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Background and Objective: Late spring frost is one of the major compound climate—
phenological hazards affecting apple orchards in the mountainous regions of Iran. Its
damage primarily results from the coincidence of temperature decline with sensitive
phenological stages, particularly flowering, and is not necessarily directly proportional to
the absolute minimum temperature recorded at a weather station. Semirom Township, one
of Iran’s major apple-producing regions, is particularly susceptible to this phenomenon
due to its elevation, topography, and spring temperature regime. This study aimed to
analyze the synoptic atmospheric circulation patterns associated with late spring frost and
to examine the events of 2002, 2006, and 2013 within the statistical framework of the 20-
year period from 2002 to 2021.

Methodology: Daily minimum temperature data from the Semirom synoptic station were
analyzed for the critical phenological window for apple trees, from 4 April to 27 April,
during 2002-2021. To characterize the near-surface conditions during the three selected
events (2002, 2006, and 2013), daily minimum, maximum, and mean temperatures, 24-
hour precipitation, mean relative humidity, and mean wind speed were extracted from the
same station for the synoptic window of 1-20 April. Synoptic analysis of the three events
was conducted using NCEP/NCAR reanalysis data and GrADS version 2.1.

Results and Findings: Of the 480 days within the study window, 473 had valid
observations. During this period, 62 days were classified as weak and 31 days as moderate
frost events, while no days met the criteria for severe frost; thus, a total of 93 days
experienced frost conditions. The lowest recorded temperature was —1.5 °C, and no day
with Tmin < -2 °C was observed. The minimum temperatures during the 2002, 2006, and
2013 events were —1.0, —0.4, and —0.6 °C, respectively; consequently, all three events
were classified as moderate frost events. Nevertheless, the greater damage reported in
2013 was associated with the coincidence of cold conditions and flowering, which
increased phenological vulnerability. Synoptic analysis of all three events indicated the
intrusion of cold air from higher latitudes and the establishment of a mid-tropospheric
trough. Moreover, the occurrence of precipitation concurrently with the coldest conditions
in 2006 and 2013 was inconsistent with purely radiative cooling. The results indicate that
frost damage severity in Semirom is not directly determined by station-based minimum
temperature alone, but is influenced by the interaction between atmospheric conditions
and crop phenological stage. Therefore, integrating long-term statistical assessment with
synoptic analysis of representative frost events can provide a more appropriate basis for
characterizing frost risk and developing early-warning systems for apple orchards in
Semirom.
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EXTENDED ABSTRACT

Introduction

Late spring frost is a major climate—
phenological hazard in cold and high-
elevation horticultural regions, causing
substantial economic losses, particularly in
apple orchards (Karimi et al., 2021; Rai et
al.,, 2015). Apple trees are especially
vulnerable during bud swelling, flowering,
and fruit set, and shifts in phenological
timing can increase the overlap between
sensitive stages and late spring cold events
(Rodrigo, 2000). Therefore, frost damage is
not necessarily proportional to the absolute
minimum temperature but depends strongly
on the coincidence between temperature
decline and phenological sensitivity.

Recent warming has advanced spring
phenology and increased the potential
overlap between flowering and late spring
frosts (Vitasse et al., 2018; Zhang et al.,
2022). Semirom Township, a major apple-
producing region of Iran, is particularly
exposed because of its high elevation,
mountainous  topography, and  spring
temperature regime. Previous Iranian studies
have mainly examined frost risk at national
or regional scales, leaving limited
information on the climatological
characteristics and synoptic mechanisms of
damaging frost events in Semirom. In
particular, the relationship  between
atmospheric circulation, local meteorological
conditions, and phenological vulnerability
remains insufficiently characterized.

This study addresses this gap through a two-
layer framework. First, daily minimum
temperatures at the Semirom synoptic station
were evaluated during the critical apple
phenological window from 4 to 27 April over
2002-2021 and classified into weak,
moderate, and severe frost categories.
Second, three damaging events in 2002,
2006, and 2013, selected based on
documented crop losses exceeding 30%,
were analyzed using NCEP/NCAR reanalysis
data. The analysis focused on sea-level
pressure, 850- and 500-hPa geopotential
height, temperature, vertical motion, and

surface meteorological conditions. The study
particularly examined whether differences in
damage were associated with synoptic
forcing and phenological timing rather than
simply lower station-recorded temperatures.
From a synoptic perspective, advective frost
is generally associated with cold-air intrusion
from higher latitudes and mid-tropospheric
trough development, whereas radiative frost
develops mainly under clear, calm, and stable
conditions (Pfleiderer et al., 2019; Tomczyk
et al., 2020). In mountainous regions, these
mechanisms may interact with local
topography and phenological conditions.
Recent studies further indicate that warming
does not necessarily eliminate frost risk
because earlier flowering may increase
exposure to the final spring frosts (Caspersen
et al, 2025; Vitasse et al, 2018).
Accordingly, distinguishing the atmospheric
mechanisms underlying damaging events is
essential for improving frost-risk assessment
and early-warning systems in Semirom.

Methodology

This applied—analytical study used an
event-based synoptic climatology
approach to quantify frost intensity and
distinguish the relative contributions of
cold-air advection and radiative cooling
during three damaging frost events in
Semirom apple orchards (2002, 2006,
and 2013). Thirty years of observations
from the Semirom synoptic station were
analyzed, with six neighboring stations
used to assess the spatial extent and
simultaneity of cold events. The station
analysis focused on the apple flowering
period (427 April).

NCEP/NCAR reanalysis data, including
sea-level pressure, 850- and 500-hPa
geopotential height, temperature, vertical
velocity, and surface temperature, were
analyzed for the peak day and two
preceding days. Key indicators included
Tmin, AT24, AT48, 850-hPa temperature
advection (AdvT = —V850 - VTS850),
®850, 500, 10-m wind speed, and cloud
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cover. Frost events were classified as
advective when persistent  cold-air
advection and wind speeds >3 m s!
occurred beyond nighttime, radiative
when weak advection, wind speeds <2 m
s, relatively clear skies, and nocturnal
cooling dominated, and mixed when both
mechanisms were evident. Synoptic
fields were analyzed using GrADS 2.1.
Yasuj radiosonde data were used only to
assess free-atmosphere thermodynamic
structure and upper-level winds, not as a
direct  representation  of  orchard
conditions in Semirom.

Results and Discussion

The three selected late spring frost events
(2002, 2006, and 2013) caused substantial
production losses in Semirom apple orchards,
with reported damage of 40%, 35%, and
70%, respectively. Because orchard area
increased from 25,000 to 36,000 ha during
the study period, total losses cannot be
interpreted as a measure of damage intensity
per unit area. Frost damage depends
primarily on the interaction among minimum
temperature, the duration of exposure below
critical  thresholds, and phenological
sensitivity (Proebsting & Mills, 1978; Snyder
& de Melo-Abreu, 2005). During the critical
flowering window (427 April), the
minimum temperatures recorded at Semirom
were —1.0 °C in 2002, —0.4 °C in 2006, and
—0.6 °C in 2013. Thus, the greater damage in
2013 cannot be explained by a lower station-
recorded minimum temperature alone.

The 2002 event was characterized by a rapid
multi-day temperature decline. Minimum
temperature decreased from 6.0 °C on 12
April to —1.0 °C on 15 April, while
maximum temperature declined from 17.6 to
6.6 °C. The simultaneous reduction in both
temperature components indicates a change
in air mass rather than isolated nocturnal
radiative cooling. At 500 hPa, a relatively
deep trough extended across the Middle East
and western Asia, with a closed low-pressure
center over northern Iran and Central Asia.
The resulting meridional flow favored cold-
air advection toward Iran. The pronounced
geopotential-height gradient further

supported enhanced geostrophic flow and
transport of cold air from higher latitudes.
Following the passage of the trough, reduced
cloud cover and weaker winds likely
enhanced nocturnal radiative cooling near the
surface. Therefore, the 2002 event is best
interpreted as a mixed advective—radiative
frost, in which synoptic-scale cold-air
advection established the cold background
state and subsequent nighttime cooling
intensified surface temperatures.

The 2006 event occurred on 19 April, when
minimum temperature reached -0.4 °C
following a short but pronounced
temperature decline. A deep 500-hPa trough
extended from the eastern Mediterranean
toward the Middle East, supporting northerly
flow and cold-air transport toward Iran and
the Zagros Mountains. Positive omega over
central areas indicated subsidence, which
favored atmospheric  stabilization and
reduced cloudiness. The combination of
upper-level  cold-air intrusion, surface
cooling, and relatively clear nighttime
conditions suggests that the event involved
both advective and radiative processes, with
a predominantly advective component. The
occurrence of precipitation around the
broader event period also indicates that the
cooling cannot be attributed exclusively to
radiative processes.

The 2013 event was characterized by a rapid
decline in temperature between 14 and 17
April. Maximum temperature decreased from
16.4 to 6.6 °C, while minimum temperature
reached —0.6 °C, followed by rapid warming
to approximately 18 °C by 20 April.
Synoptically, the event was associated with
the development of a mid-tropospheric
trough and cold-air advection from higher
latitudes, followed by increasing atmospheric
stability and relatively clear skies. This
sequence favored strong nocturnal surface
cooling after the passage of the synoptic
system. Accordingly, the event can be
interpreted as a mixed advective—radiative
frost, rather than a purely advective event.
The relatively high reported damage (70%)
was therefore more plausibly related to the
coincidence of the cold event with the
sensitive  flowering stage than to an
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exceptionally low absolute  minimum
temperature.

Overall, all three events were associated with
the intrusion of cold air from higher latitudes
and the passage or development of a mid-
tropospheric  trough, but the relative
contribution of advection and nocturnal
radiative cooling differed among events. A
key finding is that the presence of a 500-hPa
trough alone does not constitute evidence of
surface frost; rather, cold-air advection
behind the trough lowers the thermal
background, while post-frontal subsidence,
decreasing cloud cover, weaker winds, and
reduced turbulent mixing can subsequently
intensify nocturnal surface cooling. In
Semirom’'s complex mountainous terrain,
cold-air drainage toward valleys may further
strengthen  near-surface inversions and
maintain low temperatures during critical
flowering hours.

These findings demonstrate that frost damage
in Semirom cannot be interpreted as a simple
function  of  station-based = minimum
temperature. Instead, damage reflects the
interaction of synoptic forcing, nocturnal
surface cooling, local topography, and
phenological timing. This interpretation is
consistent with evidence that climate
warming may maintain or increase spring
frost risk by advancing phenological
development and increasing the overlap
between flowering and late frosts (Caspersen
et al., 2025; Vitasse et al., 2018; Zhang et al.,
2022). However, because surface energy
balance and microscale turbulence were not
explicitly modeled, the present results should
be interpreted as a synoptic—surface
diagnosis rather than a quantitative
partitioning of energy fluxes.

Conclusion

In mountainous regions such as Semirom,
late spring frost risk is greatest when cold-air
advection is followed by atmospheric
stabilization and clear-sky conditions after
the passage of a mid-tropospheric trough.
Weakening winds can suppress turbulent
mixing, while enhanced nocturnal longwave
radiative loss promotes near-surface cooling

and temperature inversion. The findings
indicate that frost damage cannot be
adequately explained by ranking events
according to minimum temperature alone.
Instead, the coincidence of temperature
decline with the flowering stage provides a
more consistent explanation of orchard
vulnerability.

The identified synoptic patterns—including
mid-tropospheric troughs, northerly cold-air
advection, and post-frontal subsidence—may
serve as qualitative precursors for early-
warning systems, rather than as fixed
guantitative thresholds. Several limitations
should be considered. The coarse spatial
resolution of NCEP/NCAR reanalysis cannot
adequately resolve the complex valley and
slope microclimates of Semirom, while
radiosonde profiles, when available, do not
fully represent the atmospheric column over
individual orchards. Moreover, the 20-year
record is relatively short for robust analysis
of extreme events, and no significant trend in
frost frequency during the flowering window
was detected. Finally, because surface energy
balance, heat fluxes, and horizontal
temperature transport were not explicitly
calculated, the relative contributions of
advection and radiation cannot be expressed
numerically and remain qualitative.
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Figure 1. Conceptual model of late spring frost in apple orchards of Semirom Township, Iran, based on
synoptic and physical evidence.
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Figure 2. Location of Semirom Township within Iran and Isfahan Province
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Table 1. Characteristics of Synoptic Meteorological Stations Used in the Study and Their Mean Annual
Precipitation (2002-2013)
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Table 2. Surface conditions on the peak day of three spring frost events at the Semirom synoptic
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Table 3. Cultivated Area, Production, Yield, and Economic Losses Caused by Spring Frost Events

in Apple Orchards of Semirom Township during 2002, 2006, and 2013
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Figure.3. Temperature variations during frost days (1-7 April 2002) at Semirom Station.
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Figure 4. (a) Geopotential height map at 500 hPa, (b) omega field at 500 hPa, and (c) minimum
surface air temperature at 1000 hPa on 4 April 2002
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Figure 5. Temperature variations during frost days (4-10 April 2006) at Semirom Station.
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Figure 6. (a) Geopotential height map at 500 hPa, (b) omega field at 500 hPa, and (c) minimum
surface air temperature at 1000 hPa on 8 April 2006.
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Figure 8. Temperature variations during frost days (15-18 April 2013) at Semirom Station
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Figure 9. (a) Geopotential height map at 500 hPa, (b) omega field at 500 hPa, and (c) minimum
surface air temperature at 1000 hPa on 6 April 2013.
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