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Extended Abstract \
Introduction

Cold waves are among the most impactful extreme climatic phenomena, annually. causing\s%s:antial socio-economic

damage to various sectors including agriculture, energy, transportation, and public health."While' global warming has
led to an overall increase in temperatures, recent studies have paradoxically highlighted the eontinued occurrence of
severe and damaging cold waves in mid-latitude regions, often linked to sttatospheric-tropospheric interactions and
large-scale atmospheric blocking patterns (Cohen et al., 2022; Kolstad et al., 202&§ang et al., 2022).

Despite numerous studies on temperature extremes in Iran, a comprehensive understanding of the mechanisms driving
cold waves—particularly in semi-arid and dry climate regions of central [ran—remains limited. Most previous studies
have either focused solely on frost events (local-scale.radiative cooling),without distinguishing them from synoptic-
scale cold waves, or have relied on descriptive trefid analysis ‘withieut statistical rigor (Fatahi & Salehipak, 2009;
Mahmoudi et al., 2016; Aalijahan et al., 2019, 2022). Furthermore,\the role of lower-tropospheric temperature
advection in modulating cold wave intensity and persistence h&ely been examined alongside mid-tropospheric
circulation patterns in the Iranian context.

Therefore, this study aims to: (1) analyze the long-term trend of minimum temperature and cold wave frequency in
Isfahan city using robust non-parametric'statistical tests (Mann-Kendall and Sen's slope), (2) identify and classify the
dominant synoptic-dynamic circulation patterns responsible for\severe and persistent cold waves through factor
analysis and cluster analysis, (3) quantify“the, role of horizontal temperature advection at the 1000 hPa level in
exacerbating cold spellshand (4) provide;a physical interpretation of the tropospheric-stratospheric interactions driving
these extreme events in the'eentral platean ofilran.

Materials and Method$

Study Area: Isfahan city (32°39'N, 51°41'E, elevation ~1590 m) is located in the central plateau of Iran, characterized
by a semi=atid to arid climate with high diurnal temperature ranges, cold winters, and hot summers. Its strategic location
as a major metropolitan aréaswith significant agricultural and industrial activities makes it particularly vulnerable to
cold wave hazards.

-Station'data: Daily milbwn temperature records from the Isfahan synoptic station spanning 51 years (1970-2021),
provided byxthe Islamic Republic of Iran Meteorological Organization (IRIMO). The dataset contained 18,733 valid
days out of 19,0\%;)ta1 days, with only 273 missing values (1.44%), which were handled using listwise deletion in
percentilgyealculations—a standard approach in extreme climate indices following WMO guidelines.

-Reanalysis data: Geopotential height at 500 hPa and temperature advection at 1000 hPa were extracted from the
NCEP/NCAR Reanalysis 1 dataset with a horizontal resolution of 2.5° x 2.5° latitude-longitude. This dataset was
selected for its extended temporal coverage (1948—present), homogeneity, and established use in numerous synoptic
climatology studies across Iran and the Middle East.

-Cold wave definition and thresholds: Cold wave episodes were defined based on three percentile thresholds—Ist,
5th, and 10th percentiles of the daily minimum temperature distribution—with a minimum persistence criterion of
three consecutive days. The 1st percentile (-7.2°C) identified the most extreme and persistent events, while the 5th
(-4.2°C) and 10th (-2.4°C) percentiles captured moderate cold spells.

-Trend analysis: The non-parametric Mann-Kendall test was applied to detect statistically significant trends in annual
cold wave frequency for each percentile threshold. The Sen's slope estimator was used to quantify the magnitude of
the observed trends. These methods are robust against outliers and do not assume a normal distribution of data (Krouma
et al., 2026; Oztiirk et al., 2026).
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-Cold Wave Persistence—Intensity Index (CWPI): To move beyond simple duration criteria, a composite index (CWPI)

was defined as: CWPI = D x |AT|, where D is the duration (days), and AT is the mean daily minimum temperature
anomaly relative to the long-term daily mean. This index identified 130 extreme cold wave days for subsequent
synoptic analysis.

-Synoptic classification: Factor analysis (principal component extraction) and hierarchical cluster analysis (Ward's
method with squared Euclidean distance) were applied to the 500 hPa geopotential height anomalies of the selected
130 days. Data were standardized using min-max normalization prior to clustering. The optimal number of clusters
was determined using dendrogram inspection and scree plot analysis, revealing four distinct circulation patterns.

-Temperature advection analysis: Horizontal temperature advection (A = =V~ - VT) at the 1000 hPa level was
computed for each of the four identified circulation patterns. Composite anomaly maps wereygenerated to reveal the
spatial distribution and intensity of cold-air advection.

Results and Discussion

Long-term temperature trends and cold wave frequency: The analysis revealed anildybut statistieally significant
increasing trend in annual minimum temperature over the 51 years, with the trend'accelerating notably after the early
1990s. The frequency of sub-zero temperature days exhibited a unimodal distribution centered around -1.2°C, -2.0°C,
and -2.8°C, while extreme frost events (below -10°C) were relatively rarex The annual cold wave frequency exhibited
a decreasing trend across all three thresholds (Table 1), with the most proneuncéd reduction observed for the 10th
percentile threshold. Seasonal analysis indicated that the highest frequency|of colwes occurred during January and
February, consistent with the climatological winter peak.

Synoptic-dynamic circulation patterns: Factor analysis identified 17yatmospheric factors explaining approximately
89% of the total variance in the 500 hPa geopotential height field (Table 2, Figure 5). Subsequent cluster analysis
reduced these into four dominant circulation patterns (Figure 6): \

-Pattern 1 (CP1) — Cut-off Low Formation: A cut-off low withya'core geepotential height of ~5580 gpm and negative
anomalies exceeding -300 gpm was established over the eastern ian Sea'(§5°-60°E). This feature resulted from
Rossby wave breaking due to a dynamic ridge over northwestern Europe. Isfahan's location on the western flank of
this trough led to intense cold advection (-8 to -10 units) at'1000 hPa, driven by northerly-northwesterly flows
transporting sub-polar air directly into theéxregion.

-Pattern 2 (CP2) — Polar Vortex Extension: A massive blocking high over Greenland with positive anomalies > +250
gpm forced the polar vortex core to shift southward into.mid-latitudes. A deep, broad trough with core heights below
5400 gpm and negative anomalies approaching =300 gpm developed over eastern Europe and western Asia. Strong
meridional (northesly) flowsiadvected extremely cold, dry air from the Kara Sea and northern Russia directly into the
region, with cold advection‘exceeding -12 to -14 units.

-Pattern 3 (CP3) —OmegaBlocking: A quasi-stationary omega blocking system formed over the eastern Mediterranean
(30°-40°E), with a‘ridge core >5800.gpm and positive anomalies ~+200 gpm, splitting the westerly flow into northern
and southernibranches. Twosut-off lows developed on either side of this block, with the eastern cut-off centered over
central Iran“(=50°E),at ~5500"gpm with negative anomalies of -150 to -200 gpm. The quasi-stationary nature allowed
continuous cold aig entr%nt into the cut-off circulation, resulting in the longest-lasting severe cold events.

-Pattern 4,(CP4%),- Dipole (Rex) Blocking: A strong ridge over the northern Caspian Sea (positive anomalies > +250
gpm) and'a deep, trough over the Iranian plateau with amplitude exceeding 40° of latitude. The negative tilt (NE-SW
orientation) of t&ough axis represented the strongest meridional flow regime, allowing direct, unimpeded advection
of polar aifimasses from beyond 60°N into central Iran. This pattern produced the most intense and widespread cold
waves, with'minimum temperatures reaching nearly -19°C.

Temperature advection analysis: Composite maps of 1000 hPa temperature advection (Figure 8) revealed consistent
patterns of strong cold advection across all four circulation patterns. CP2 and CP4 exhibited the broadest and most
intense cold adyection (-12 to -14 units), aligning with the deepest troughs and most extensive polar vortex influence.
CP3 showed two distinct cold advection cores over western and eastern Iran (-8 and -10 units, respectively),
corresponding to the two cut-off lows generated by the omega block. CP1 displayed strong cold advection (-8 to -10
units) concentrated over western and central Iran.

The decreasing trend in cold wave frequency observed in Isfahan is consistent with recent international findings
(Krouma et al., 2026; Oztiirk et al., 2026) and reflects broader warming patterns across mid-latitude Eurasia. The four
identified circulation patterns share similarities with synoptic classifications reported in previous Iranian studies but
offer enhanced insight through the integration of temperature advection analysis. Notably, the greater dominance of
mid-tropospheric cut-off lows (CP1) in Isfahan—compared to northwestern Iran, where Siberian high-pressure



systems are more prevalent—suggests regional differentiation in cold wave mechanisms. The role of temperature
advection emerges as a critical discriminator between patterns: CP2 and CP4 are primarily advective (direct polar air
transport), while CP1 and CP3 involve a stronger dynamic-radiative component (cut-off lows and blocking-induced
subsidence).

Conclusions
This study provides a comprehensive assessment of cold wave variability and atmospheric mechanisms in Isfahan over
the past half-century, with three major contributions:

1- Trend analysis: The Mann-Kendall test confirmed a statistically significant decreasing‘nd in cold wave frequency
across all three percentile thresholds, reinforcing that even in a warming climate, the risk of extreme cold events
persists and requires continued vigilance.

2- Synoptic classification: Four dominant circulation patterns were identified—cut-off lows, p rtex extension,
omega blocking, and dipole blocking—each associated with distinct thermodynamic-d hanisms and
varying impacts on cold wave severity and duration.

3- Advection diagnostics: The integration of 1000 hPa temperature advection i at cold advection
intensity and spatial extent are strongly correlated with trough depth and bl i roviding a valuable
operational indicator for forecasting cold wave severity.
The findings underscore that understanding cold wave mechanisms requ
statistical analysis, mid-tropospheric circulation diagnostics, and lower-tr
research should extend this methodology to other climatic zonesyin Iran an
sudden stratospheric warming events, polar vortex displacement) ti
that modulates extreme cold spells. ‘

proach combining long-term
odynamic variables. Future
e stratospheric indicators (e.g.,
e troposphere-stratosphere coupling
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Fig 2. s of minimum temperature and occurrence of sub-zero temperatures in Isfahan city
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Table 1. Statistics of minimum temperatures in Isfahan city

Valid 18,733
N
Missing 73
Mean 7352.9
Median 10.0000
Std. Deviation ‘ 8.87780
Variance
Range
Minimum
Maximum
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Percentiles 5
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Fig 4. Frequency and trend of the three temperature thresholds for Isfahan city
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Table 2. Output of factor analysis on gridded data at the 500 h.level

Component EigIelllllvt:;:les: % of Cum:n lative g:tlr::et(lloll;)saudrinnsg(s):f 0/. Cumzl lative
Total Variance %o Total Varian )

1 313.079 23.140 23.140 3‘079 23.140
2 190.815 14.103 37.243 190. 37.243
3 116.965 8.645 45.888 45.888
4 87.508 6.468 52.355 52.355
5 80.693 5.964 58.319 58.319
6 61.397 4.538 62.857 62.857
7 57.409 4.243 67.100
8 53.645 3.965 71.065
9 49.965 3.692 74.757
10 41.264 3.050 3.050 77.807
11 33.394 2.468 2.468 80.275
12 29.114 29.114 2.152 82.427
13 22.614 22.614 1.671 84.099
14 0.475 20.475 1.513 85.612
15 16.489 1.219 86.831
16 87.974 15.467 1.143 87.974

88.983 13.654 1.009 88.983

. Principal Component Analysis.
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Component Number
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Fig 5. Scree plot of factors affecting the occurrence of severe cold waves
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Fig 7. Geopotential height values and their anomalies for the four cold wave patterns.
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