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Abstract
Using conventional observations, hourly data from ground-based dense stations,
and 0.125°$×$0.125° 6-hourly reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF), a diagnostic analysis of the sud-
den cold wave and extreme snowstorm event in Ningxia on April 2–3, 2016,
was conducted using 315K isentropic potential vorticity from the perspectives
of weather system evolution, cold air pathways, and disastrous weather forecast-
ing indicators. The results indicate that: (1) This event belonged to the type of
upper-level short-wave trough moving eastward and merging, with a splitting
cold high pressure at the surface whose main body rapidly moved southward,
accompanied by a frontal system, leading to strong cold air intrusion and post-
frontal snowfall. (2) The circulation pattern was stable in the early stage, while
the weather system underwent abrupt changes in the later stage, making it dif-
ficult to forecast using conventional meteorological data; the 315K isentropic
potential vorticity chart can serve as an effective analysis and forecasting tool
for short-term, localized spring cold wave snowfall processes. (3) Isentropic
potential vorticity clearly traced the source and propagation pathways of the
cold air: cold air from the tropopause over the Aral Sea region moved east-
ward and expanded southward, merging and intensifying with cold air from the
mid-troposphere over the Tibetan Plateau, while cold air from the lower strato-
sphere over Novaya Zemlya, after slowly moving eastward in the early stage,
accelerated southward from Lake Baikal to supplement it, triggering the cold
wave. (4) Abnormally large values of isentropic potential vorticity can quan-
titatively and clearly depict the evolution of the key influencing system—the
westerly belt short-wave trough—providing better indicative significance. (5)
The temporal variation of high isentropic potential vorticity zones was consis-
tent with the evolution of the cold wave, capable of indicating cold air activity
6 hours in advance; moreover, areas with isentropic potential vorticity greater
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than 1.0 PVU coincided with the cold wave and snowfall zones, while areas
greater than 0.8 PVU coincided with strong cooling zones, which can serve as
important indicators for refined quantitative forecasting.
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Introduction
In 1985, Hoskins et al. [1] introduced the isentropic potential vorticity (IPV)
concept, which has since been widely applied in diagnosing atmospheric pro-
cesses [2]. Subsequent research demonstrated IPV’s utility in analyzing cold
wave activities [3], with studies examining the 2008 southern China freezing
rain and snow disaster [5] and other severe events [6-7]. The IPV tendency
equation reveals that under adiabatic, frictionless conditions, IPV is conserved
following air parcel motion, making it an effective tracer for cold air mass tra-
jectories [8]. The 315K isentropic surface, located near 600 hPa, serves as a
representative level for diagnosing mid-tropospheric systems.

This study investigates a record-breaking cold wave and snowstorm process that
affected Ningxia from April 2-3, 2016, using conventional meteorological obser-
vations, automatic station hourly data, and ECMWF 6-hourly reanalysis data
at 0.125°×0.125° resolution. The analysis focuses on the event’s spatiotemporal
characteristics, atmospheric circulation evolution, cold air sources and path-
ways, and the outbreak mechanism, with particular emphasis on IPV-based
forecasting indicators.
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3. IPV Analysis on the 315K Isentropic Surface
3.1 315K IPV Field Characteristics

On April 2, 2016 at 08:00 UTC (Figure 4), the IPV field on the 315K isentropic
surface exhibited a high-value zone along 35°-45°N, corresponding to the cold air
mass behind the trough. This configuration indicated that the IPV effectively
captured the spatial distribution of the cold air mass. The 315K isentropic
surface intersected the 600 hPa pressure level in the northern region and the
400 hPa level in the southern region, while the 250 hPa level marked the upper
boundary of the analysis domain. The IPV high-value zone between 45-50°N,
𝐶1, 𝐶2, represented the main cold air reservoir, with L2 denoting the primary
low-pressure system. The L2a system, embedded within the larger circulation,
represented a mesoscale feature associated with the cold air outbreak.

3.3 IPV Diagnostic Analysis

The diagnostic analysis reveals three key features: (1) The L3 system moved
southeastward along the high-value IPV zone, with the cold air activity center
showing clear propagation; (2) The interaction between stratospheric and tro-
pospheric air masses occurred over the 60°-80°E region, where the upper-level
trough intensified through merging processes; (3) The IPV values exceeded 1.5
PVU in the L3a sector, indicating strong dynamic forcing for the cold wave
development.

3.4 IPV Tendency Equation

The IPV tendency equation can be expressed as the sum of local change and
advection terms. For forecasting applications, the advection term dominates the
evolution of IPV features [8]. The analysis shows that positive IPV advection
correlates with cold air movement, while negative advection indicates decaying
systems. The 6-hourly evolution of IPV patterns provides predictive capability
for cold air activity timing and intensity.

4. IPV-Based Forecasting Applications
4.1 IPV Threshold Values for Operational Forecasting

On April 14 at 08:00 UTC (Figure 4), the 315K IPV analysis showed that
regions with IPV values exceeding 1.0 PVU corresponded well with precipitation
zones (>0.1 mm). The 0.8 PVU contour effectively delineated the boundary
of significant temperature drops, with values above this threshold indicating
areas experiencing cooling greater than 8°C. The spatial distribution of IPV
anomalies quantitatively tracked the small trough evolution, offering superior
temporal resolution compared to conventional observations.

The relationship between IPV values and surface impacts shows:
- IPV > 1.0 PVU: Heavy precipitation zones
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- IPV > 0.8 PVU: Significant temperature drop zones (Δ𝑇 > 8∘C)
- IPV > 0.6 PVU: Moderate cooling zones (Δ𝑇 > 6∘C)

These thresholds remained consistent throughout the event, with the 315K isen-
tropic surface providing a stable reference frame for tracking the cold air mass.
The 6-hourly IPV evolution allowed for 6-12 hour lead time in predicting the
cold wave’s initiation and intensity.

4.2 Dynamic Diagnosis

The dynamic diagnosis indicates that the IPV framework successfully captured
the coupling between upper-level trough evolution and surface cyclone develop-
ment. The L2 and L3 systems interacted through vorticity advection, with the
700 hPa and 500 hPa levels showing consistent patterns of height falls and tem-
perature advection. The rapid southward movement of the surface anticyclone,
as indicated by the IPV analysis, preceded the frontal passage by 6-12 hours,
providing crucial forecast lead time.

Conclusion
This study demonstrates that the 315K isentropic potential vorticity serves as
an effective tool for analyzing and predicting sudden cold wave and extreme
snowstorm processes in spring. The IPV analysis clearly traced the cold air
sources from the Aral Sea region and Lake Baikal, showing their merger and
enhancement over the Qinghai-Tibet Plateau. The temporal evolution of IPV
coincided with the cold wave’s initiation, outbreak, recession, and ending stages,
providing predictive capability 6 hours ahead. Spatially, the zones of heavy
snowfall and severe temperature drops corresponded to IPV values exceeding
1.0 PVU and 0.8 PVU, respectively. The method offers better spatiotemporal
resolution than conventional observations and can serve as a key quantitative
forecasting indicator for Ningxia region.
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