with LRT-H, surface temperature, tropospheric
287  temperature, and precipitation. The TPD method demonstrates higher correlations with these
288  climatic parameters than the TPG method. Correlations between TPD TEL and LRT-H, surface
289  temperature, tropospheric temperature, and precipitation are 0.94, 0.78, 0.66, and -0.67,
290  respectively. Our analysis results are consistent with those of Darrag et al. (2023). Additionally,
291  tropospheric temperature depicts a strong correlation with surface temperature of approximately
292 0.97. However, no significant correlation exists between SPEI and all other climatic parameters.
293  As shown in Figure 3, TEL from both definitions, LRT-H, surface temperature, and tropospheric
294  temperature display bimodal distributions, while precipitation and SPEI exhibit unimodal
295  distributions. TPD and TPG TEL show strong positive linear associations with LRT-H, surface
296  temperature, and tropospheric temperature. Furthermore, tropospheric temperature demonstrates
297  strong associations with other parameters, with the strongest relationship observed with surface
298  temperature. Both precipitation and SPEI display negative associations with all other parameters
299  while exhibiting a weak positive association with each other.

300

301



https://doi.org/10.5194/egusphere-2025-6521
Preprint. Discussion started: 28 January 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

TEL-D TEL-G LRT-H Ts Prec Trp SPEI
604 60 60 4 50
Rz 5 5
L} 40 40 4 ] ]
2 30 4 35
d a 30*” 30‘/ 204 30
20 A 20 10 25
= 10 10 o 20 -
...... —T — T T T
25 35 45 10 30 50 10 12 14 186 240 280 320 10 30 50 70
70
(D 2 Fg
1 ‘» 4
N r=090 2 £
4 b
w 95% CI: [0.89, 0.92] o 0]
20 30 40 50 10 12 14 16 240 280 320 10 30 5 70 220 250 280 A 0 05 1
2
:In: > e
= r=094 r-088 % #d
m 95% Cl: [0.93, 0.95) 95% Cl: [0.86, 0.90) o 1 ]
_I T T B e r—rT 7171 T TrTrTT 1 T
1 5 240 280 320 1 30 50 70 220 250 280 1 0 05 1
340 4 400 340
> 320 4 350 - 320 |
2 = = = 2 ] 300 - e
I-- 95% Cl: [0.75, 0.81] 95% Cl: [0.69, 0.77] 95% Cl: [0.86, 0.90] 8 :Zg 2 250 - ;:g g
240 200 - 240
...... T T —r———
280 290 300 10 30 50 70 220 250 280 El 0 05 1
(&) 2
o r=-0.67 r=-0.60 r=-0.70 r=-0.74 g
D- 95% Cl: [-0.71, -0.62) 95% Cl: [-0.66, -0.55] 95% Cl: [-0.74, -0.65] 95% Cl: [-0.78, -0.70] o
0 3 s 70
290
5 280 |
o 3 g
f r=0.66 r=0.61 r=0.77 r=0.97 r=-0.69 3 280 | —vE———
[ 95% CI: 061, 0.70] 95% Cl: [0.55, 0.6] 95% CI: 0.73, 0.80] 95% C: [0.96, 0.97) 95% CI: [0.73, -0.64] a 240
220
T —r—T—r—
246 250 254 4 0 05 1
w 3
o r=-0.16 r=-0.17 r=-0.18 r=-0.14 r=0.30 r=-0.10 2
95% Cl: [-0.25, -0.08] 95% CI: [-0.26, -0.09] 95% Cl: [-0.26, -0.09] 95% CI: [-0.22, -0.06] 95% CI: [0.22, 0.37) 95% C: [-0.18, -0.01] o
w

08 -02 04

302 Figure 3. Correlation coefficients among monthly TEL from TPD (D) and TPG (G) methods, LRT-H, surface temperature (Ts),
303 precipitation (Prec), tropospheric temperature (TRP), and SPEI with 95% confidence intervals for the period from January 1980 to
304 December 2022 (left side). The density distribution of all variables is displayed on the diagonal, while linear regression models
305 between variables are shown on the right side.

306

307 The PCA biplot of monthly averaged TEL from TPD and TPG methods, LRT-H, surface
308 temperature, precipitation, tropospheric temperature, and SPEI (Fig. 4) reveals that TELs from
309  both methods are highly positively correlated. Furthermore, the TPD TEL contributes more to
310  variability than the TPG TEL. LRT-H, surface temperature, and tropospheric temperature are
311  highly correlated with each other and with both TEL definitions. Conversely, precipitation and
312 SPEI are weakly positively related. Precipitation shows negative correlations with TELs from both
313  methods, LRT-H, surface temperature, and tropospheric temperature. Furthermore, SPEI depicts
314  no observable relationship with TELs or other climatic parameters, showing high agreement with
315  results in Figure 3. WTC analysis between TPD TEL and climatic parameters (LRT-H, surface
316  temperature, tropospheric temperature, precipitation, and SPEI) is presented in Figure 5. Over the
317 period from January 1980 to December 2022, TEL locations are in phase and exhibit high
318  coherence with LRT-H, surface temperature, and tropospheric temperature at time scales of 4 to
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319 20 months, 8 to 20 months, and 8 to 20 months, respectively. In relation to LRT-H, surface
320 temperature, and tropospheric temperature, TEL is leading, as indicated by arrows pointing to the
321  right and upward (Fig. 5a,b,c). Conversely, TPD TEL and precipitation show coherence at a time
322 scale of 8 to 16 months, are out of phase, and TPD TEL is lagging (Fig. 5d). Furthermore, no
323  significant coherence exists between TPD TEL and the SPEI drought index (Fig. Se). As shown in
324  Figure 6, WTC analysis results between TPG TEL and climatic parameters (LRT-H, surface
325  temperature, tropospheric temperature, precipitation, and SPEI) are nearly identical to those of
326 TPD TEL (Fig. 5) but with shorter time scales of high coherence. Our analysis outputs are
327  consistent with Darrag (2024), who applied similar analyses in both hemispheres based on TELs
328  estimated from global navigation satellite systems radio occultation (GNSS-RO) data on a global
329  scale.
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345 Figure 4. PCA biplot of monthly TEL from TPD (D) and TPG (G) methods, LRT-H, surface temperature (Ts), precipitation (Prec),
346 tropospheric temperature (TRP), and SPEI for the period January 1980 to December 2022.
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Figure 5. Wavelet coherence (WTC) analysis between TPD TEL and climatic parameters for the period from January 1980 to
December 2022. Arrows indicate phase differences between the two series. Variables are in phase when arrows point to the right
(moving in the same direction with cyclical effects on each other). If arrows point right and upward, the first variable is leading
(causing the second variable); if pointing right and downward, the first variable is lagging. Variables are out of phase (having
anticyclical effects) when arrows point to the left. If arrows point left and upward, the first variable is leading; if pointing left and
downward, the first variable is lagging. TPD TEL and LRT-H (a), TPD TEL and surface temperature (Ts) (b), TPD TEL and
tropospheric temperature (TRP) (c), TPD TEL and precipitation (Prec) (d), and TPD TEL and SPEI (e).
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Figure 6. Wavelet coherence (WTC) analysis between TPG TEL and climatic parameters for the period from January 1980 to
December 2022. TPG TEL and LRT-H (a), TPG TEL and surface temperature (Ts) (b), TPG TEL and tropospheric temperature
(TRP) (c), TPG TEL and precipitation (Prec) (d), and TPG TEL and SPEI (e).
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406  Figure 7 exhibits the spatial correlation of both TEL definitions with climatic parameters (surface
407  temperature, lower tropospheric temperature from surface to 5 km height (TRP-1), upper
408  tropospheric temperature from 5 km to LRT level (TRP-2), precipitation, and SPEI) from January
409 1980 to December 2022. As shown in Figure 7a,b, surface temperature displays positive
410  correlations with TPD and TPG TEL definitions across the entire study area. The correlation
411  reaches a maximum of approximately 0.92 over the eastern Mediterranean region. Similarly, TRP-
412 1 exhibits positive correlations with both TEL definitions over all grid cells (Fig. 7c,d). The
413  correlation is greatest over the eastern Mediterranean region, reaching approximately 0.88 for
414  TRP-1 and TPD TEL. For TRP-2, positive correlations with TELs dominate and cover nearly the
415  entire Mediterranean region (Fig. 7e,f), except the latitudinal band where TELs vary poleward and
416  equatorward (Fig. 2e,f). The positive correlation of TRP-2 with TELs from both definitions
417  reaches a maximum of approximately 0.95. Conversely, the greatest negative correlation between
418  TRP-2 and TPG TEL is approximately -0.38. For precipitation, strong negative correlations with
419  both TEL definitions dominate in the eastern Mediterranean region, reaching -0.75, while positive
420  correlations cover North Africa and southern Europe but are weaker than the negative correlations
421  in the eastern Mediterranean (Fig. 7g,h). SPEI shows weak correlations with both TPD and TPG
422  TEL (Fig. 7i,j). Figure 7 demonstrates that the spatial correlation patterns of TEL from both
423  definitions with climatic parameters are nearly identical. Our analysis results are in good
424  agreement with the findings of Darrag (2024).

425  For further investigation into the effects of poleward tropical belt expansion on climatic parameters
426  in the Mediterranean region from January 1980 to December 2022, SVD analysis is performed to
427  reveal coupled patterns of covariability between TEL positions and climatic parameters (surface
428  temperature, TRP-1, TRP-2, precipitation, and SPEI). First, we constructed 3D geospatial data
429  using monthly TEL values by repeating TEL values along all longitudes for each timestep. This
430  process was performed for both TPD and TPG TEL methods, resulting in 3D matrices for monthly
431  TEL values in the same spatial and temporal domain as the climatic parameters. For the SVD
432 analysis results, we consider only the first dominant mode of covariance. SVD1 depicts the spatial
433 patterns for the first paired mode of covariability, whereas SC1 represents the time series of
434  expansion coefficients for the same mode. For all parameters employed in the SVD examination,
435  their SC1 time series and related SVD1 maps of spatial variability are scaled to range from -1 to 1
436  to enable comparison and description of the paired modes of covariability (Darrag et al., 2024).

437  For the coupled fields of TPD TEL and surface temperature, the squared covariance fraction (SCF)
438  of the first leading mode explains 99.98% of the total covariability of both fields. As shown in
439  Figure 8c, there is a strong positive correlation between the SC1 of TPD TEL and surface
440  temperature of approximately 0.86. Furthermore, inter-annual oscillations dominate the SC1 for
441  the temporal variability-paired mode of TPD TEL and surface temperature. The first coupled mode
442  of spatial variability, SVD1, shows that surface temperature (Fig. 8b) is characterized by observed
443  fluctuations in the eastern Mediterranean region accompanied by TPD TEL fluctuations of the
444  same sign over the same region (Fig. 8a). For the coupled fields of TPD TEL and TRP-1, the SCF
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445  of the first prevailing mode accounts for approximately 99.98% of the total covariability of both
446  fields. As depicted in Figure 8f, there is strong coupling between the SC1 of TPD TEL and TRP-1
447  with a correlation of 0.88. Additionally, inter-annual oscillations dominate the SC1 for the temporal
448  variability-paired mode of TPD TEL and TRP-1. The SVDI1 exhibits that TRP-1 (Fig. 8e) is
449  characterized by strong observed fluctuations in the eastern Mediterranean region and weak
450  anomalies at the transition zone from low to mid-latitudes over Africa, accompanied by TPD TEL
451  fluctuations of the same sign over the same region (Fig. 8d). For the coupled fields of TPD TEL
452  and TRP-2, the SCF of the first dominant mode describes approximately 99.56% of the total
453  covariability of both fields. As shown in Figure 8i, there is a strong correlation between the SC1
454  of TPD TEL and TRP-2 of approximately 0.89. Moreover, inter-annual oscillations dominate the
455  SC1 for the temporal variability-paired mode of TPD TEL and TRP-2. The SVD1 depicts that
456  TRP-2 (Fig. 8h) has clear coupling of the opposite sign with TPD TEL (Fig. 8g) in the
457  southernmost part of Europe and the northernmost part of Africa, while in the southernmost part
458  and the northernmost part of the study area both show fluctuations of the same sign.

459  In the case of the coupled fields of TPD TEL and precipitation, the SCF of the first leading mode
460  explains approximately 99.71% of the total covariability of both fields. As exhibited in Figure 8I,
461  there is a high correlation between the SC1 of TPD TEL and precipitation of approximately 0.8.
462  Additionally, inter-annual oscillations dominate the SC1 for the temporal variability-paired mode
463  of TPD TEL and precipitation. The SVDI1 depicts that precipitation (Fig. 8k) is characterized by
464  two narrow signals of strong fluctuations in the eastern Mediterranean region, one associated with
465  TPD TEL fluctuations of the same sign and the other with TPD TEL fluctuations of opposite sign,
466  and another two covariability zones in southern Europe of the same characteristics as that of the
467  eastern Mediterranean region (Fig. 8j). For the coupled fields of TPD TEL and SPEI, the SCF of
468  the first dominant mode represents approximately 97.17% of the total covariability of both fields.
469  As shown in Figure 8o, the correlation between the SC1 of TPD TEL and SPEI is weaker than
470  with other parameters, approximately 0.41. Moreover, inter-annual oscillations dominate the SC1
471  for the temporal variability-paired mode of TPD TEL and SPEI. The SVD1 depicts that SPEI (Fig.
472  8n) has clear coupling of the same sign with TPD TEL (Fig. 8m) in major areas of the eastern
473  Mediterranean region and northern Africa, while in major areas of western Europe, both show
474  fluctuations of opposite sign. The first leading mode of covariability for the coupled fields of TPG
475 TEL and climatic parameters from January 1980 to December 2022 (Fig. 9) shows coupling
476  patterns nearly identical to those for TPD TEL (Fig. 8). The SVD analysis results show that the
477  patterns of combined TELs and climatic parameters are more closely coupled for surface
478  temperature and TRP-1. Furthermore, their combined fields are significantly related in the eastern
479  Mediterranean region, attributed to the more poleward TEL position in the eastern Mediterranean
480  compared to the entire study area (Trigo et al., 2006; Lionello, 2012).
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484 temperature from 5 km to LRT level (TRP-2) (e, f), precipitation (g, h), and SPEI (i, j).
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Figure 9. First leading mode of covariability for the coupled fields of TPG TEL and climatic parameters from January 1980 to
December 2022. TPG TEL and surface temperature (a, b, ¢), TPG TEL and lower tropospheric temperature (TRP-1) (d, ¢, f), TPG
TEL and upper tropospheric temperature (TRP-2) (g, h, i), TPG TEL and precipitation (j, k, 1), and TPG TEL and SPEI (m, n, o).
The spatial patterns for the first paired mode of covariability (SVD1) of TPG TEL (left), climatic parameter SVD1 (middle), and
the time series of expansion coefficients (SC1) for the paired mode of both TPG TEL and climatic parameter (right).

The Mediterranean region's monthly average surface temperature over the period from January
1980 to December 2022 has increased by approximately 0.48 + 0.03 K/dec (Fig. 10a). This is
consistent with the results of Castellanos et al. (2021), who found that land surface air temperatures
were significantly rising, with yearly amplitudes ranging from 0.006 to 0.027 °C for maximum
temperatures and slightly greater rates for minimum temperatures. The primary drivers of
Mediterranean region warming are the rapid increase of anthropogenic greenhouse gases and the
decline of aerosols and soil moisture (Kim et al., 2019; Urdiales-Flores et al., 2023). Linear
regression analysis of surface temperature was performed at all grid points, with decadal trends
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509  plotted (Fig. 10b). Surface temperature shows a dominant upward trend evident across nearly the
510 entire study area, with statistically significant trends at p < 0.05 at most of the grid points (Fig.
511  10b). The greatest temperature upward trends are evident in the eastern Mediterranean region,
512  while temperature trends in the western Mediterranean are less pronounced. Moreover, the zonal
513  mean of the temperature linear regression map on the right panel of Figure 10b shows positive
514  temperature trends throughout the entire study area with maximum trends in the northern zone of
515  the Mediterranean from 46° N to 50° N. Zittis et al. (2022) reported that the Eastern Mediterranean
516 and Middle East are warming approximately twice as rapidly as the global average, indicating that
517  while the Mediterranean as a whole is experiencing dramatic warming, particular locations within
518 it are experiencing far more drastic changes compared to the rest of the globe.

519  Figure 10c exhibits the monthly time series of Mediterranean TRP-1 for the period from January
520 1980 to December 2022. TRP-1 has increasing trends of approximately 0.36 = 0.03 K/dec. The
521  decadal trends of TRP-1 at all grid points over this period (Fig. 10d) show increasing trends, with
522  statistically significant trends at p < 0.05 at most of the grid points, caused mainly by global
523  warming. TRP-1 trends in the eastern and northern Mediterranean are much stronger than those in
524  the southern and western Mediterranean, and the zonal mean of TRP-1 linear regression map on
525  theright panel of Figure 10d depicts dominant positive trends throughout the entire study area with
526  the strongest trends in the zone from 45° N to 50° N. For the monthly time series of TRP-2 (Fig.
527  10e), the decadal trend over the period from January 1980 to December 2022 is 0.09 + 0.01 K/dec,
528  which is less than that of TRP-1. Additionally, linear regression analysis of TRP-2 performed at
529  all grid points shows clear variation in temperature trends, with statistically significant trends at p
530 < 0.05 at most of the grid points. In the northern Mediterranean, positive TRP-2 trends are
531  abundant, while in the southern Mediterranean, negative trends are prevalent (Fig. 10f). The zonal
532  mean of TRP-2 linear regression map on the right panel of Figure 10f displays clear negative trends
533  around the latitude of 31.25° N. Our results are in agreement with Karl et al. (2006), who reported
534  that global-average tropospheric temperatures have increased significantly since the late 20th
535 century. From 1958 to the present, the global average temperature has risen at a rate of
536  approximately 0.12°C per decade, accelerating to about 0.16°C per decade since 1979.

537  The decadal trends of the monthly zonal mean temperature structure during 1980-2022 over height
538  ranges from the earth's surface to 20 km, including the troposphere and lower stratosphere, and the
539  LRT-H zonal mean is shown in Figure 10g. As evident, there are apparent upward temperature
540 trends in the whole troposphere, with the greatest increasing trends over the latitudinal band from
541  around 45° N-50° N, with a maximum value of 0.5 K/dec. As is clear from the zonal mean of linear
542  regression trend maps of surface temperature, TRP-1, and TRP-2 on the right panel of Figure 10b,
543  d, and f, respectively, there is an observed increase in temperature trends also over the latitudinal
544  band from around 45° N-50° N. The warming in the troposphere is associated with apparent
545  cooling trends in the stratosphere at a greatest rate of slightly over -0.5 K/dec. The latitudinal band
546  20°N-30° N is the zone of maximum stratospheric temperature declining trends. The phenomenon
547  oftropospheric warming accompanied by stratospheric cooling is a signature fingerprint of human-
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548  induced climate change, principally driven by rising GHGs. Several studies reported tropospheric
549  warming and stratospheric cooling employing radiosonde, radio occultation (RO), and satellite
550  observations (Narayana Rao et al., 2007; Titchner et al., 2009; Haimberger et al., 2012; Steiner et
551  al., 2020).
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552 Figure 10. Monthly time series of surface temperature (Ts) (a) and its linear regression analysis at all grid points with decadal
553 trends over the period January 1980 to December 2022, with the zonal mean of the regression map on the right side (b). Monthly
554 time series of lower tropospheric temperature from surface to 5 km height (TRP-1) (c) and its linear regression analysis at all grid
555 points with decadal trends over the period January 1980 to December 2022, with the zonal mean of the regression map on the right
556 side (d). Monthly time series of upper tropospheric temperature from 5 km to LRT level (TRP-2) (e) and its linear regression
557 analysis at all grid points with decadal trends over the period January 1980 to December 2022, with the zonal mean of the regression
558 map on the right side (f). Temperature trends (K/decade) in the troposphere and lower stratosphere (0-20 km) over 1980-2022; the
559 LRT-H is represented by the red line. Dashed lines mark areas where temperature trends are statistically significant at a p-value <

560  0.05 (g).
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561  Total precipitation over the Mediterranean from January 1980 to December 2022 exhibits
562  decreasing trends of approximately -0.25 £ 0.05 mm/dec (Fig. 11a). This is consistent with
563  previous studies reporting that the Mediterranean region is facing significant changes in
564  precipitation patterns driven by climate change. Observational data and climate model projections
565 indicate a clear trend toward declining precipitation, particularly during winter months, which
566  poses serious implications for the region's ecosystems and water resources (Cos et al., 2022;
567  Delworth et al., 2022; André et al., 2024). Linear regression analysis of total precipitation was
568 performed at all grid points, with decadal trends plotted (Fig. 11b). Precipitation exhibits a
569 dominant downward trend evident in eastern and western Europe, with statistically significant
570 trends at p <0.05 at most of the grid points. Furthermore, the zonal mean of the precipitation linear
571  regression map on the right panel of Figure 11b exhibits evident positive trends around latitude 41°
572 N while depicting a strong negative trend between 47° N and 50° N. SPEI is commonly used to
573  monitor meteorological drought status. As seen in Figure 11c, SPEI has decreased by -0.07 +0.001
574  /dec from January 1980 to December 2022. Recent studies have highlighted significant trends in
575  drought occurrences and characteristics across the Mediterranean Basin (Essa et al., 2023).
576  Historical analyses using SPEI from 1980 to 2014 reveal a significant upward trend in drought
577  frequency (Choutri and Hussien, 2024; Kesgin et al., 2024). SPEI linear regression analysis
578  performed at all grid points exhibits evident abundance of grid cells with decreasing SPEI trends,
579  especially in the northern Mediterranean (Fig. 11d). Additionally, the zonal mean of SPEI, on the
580  right panel of Figure 11d, depicts a strong negative trend between 40° N and 50° N.
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581 Figure 11. Monthly time series of precipitation (a) and its linear regression analysis at all grid points with decadal trends over the
582 period January 1980 to December 2022, with the zonal mean of the regression map on the right side (b). Monthly time series of
583 Standardized Precipitation Evapotranspiration Index (SPEI) (c) and its linear regression analysis at all grid points with decadal
584 trends over the period January 1980 to December 2022, with the zonal mean of the regression map on the right side (d).

585

586
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587 4 Conclusions

588  The Mediterranean region is increasingly recognized as a climate change hotspot, where the
589  combined impacts of global warming and tropical belt expansion are contributing to significant
590 alterations in climatic patterns. This study investigates the relationship between tropical belt
591  expansion over the Mediterranean region and climatic parameters (tropopause, temperature,
592  precipitation, and SPEI) variations using observational and reanalysis data from January 1980 to
593  December 2022 through comprehensive analyses (correlation, linear regression, SVD, WTC, and
594  PCA). Our findings reveal that monthly average LRT-H increased by approximately 80.58 + 3.07
595  m/dec over the study period, attributed to global warming from increasing GHGs emissions (Meng
596 etal., 2021). LRT-H shows stronger positive anomalies than negative ones, while LRT-T displays
597  higher negative anomalies than positive. Moreover, the LRT-H shows dominant upward trends
598 over the study area, which reach maximum values of about 266.5 m/dec in the eastern
599  Mediterranean, reflecting intensifying warming conditions. Our findings corroborate previous
600 research based on GNSS-RO, radiosonde, and reanalysis datasets that have documented rising
601  tropopause height (Schmidt et al., 2004; Sausen and Santer, 2003; Seidel and Randel, 2006; Pisoft
602  etal.,2021). Based on the two used tropopause height metrics, the tropical belt expanded poleward
603  at rates of approximately 0.14 = 0.05 °/dec and 0.27 + 0.06 °/dec for TPD and TPG methods,
604  respectively. The tropical belt expansion has long been connected to changes in atmospheric
605  structure caused by global warming. As temperatures increase, enhanced tropospheric warming
606  causes thermal expansion of the troposphere, resulting in a rise in tropopause height. This vertical
607  expansion is accompanied by poleward growth of the area covered by the tropical belt.

608  TELs exhibit an evident longitudinal variation, as the eastern Mediterranean shows more poleward
609  TEL occurrences compared to that over the western Mediterranean. This east—west contrast is
610  consistent with the stronger influence of subtropical jet variability in the eastern Mediterranean,
611  compared to the greater impact of Atlantic storm tracks in the western Mediterranean (Lionello et
612  al., 2006; Manney et al., 2011). TELs from both methods exhibit strong positive correlations with
613  LRT-H, surface temperature, and tropospheric temperature, while showing strong negative
614  correlations with precipitation. WTC analysis confirms that both TEL definitions are in phase with
615  high coherence to LRT-H, surface temperature, and tropospheric temperature, but out of phase
616  with precipitation. However, no significant relationship exists for SPEI with TELs or other climatic
617  parameters. Spatial correlation analysis reveals that both surface temperature and TRP-1 show
618  positive correlations with TELs across the study area, with the highest values in the eastern
619  Mediterranean. TRP-2 displays predominantly positive spatial correlations with TELs throughout
620 most of the Mediterranean except within the latitudinal band where TELs undergo poleward
621  expansion and equatorward contraction. Precipitation exhibits strong negative spatial correlations
622  with TELs in the eastern Mediterranean while showing positive correlations over southern Europe.

623  SVD analysis demonstrates that the first mode of temporal variability for paired modes of TELs
624  and all climatic parameters is dominated by inter-annual oscillations. SC1 of TELs shows strong
625  positive correlations with all climatic factors but less in the case of SPEI. The first spatial mode
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626  (SVDI1) reveals clear coupling between surface temperature and TRP-1 with TELs in the eastern
627  Mediterranean. For TRP-2, SVD1 shows linkage with TELs in the southernmost and northernmost
628  zones of the study area, while displaying opposite-sign oscillations in southern Europe, northern
629  Africa, and the middle zone of the eastern Mediterranean. Precipitation SVD1 exhibits two strong
630 signals (one in the eastern Mediterranean and another in southern Europe) accompanied by
631  opposite-sign TEL fluctuations over the same regions and another two covariability zones
632  northward of the previous ones but accompanied by TEL fluctuations of the same sign over the
633  same regions. SPEI SVDI1 displays clear coupling of the same sign with TELs in major areas of
634  the eastern Mediterranean and northern Africa regions, while in western Europe, both depict
635  opposite sign fluctuations. The stronger coupling between TELs and climatic parameters in the
636  eastern Mediterranean indicates the strong effect of the TEL pattern in this region compared to
637  the broader study area. Surface temperature over the Mediterranean region increased at 0.48 + 0.03
638  K/dec between January 1980 and December 2022, with the most significant rises in the eastern
639  Mediterranean and less dramatic increases in the western Mediterranean. TRP-1 and TRP-2 show
640 increasing trends of approximately 0.36 £+ 0.03 K/dec and 0.09 + 0.01 K/dec, respectively, with
641  positive trends most abundant in the eastern and northern Mediterranean for TRP-1 and the
642  northern Mediterranean for TRP-2. The temperature structure across the Mediterranean has the
643  greatest magnitudes and trends near the surface, which gradually drop with altitude and exhibit a
644  strong height-dependent spatial pattern. Total precipitation and SPEI exhibit decreasing trends of
645  approximately -0.25 + 0.05 mm/dec and -0.07 + 0.001 /dec, respectively, consistent with previous
646  studies reporting pronounced aridification and more frequent droughts over the Mediterranean
647  region (Essa et al., 2023; André¢ et al., 2024).

648  These results confirm that climatic parameter variability, coherence, and coupling are linked to
649  TELs variability throughout the Mediterranean region, with apparent interaction and coupling
650  between climatic parameter patterns and TELs over the eastern Mediterranean. The findings of
651  this study advance the understanding of the long-term variability of key climatic parameters over
652  the Mediterranean, as well as their relationships and interactions with large-scale tropical belt
653  dynamics.
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