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Extended Abstract

Introduction

Anthropogenic climate change stands as one of the most formidable challenges facing contemporary
civilization. While climatological research has traditionally prioritized the isolation of individual
variables such as temperature or precipitation and their associated extremes (e.g., heatwaves or
meteorological droughts), a growing body of scientific evidence suggests that the concurrent or
sequential convergence of these hazards yields consequences far more devastating than the sum of their
independent effects. Termed compound extremes, these phenomena emerge from intricate interactions
between atmospheric physics and land-surface processes. Compound extremes are inherently
multidimensional, arising from the interplay of several contributing variables; consequently, accurately
characterizing these events necessitates an investigation into the joint and simultaneous behavior of the
underlying factors. To illustrate, a compound hot-dry event is typically defined by the coincidence of
distinct precipitation deficits alongside positive temperature anomalies or heatwaves. Of particular
concern are compound hot-dry events, characterized by the coincidence of elevated temperatures and
significant precipitation deficits, typically demarcated by the 80" and 20" percentiles, respectively.
These combined extremes possess a potent capacity to amplify environmental stress through positive
feedback loops linking soil moisture and air temperature. Under drought-induced moisture deficits, a
substantial fraction of incoming solar radiation rather than being dissipated through evapotranspiration
is converted into sensible heat. This thermodynamic shift elevates surface temperatures and
significantly intensifies heatwave dynamics. Recent global assessments indicate a rising trend in the
frequency, intensity, and spatial extent of these compound extremes, particularly within arid and semi-
arid zones. Accurately characterizing these events, however, necessitates the deployment of
multivariate indices; conventional metrics focusing on singular climatic aspects fail to capture the
synergistic nature of coupled hazards. Iran, with its vast climatic diversity and location within the global
arid and semi-arid belt, is profoundly vulnerable to climate variability. In recent decades, severe
precipitation fluctuations coupled with a prevalent warming trajectory have established ideal conditions
for the genesis of compound hot-dry extremes. Such occurrences pose existential threats to the nation’s
food security, water resources, public health, and biodiversity. Despite the critical implications, few
inquiries in Iran have adopted a comprehensive approach using standardized compound metrics to
analyze these coupled phenomena. To bridge this knowledge gap, the present study utilizes data from
synoptic weather stations and the Standardized Compound Event Indicator (SCEI) to rigorously
evaluate the spatiotemporal patterns of compound hot-dry events over the 1991-2020 period.
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Materials and Methods

In pursuit of a rigorous spatiotemporal characterization of compound extreme events across Iran, we
curated a dataset comprising daily temperature and precipitation records from 95 synoptic stations,
selected for their optimal spatial representativeness. Despite Iran’s vast territory, its meteorological
station lacks adequate coverage in key desert and mountainous regions. Nevertheless, the aim of this
study is to analyze the data recorded by these existing stations to characterize the climatology and trends
of compound hot-dry extremes over the last three decades. The study spans a 30-year climatological
from 1991 to 2020. To ensure data integrity, the raw time series underwent comprehensive quality
control and homogeneity testing prior to any statistical application. For the detection of compound
warm-dry episodes, the 20" and 80'" percentiles were established as critical thresholds; consequently, a
compound event was defined by the concurrent incidence of heat and dry spells within a single calendar
month. The methodological cornerstone of this study is the computation of the Standardized Compound
Event Index (SCEI). This dimensionless metric is engineered to synthesize the joint anomalies of
precipitation and temperature into a unified probabilistic framework. Within this scale, negative values
quantify the intensity of warm-dry conditions exceeding the norm, whereas positive values denote the
absence of such compound extremes. Based on standard statistical thresholds, the severity of these
events was stratified into five distinct intensity classes: CEO (abnormal), CE1 (moderate), CE2 (severe),
CE3 (extreme), and CE4 (exceptional compound warm-dry events). Beyond the derivation of the index,
we assessed the statistical significance of temporal trajectories over the past three decades utilizing the
Modified Mann-Kendall test alongside Sen’s Slope estimator.

Results and Discussion

A concurrent analysis of temperature, precipitation, and the Compound Extreme Index reveals that the
spatial distribution of hot-dry extremes across Iran is strictly modulated by the region’s topographical
configuration. Specifically, the Alborz and Zagros mountain ranges act as orographic barriers,
effectively blocking the intrusion of moist air masses from the west and north into the central plateau.
These topographical shielding fosters arid and semi-arid climates characterized by intense thermal
fluctuations within the interior basins. Consequently, the escalating trajectory of compound hazards
observed in central and southern regions is not merely a function of global climate shifts; rather, it
emerges from the complex interplay between local physiography and synoptic-scale atmospheric
patterns. Dissecting the physical mechanisms governing these trends suggests that the observed
variability is the product of intricate coupling between thermodynamic and dynamic variables. Notably,
the asymmetric warming pattern where minimum temperatures rise more rapidly than maximums has
curtailed the frequency of nocturnal frosts and extended the growing season. This shift inevitably
amplifies evaporative demand and accelerates soil moisture depletion, creating a feedback loop that
intensifies aridity. Statistical inquiries into the data elucidate a significant upward trend in the frequency
of compound hot-dry extremes across the majority of the country. Processing data from 95 synoptic
observation stations uncovers substantial heterogeneity in the spatial distribution of these events.
Modified Mann-Kendall tests indicate that 80.20% of the studied stations exhibit an increasing trend,
with 26% of these shifts proving statistically significant at the 95% confidence level (p < 0.05).
Conversely, a mere 14.58% of stations displayed a decreasing tendency, none of which reached
statistical significance at the 5% or 1% levels. These findings corroborate global studies reporting a
surge in compound extreme events across mid-latitudes and arid zones. However, spatial analysis
highlights a marked disparity in event distribution: regions within the Central Plateau, as well as Eastern
and Southeastern Iran areas inherently predisposed to arid and desert climates have experienced the
most pronounced escalation in compound hot-dry occurrences. In these locales, the strong negative
covariance between temperature and precipitation (implying that heatwaves are predominantly dry)
enhances the sensitivity of the SCEI (Standardized Compound Extreme Indicator) to anomalies. In
contrast, while the Zagrosand Alborz mountainous zones and the northern coastal strip generally follow
an increasing trend, their patterns of compound extreme occurrences exhibit far greater complexity. An
examination of the SCEI frequency distribution across its five classification tiers reveals a significant
inverse relationship between event intensity and spatial extent. The frequency percentage of SCEI
classes over the 30-year study period indicates that the Moderate (10.4%) and Abnormal (6.73%)
classes collectively account for over 17% of all recorded hot-dry extremes. This implies that for nearly
one-fifth of the temporal scope, Iran’s climate possessed a high predisposition for simultaneous positive
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thermal anomalies and negative precipitation deviations. At the other end of the spectrum, the Severe,
Extreme, and Exceptional classes comprise 3.1%, 2.52%, and 1.24% of occurrences, respectively.
Although the cumulative frequency of these three high-intensity tiers is less than 7%, the statistical
rarity of such tail-end events must not be conflated with negligible impact; their potential for
catastrophic disruption remains disproportionately high.

Conclusion

Utilizing the multivariate Standardized Compound Event Indicator (SCEI) on a 30-year dataset from
synoptic meteorological stations, this study reveals that Iran is undergoing a climate transition towards
a regime where extreme events manifest not as isolated incidents, but as combined phenomena with
escalating intensity. The significant upward trend in these occurrences serves as a stark warning to
policymakers and natural resource managers. By integrating the interplay between temperature and
precipitation, the SCEI provides a potent tool for the early and precise detection of environmental
stresses. The geographical footprint of these compound extremes is expanding, encroaching upon higher
latitudes and the mountainous regions of the northwest. This development signals a fundamental shift
in the climate patterns. Our findings demonstrate that compound extreme events are no longer transient,
random fluctuations; they have consolidated into a structural and recurrent feature of Iran’s climate. To
illustrate, severe to exceptional hot-dry compound events now account for approximately 7% of all
recorded occurrences nationwide a critical alert for water resource and agricultural management. This
evolving reality suggests that current crisis management strategies, which are predicated on the
probability of univariate events, may lack the efficacy to counteract the intensity and persistence of
compound phenomena. This vulnerability is particularly acute in regions where the SCEI has registered
markedly negative values (classes CE3 and CE4), as the resilience of both ecological and human
systems to these compound pressures has been severely compromised. Ultimately, our trend analysis
corroborates this shift: while a mere 15% of stations exhibited a decreasing trend none of which were
statistically significant a substantial 26% experienced a significant escalation in compound extreme
events. Consequently, it is recommended that future research prioritize the dynamical modeling of
interactions between atmospheric circulation patterns and Iran’s complex topography. A parallel focus
should be on assessing the influence of climate change on the future intensity and frequency of these
phenomena. Such efforts are indispensable for formulating more precise adaptation strategies tailored
to the nation’s most vulnerable regions. This study furnishes policymakers and stakeholders with the
essential insights needed to devise robust strategies for adapting to and mitigating the destructive
consequences of compounded water and heat stress.
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Fig. 1: The study area and the synoptic stations analyzed in this study (Map unit: meters).
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Table 1: Locations of the studied synoptic meteorological stations used to compute the occurrence of compound
extreme events

Row Station
1 Abadan
2 Abadeh
3 Abali
4 Abu Musa

Island
5 Ahar
6 Ahvaz
7 Aligudarz
8 Anar
9 Arak
10 Ardabil
11 Babolsar
12 Baft
13 Bam

14 Bandar Anzali
15 Bandar Abbas
16 Bandar Lengeh

17 Bandar
Mahshahr

18 Bijar

19 Birjand

20 Bojnourd

Elevation
6.6
2030
2465.2
6.6

1391
22.5

2022.1
1409
1661.9
1314.3
-21
2280
940
-23.6
9.8
22.7
6.2

1883.4
1491
1065

Row
34

40
41
42
43

45
46
47
48
49
50

51
52
53

Station
Qom
Quchan
Gorgan
Hamedan

llam
Iranshahr

Jask
Jolfa
Kahnuj
Kangavar
Karaj
Kashan
Kashmar
Kerman
Kermanshah
Khalkhal
Khash

Khur (Birjand)
Khoy
Khorramabad

Elevation

879.1
1287
0
1740.8

1337
591.1

5.2
736.2
499
1468
1292.9
955
1109.7
1754
1318.5
1797.4
1427

1117.4
1103.4
1147.8

Row

67
68
69
70

71
72

73
74
75
76
7
78

Station
Ramhormoz
Ramsar
Rasht
Ravansar

Sabzevar
Safiabad
(Dezful)
Saqqez
Sanandaj
Sarab
Sarakhs
Saravan
Sarpol-e Zahab
Semnan
Shahr-e Babak
Shahrekord
Shahrud
Shiraz

Tabas
Tabriz
Takab

Elevation
150.5
-20
-8.6
1380

962
82.9

1522.8
1373.4
1682
278
1182
545
1127
1834.1
2048.9
1325.2
1488

711
1361
1817.2
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21 Bushehr 9 54 Kish Island
Airport

22 Borujen 2260 55 Kuhrang

23 Borujerd 1629 56 Lar

24 Chabahar 8 57 Mahabad

25 Dehloran 232 58 Maku

26 Dorudzan 1642 59 Maragheh

27 Isfahan 1551.9 60 Mashhad

28 Eslamabad-e 1348.8 61 Masjed Soleyman
Gharb

29 Fasa 1268 62 Minab

30 Ferdows 1293 63 Mianeh

31 Qarakheil 14.7 64 Noshahr

32 Qorveh 1906 65 Urmia

33 Qazvin 1279.1 66 Parsabad (Airport)

30

2365

792

1351.8
1411.2
1344
999.2
320.5

29.6
1110

-20.9
1328
71.8

87
88
89
90
91
92
93
94

95

Tehran
Mehrabad
Tehran
(Shemiran)
Torbat-e
Heydarieh
Yasuj
Yazd
Zabol
Zahedan
Zanjan

Zargan

1191
1549.1
1451
1816.3
1230.2
489.2
1370
1659.4

1596
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Table 2: Classification for compound hot-dry extreme events as defined by the Standardized Compound Event

Indicator (SCEI), with each category corresponding to its 100-year return period (Wu et al, 2020).

adib Shid—p S (oS 5 8 03,
Category Compound DryHot

CEO (Abnormal) ssle .2

CE1 (Moderate) lawgio

CE2 (Severe) sos

CE3 (Extreme) %

CE4 (Exceptional) ;!

(Sao) Jlois|

SCEI
Percentile chance
20 to <30 -0.5t0-0.7
10 to <20 -0.8to-1.2
5to <10 -1.3to-15
2t0 <5 -1.6to-1.9
<2 -2.0or less
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Fig. 2: The 30-year climatology (1991-2020) for (a) temperature (°C), (b) precipitation (mm), and (c) the
frequency of hot-dry extremes.
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Fig. 3: The Standardized Compound Event Index (SCEI) for Iran, stratified by event intensity: abnormal (CEO),
moderate (CE1), severe (CE2), extreme (CE3), and exceptional (CE4) (Unit: %).
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Fig. 4: Trends in the hot-dry compound extreme index over Iran during the 1991-2020 period, quantified by Sen’s
slope estimator. The statistical significance of these trends was evaluated using the modified non-parametric
Mann-Kendall test. Cross symbols highlight stations where the observed trend is significant at the 5% level.
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Fig. 5: a: Area-averaged Standardized Compound Event Index (SCEI) across Iran; box plots depicting the SCEI
distribution across distinct categories spanning the 1991-2020 period (Unit: %).

gyl xS iesh ol (Afroogh et al, 2025)
AL @l Glopse 4 oS 5 Gloin,d b
Jjj) Ll o0ls ul-M.A-’ ‘) ‘u).CJLo.w ‘5>L........:e55 ‘5>‘9.: 9
5558 el 5l s ys AdIY e o o gme Laul38
Gl 9SS cendBl Gl o oss caims lis
135 5 (Bolas Sllug ploie 4 (oS 5 (8 sloslaz,
Sl weldl 35 5 L (g 4 4L st
Vosgas o gl b agal sleolas ) aileas Juo
‘5)‘4.“&;5.’5&4;‘59)4)& ‘) )9.4..5 le.@é‘d.?-))‘ Ao yo
ol ol @5,0liS g ol e Cupae ly o
le.bb‘-\?) lbs‘-\.' 9 AW ).:‘).a L) Sl uiﬁuﬁ wiloads
oS gablio ;o ofga il aslas |y p3¥ SIS oS 5
3 CE3 wlab) 429 bl i polis SCEI szl
Solel Wiy, Jdow wolgs jo el 03,5 oS |, (CE4
P arls eliw] s, VEIOA jo Ly ol las
-5 eSS
VP oS Jb 0 wlesgs s cme g lel Ll 5l eyl )
Ao, B mhaw jo ) ghls pme ili8l oS! 3l s o

@S i b el syl Baa b ol ragy
Fove B by oslb (b olpl agy jo Sis —p )5
SbolS S vezg il gullS ml s pledl
goolas;, mg 0 1) (Frboszr - led K]
S CTIER R AP e SOV R R S
VIV acio B oo, <OV 5l addlas 9,50 slaolliws!
Slebl cobl el 5 bl ol SO lexe @
ol 5 SiS 0 S Sl el 5 Yl
B! 4% Slaalic sleosls 551y o)ls ol 4l
Gosdlols (las Yeve G JSloj o5b yo Soygim
Sl 5l gl casa bolas, ol Sy Sl
@les St lags a9 )b Gl Jlite (Sl
St obie 1 o (Saalizige s sos b oo
aS ol ] Sl s «(Zhu et al, 2021) Sisdos 4
cge >l Grars o - S Sadchs wals
Co gl 9|)M Oleeas owlislgn slo JLSis B oo
R slaolaz) Sl g Dadiges S Jee 2lo S lsal
Oty Oladllae b anslie o aims ilidl oS



V8 sybogy shlsls

olpl e Sas -5 S 5 slagn B Sloj-plad Julo

sl o gleS 5 ol slatis (a6 o e glaaly

S il
Gll.o S silfj L QLo)‘L..; =2 )’l Jlas Cﬁ.‘ 0diaus ¢

Sl 00,55 il 0

1-Compound Dry and Hot Events (CDHES)
2-Compound Heat-Humidity Extremes (CHHES)
3-Copula

4-Standardized Compound Event Indicator (SCEI)
5-Standardized Dry and Hot Index (SDHI)
6-Blended Dry and Hot Events Index (BDHI)
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