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Introduction

In the 21st century, anthropogenic global warming has become a paramount crisis_for human SNeS, profoundly
altering Earth's energy balance and hydrological cycle. The IntergovernmentalfPanel’ on Climate Change Sixth
Assessment Report (IPCC AR6) confirms that the global mean surface temperature duringﬁglést decade (2011-2020)
increased by 1.09—1.1 °C relative to the pre-industrial baseline. Notably, warming over land areas is substantially more
pronounced than over the oceans (IPCC, 2021). To address methodological and practical gaps in regional climate risk
assessments, this study investigates a central research question: What spatiotemporal patterns will absolute temperature
extremes—specifically, the annual minimum of daily minimum temperaturel(TNn) and the annual maximum of daily
maximum temperature (TXx)—exhibit across Iran under various emission scenarios?.

Materials and Methods

This observational study uses meteorological datayfiom the Islami€ Republic of Iran Meteorological Organization
(IRIMO) network. We extracted daily time series of minimum, and maximum temperatures from 103 synoptic weather
stations that capture Iran's diverse climate regimes and topograpliNl‘eterogeneity. To project future climate variables,
we generated a multi-model ensemble (MME) using 14,Global Climate Models'(GCMs) and Earth System Models
(ESMs) from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The selected models include GFDL-
ESM4, CanESM5, CESM2-WACCMCNRM-CM6-1, CNRM-ESM2-1, EC-Earth3, ITM-ESM4, KACE-1-0-G,
MIROC6, TaiESM1, IPSL-CM6A-LR;MPIESM1-2:HR, MRI-ESM2-0, and UKESM1-0-LL. To evaluate the MME's
performance in reproducing ab§olute temperature ‘extieme indices (TXx and TNn) against synoptic station
observations, we usedythe refined index of“agreement: Furthermore, integrating hot and cold extremes required
developing a dimensionléss composite ‘indicator,, which we term the Compound Thermal Hazard Index (CTHI).
Because the simulated anomalies of TNn and TXx vary widely in amplitude, we applied min-max normalization. This
approach strictly aligns with the IPCC risk|assessment framework and the OECD benchmark guidelines for
constructing composite indieators.

Results and Discussion

Performance @valuatiofef the MM E—derived from bias-corrected CMIP6 outputs over the historical reference period
(1990-2014)-—reveals distinct, spatial and structural heterogeneities in replicating Iran's absolute temperature
extremes. The refined index of agreement highlights a pronounced discrepancy between the simulations of absolute
maximumy(TX%), and absolute minimum (TNn) temperatures. Specifically, TXx is reproduced with greater fidelity
across the 103 synoptic stations, largely because synoptic-scale forcings, shortwave radiative fluxes, and warm-air
advection pﬂmaﬁxgovem it. Conversely, the TNn simulation shows markedly lower skill. This deficiency stems from
the index'spsensitivity to highly localized nocturnal boundary-layer dynamics, radiative inversions, soil moisture—
atmosphere feedbacks, and the inherent parameterization limitations of GCMs/ESMs over complex terrain. Future
projections under, the Shared Socioeconomic Pathway (SSP) scenarios indicate a systemic shift toward pervasive
warming in TNn across Iran. Notably, no region is projected to experience negative (cooling) anomalies; instead,
temperatures are projected to increase by 1.2 to 8.1 °C. The analysis of TXx similarly reveals an unmitigated warming
trajectory, which'is mechanistically distinct from the nocturnal cold regime. This index is projected to rise in the near-
term climatological future, exhibiting a spatial mean increase of 1.5 to 2.3 °C, and ultimately culminating in severe
thermal extremes by the end of the century (2076-2100).

Conclusion

Projections under the SSP scenarios robustly confirm a ubiquitous warming trend, with no negative temperature
anomalies across the study domain. In the near term, the models' thermodynamic responses remain largely convergent,
mainly because of the climate system's historical thermal inertia. However, by the end of the 21st century under the
fossil-fueled development scenario (SSP5-8.5), spatial mean anomalies are projected to reach +5.8 °C for TNn and
+6.9 °C for TXx. The Zagros and Alborz mountain ranges, along with the northwestern territories, are projected to



experience anomalies exceeding +8.0 °C, emerging as critical hotspots for this thermal intensification. Elevation-
dependent warming (EDW) mechanisms and positive snow—albedo feedbacks directly modulate these amplified
warming rates. To integrate these risks comprehensively, we formulated the CTHI in accordance with OECD guidelines
for composite indicators. In the absence of definitive empirical evidence prioritizing the socio-ecological impacts of
either extreme, we assigned equal weight to both variables. Under the strong mitigation scenario (SSP1-2.6), the
compound thermal hazard stabilizes at a low threshold (maximum CTHI of 0.25). Conversely, the unmitigated SSP5-
8.5 scenario propels the index beyond 0.8 across vast expanses of the country by the century's close. This profound
destabilization of the temperature-extremes regime, coupled with reduced snow-cover duration and intensified actual
evapotranspiration, is expected to pose unprecedented and potentially irreversible challelﬁs to water security in Iran's
major river basins.
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Category 1: Low Index of Agreement

® TNn ® TXx

ategory 2: Moderate Index of Agreement

Category 3: High Index of Agreement
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Figure 2. Evaluationiofithe CMIP6 Multi-Model Ensemble (CMIP6-MME) using data from 103 synoptic
meteorological stations, represented via a dumbbell plot. This figure presents modified index-of-agreement values as a
dimensionless metric toMate two indices at the station level: absolute maximum temperature (TXXx; orange dots) and
absolute minimum temperature (TNn; blue dots). To enable more nuanced spatial analysis and capture topographic
influences, we categorize the studied stations into three groups based on their index of agreement: low (left panel),
\ moderate (middle panel), and high (right panel).
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Figure 3. Spatial distributio extremes in Iran during the historical period (1990-2014) based
on the bia . (a) Spatial distribution of the absolute maximum temperature (TXx), and (b) spatial
ion of the absolute minimum temperature (TNn). (Unit: °C)

CMIP6 golon Jowsizy wlwl p oln! 53 (TNR) Lod Gllao diceS o 8 @ led ()l o
P s e 5 AL et S, oatmoglts ol aigg 5o (TND) Los 3lhas a8 a5 S Ll
Cod yao b Solbua o olp! )l Gladhie @ glp CMIPO Jowais soles 6,5 i 5l Jol> slaools .ol ailiss
(Y-YP-Y-0+) 5 ooanl o (F USE) dwyoo o 450 AN B ugadis a0 VY 5l Ol acals ailes S
SSPI- slag )lw (gl 0,59 (nl )0 slomd o Sty (ele e 1500 SSP slagy L (salod ;o (2ale 3 slo JUSws
a0 Y B o slaels Bble e jo ol Sl Jlid, 5 00gr ptite wgamdes 4> 30 VY 5 V/& s SSP5-8.5 4 SSP3-7.0 2.6
Lawlgl B lags b Jloline SIS 5l wilo 92 olo,S (5 el ol wilolio (YL o5 ams jo ol Ked ol 800 wguandis
gbse ol 058
oS slaigs (5 )lud o dSSP1-2.6) 5 [Lasil b g Jlauly dnvgd (5o )L Coxd 5 (Y- OV-Y - VD) Sl ool Sy o9 po

aS 5 ,9bas a2 oo 7, SSP3-7.0 (g45,Lew ;0 Wy, (pl CennS 098 oo Sl ugmndis 42 0 T U VA ooguxe jo Les (3llas



ol 0 Kgdon b gk a2 3 T Y (S slagSUl g Bl (2l ugendds 423 ¥ 4y 5985 (glargy Lawgie
(F JS8) oo ogeds a0 F 4y g3buin o laign (2SSl g oals waid g )l plo b ol S1s (SSP5-8.5) o ,Lew
G 8 Sl 0iS oo 40,25 |y ugaadis a0 O/F U F/D 0 a 95 LB lag ) lud o STy olasil g o6 Jlels 3blis
el Jlge SSPI-2.6 (gp,biw ,o 28l walss Lialdl amsd B IS5 ) oyl o Les slas dieS (V-VE-Y)++) oS5
md8l 53, Wl so (Bl wgeds 4> 0 Y B VA 0o len j0 (g e o5 oal ailid 1ol 5 waid jl mibe slaildS el
10 5 FIY 4 Lo anaS (o lnin o slargy uSile SSP3-7.0 (son )l 5o ol Ssline SLEYL izl by logs L s
9 smgmdar 42,0 A7 ol o ST5 g 5l slaial 5 (058 Jlod (258 slaidu a5 (5 b tbiggs (il (wgmnds 42 )0
5 o) 555 zsl 4 SSP58.5 (su i 1 g, ol WS e o |y cwsdos a0 8 B F il BB 5 655 e sblis
Xl Sal a0l pl o Gl 6o so iy 1) ugadis az 30 OIA BO/D @ a5 LB ioliNeiS) slay, Lawsie
2 MG BYIY o b b ob)S (2 sl ol Glapsl HeiS e Jlatiaie 5550 (o515 ool
Wgh oo axlge Gugrads 4z 13 F B FIO oogamme 1 y1eS slag)lmn o b plnl (20t g (S5 cb(c >y s Gograde
9o el b W il slags i o s (sla b (5 b il AL S s 5550 ol (F )
Gl susoly a3l gy e e olie 3o e guad oz gl 5 Sihdasd Qmwm 4> (dos Santos, 2026) _wgiils
S ol oy Jlads gliwasS slaaiy, ;o o594 (Sarisarafetal., 2028) - SKaaly' o o le o K im mbo b oYL
ey e S (S5 S35 @ o) 3 5 T s GLLalBes 3llao 4isa (slo s min g g0 35 o3
ool (s ogamdis a0 Al oo (6w o b SSP58.5 (g s o 5,1 5 (0 S5 wlels )| .ol (EDW) ¢lis |
@ Syl LB st b allies; By R lasg; ©od e ddgl ol S bl (F S8 wies e LaS ) ser Bl
Omey 0Bl el aad oo 1ol B 4 ) (g0nd 93 GG GRUTL o 2B S (olas gl (AalS 090 0 ik
Al el 97 (b glaay a el S 5 wikzse GRBRIE 1o 1) (1 5 00,8 i gyt oUsS e Jsb 655
Sl 035 o sy 5ol &, By SRS sl BB ) ot il S i, eh (b ke 9,555k o
Ly ool Jsb o 08 o0 B 57 (75,5 Wbz oo @il (Dl Shis 4 |y o] et Colos TND a3ld il 5 il
35 oo )5 (OLRYz 5, Mz 5o 2ol G lS 3l J 58 oo Bitos 32 (6550 O e 5 aocliss’ 2als ol
A3 oo il oo gl ardilit wlebe o 1) ke o Cons 43 (DLR) g8 silizge (b )L 00,555k cnl wais
5 Slacaligs o250 ()] S Sags s g5 5 Gl Ay (Fo S a5 Clls 4zl sl e sl (nl Cnlad pas pgas o
Masoompout. ) |, o (s JRpFare J i 45 Laxd (el 009 8,000 o Joe slp g9 Ll o lgen (ST g
ol made ol oldal J cnl basles S oLl T 4 oyl l eousen 3blis o8l adgisL 4o 55 (Samakosh et al., 2018
@ iie sladae SSletd slalas alS L o)Sg, cul el lyinl (Jusaiz solod (655 9,509, 4l p eSonlad poe
(CMIPG) wﬁw ol Slairs S SVl SllB S e 0818 1555 1,555 ey Tyt L1y G e i
e o0 0l 5 (Miri et al., 2025) o Sos 5 6 pee o oli3)) 55 ool sanldl Ll o5 adgisl o



A §5P1-2.6 (2026-2050)
§ 3

"3 §5P1-2.6 (2051-2075)
iy i

‘,‘% SSP1-2.6 (2076-2100) |
! Y
i :

o .

"4  S5P3-7.0 {2026-2050
f&'\. { )
i

FANE S "! % §SP5-8.5 (20 51-27;
I Yot
’1‘5 ‘\w,,‘ifm\\
e B..-
¢ 3
.

o
J

\
i

F
2 3

erel vl

12 15 18 21 24 27 3.0 3.3 3.6 39 42 45 48 51 54 57 60 63 66 69 7.2 75 7.8 8.1

SSP3- SSP1-2.6 s )Lew duws i (182+-Y+1F) 505l 0,90 dfpcamm Nn)t;o Bl oS alod S g )l o F JSi
4 33 1a19) (Yo VF-TVee) 595 00igT 9 (YeOV-ToVD) Sl sulSTIATYE-T0+) $90% onisl Slojoy9d 4w sl SSP5-8.5 47.0

Figure 4. Spatial anomalies of the absolute minimum temperature (TNn) index relative to the historical period (1990-
2014) under three Shared Socioeconomic Pathway scenario$ (SSP1-2.6, SSP3-7.0, and SSP5-8.5) across three future
periods: near-future (2026-2050), mid- future (2051-2075), and far-future (2076-2100). (Unit: °C)
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Figure 6. Temporal variations and inter-model uncertainties in absolute temperature extremes (TXx and
TNn) for the period 1990-2100. Solid lines denote the multi-model mean of the 14 CMIP6 models, while
shaded bands indicate the inter-model spread across the three SSP scenarios.
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Figure 7. Spatial distribution of the Composite Thermal Hazard Index (CTHI) in Iran across the near-future, mid-
future, and far-future projection periods (2026-2100) relative to the historical period (1990-2014). Values approaching

zero indicate a low thermal hazard. In contrast, values approaching one represent the maximum normalized anomaly in
absolute temperature extremes (TNn and TXx) and the dominance of heat-stress conditions.
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