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Abstract Based on potential vorticity (PV) thinking, northeast China cold vortex (NCCV) corresponds
to an upper-level high PV anomaly from stratospheric PV downward intrusion. Within a vortex, latent
heating from precipitation would produce a vertical dipole of PV anomalies that would affect structures and
evolution of the vortex. In this paper, three-dimensional structures and evolution of NCCV and, effects of
latent heating from precipitation along bent-back, cold and warm fronts on them are investigated based on
convection-allowing simulations for an intense NCCV case during 8—17 June 2012. Trajectory analysis shows
that the negative upper-level diabatic PV anomaly from bent-back frontal precipitation, near the vortex center,
is the dominant contributor to erosion of high PV in the vortex core region as it is advected in, leading to the
weakening of the vortex. The negative PV anomalies along the cold and warm fronts, at the east-to-southeast
side of the vortex, are mostly advected downstream away from the NCCV. In the middle troposphere, positive
PV anomalies are primarily generated along fronts and the accumulated positive PV anomalies filling the
vortex region help to reinforce the low-level cyclonic circulation. The lower-level PV is affected by surface
heating and cooling through their effects on static stability, but such effects are periodic and create mainly
diurnal variations. The NCCV eventually decays as the upper-level vortex weakens due to significant PV
erosion.

Plain Language Summary Northeast China cold vortex (NCCV) is responsible for much of the
warm season precipitation in northeast China. Based on convection-allowing simulations of a characteristic
case, the distribution and effects of latent heating release from precipitation in bent-back, cold and warm frontal
regions on the structures and evolution of potential vorticity (PV) within the NCCV are studied. Negative
upper-level PV anomalies generated at the bent-back front are primarily responsible for the filamentation and
erosion of high PV in the core of NCCV, leading to the weakening of the vortex. At middle-to-low levels,
positive PV anomalies generated reinforce the low-level circulations. However, the lower-level PV exhibits a
significant diurnal cycle, which is mainly affected by the surface heating and cooling through reducing static
stability at daytime and increasing static stability during night. The overall system eventually decays as the
upper-level vortex weakens.

1. Introduction

Cold vortex is a closed cyclonic circulation with a cold core, usually found in the middle to upper troposphere at
middle to high latitudes (Hsieh, 1949; Palmén & Newton, 1969). On the middle-to-upper level weather charts,
cold vortices usually exhibit themselves as cut-off lows (e.g., Porct et al., 2007; Xu et al., 2023). Northeastern
China extending into the Siberia region is one of the preferred areas for cold vortices in the Northern Hemi-
sphere (Bell & Bosart, 1989; Hu et al., 2010; Nieto et al., 2005). The northeast China cold vortices (NCCVs),
usually lasting between a few days to more than 1 week, contribute to much of the local high-impact weathers
in the northern China, including heavy precipitation, hailstorms, and even tornados (e.g., Wang et al., 2022;
Wei et al., 2023; Xie et al., 2012). C. Zhang et al. (2008) showed that about 55% of hailstorms and 22% of rain-
storms in northeast China are caused by NCCVs from April to September in 1979-2005. When an NCCV is
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slow-moving or quasi-stationary, the associated precipitation can accumulate over the same region (L. Zhang &
Li, 2009), causing severe flooding (Gao & Gao, 2018).

Potential vorticity (PV) is often used to study the structure and evolution of mid-latitude weather systems includ-
ing cold vortices (e.g., R. Portmann et al., 2018; Rossa et al., 2000) because of its conservation property in the
absence of diabatic and frictional processes and invertibility for balanced flows (Hoskins et al., 1985). Under-
standing physical and dynamical processes in weather systems by analyzing the production/destruction and
evolution of PV is part of the so-called PV thinking or PV perspective (Hoskins et al., 1985). In terms of PV, a
cold vortex corresponds to a closed region of high PV anomaly that is associated with downward intrusion of
stratospheric high PV along isentropic surfaces.

The equation for the PV considering effects of diabatic heating can be expressed as, following Equation 71 of
Hoskins et al. (1985):

dPV 00
_— a— 1
ar %% M
PV is defined as
PV=uag, @ 2)
0z

where « is the specific volume of air, ¢, the vertical component of absolute vorticity, 6 the potential tempera-
ture, @ the diabatic heating rate to potential temperature, and the frictional effect is ignored. From the equation,
diabatic heating leads to destruction (production) of PV above (below) the level of maximum heating. Given that
the maximum of latent heating from precipitation is generally at the middle to upper troposphere, negative PV
anomaly is usually generated at the upper levels, while positive PV anomaly is generated in the lower to middle
troposphere. The negative anomaly generated at the upper levels in precipitation regions can be advected into
the high PV core of vortex, and through turbulent mixing, would erode the high PV core (Gouget et al., 2000;
Wirth, 1995).

Based on the PV perspective, cold vortices decay mainly through two processes: reabsorption back into the
high PV stratospheric reservoir (Hoskins et al., 1985; Knippertz & Martin, 2007) or PV erosion at upper levels
by diabatic processes (Bourqui, 2006; Lamarque & Hess, 1994; Price & Vaughan, 1993). Raphael Portmann
et al. (2021) performed a climatological study on these two ways of decay based on more than 150,000 global
cold vortices during 1979-2018, and found that their occurrence frequencies are similar. Fan et al. (2023) classi-
fied NCCVs during April to September in 2009-2018 into 5 categories according to the NCCV center locations
and found that NCCVs moving southeastward to regions close to the ocean tend to decay via diabatic processes
because of heavier precipitation produced, whereas NCCVs moving eastward or northeastward tend to decay
through the reabsorption process. Compared to the reabsorption process, the effects of diabatic processes on cold
vortex decay are more complicated.

The low-level positive PV anomaly generated by maximum mid-level diabatic heating can help extend the
upper-level high PV to lower levels. Surface cooling can also increase near-surface PV. Together with the down-
ward intrusion of stratospheric high PV, a “PV tower” would form (Rossa et al., 2000), which is often associated
with extratropical cyclone intensification. Several studies on rapidly deepening extratropical cyclones found such
a PV tower at the cyclone center, and examples include the “Presidents' Day Cyclone” (Uccellini et al., 1987,
Whitaker et al., 1988), the “Super storm of 1993 (Bosart et al., 1996), and the winter storm “Lothar” (Wernli
et al., 2002). In addition, the diabatic positive PV anomaly enhances the low-level cyclonic winds, promotes
further poleward advection of warm and moist air from southeast side of cold vortex and contributes to intensifi-
cation of the surface cyclone and its related winds (Crezee et al., 2017; Davis, 1992).

Previous studies mostly focus on the effect of diabatic PV anomaly on either the weakening of upper-level cold
vortex or the intensification of surface cyclone (e.g., Attinger et al., 2019; Harvey et al., 2020). Few studies exam-
ine the effects of diabatically generated PV anomalies on the three-dimensional structure and evolution of cold
vortex, in the kind of detail that can be revealed by convection-allowing numerical simulations. Such studies on
cold vortices in northern China are even more scarce. NCCV is usually accompanied by significant precipitation
(Nieto et al., 2005; Zhao & Sun, 2007), and studying the effects of precipitation latent heating on the structure
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and evolution of NCCV is important to the understanding and prediction of NCCV and associated weather in
northern China. In this study, we focus on the effects of diabatic processes, specifically latent heating from
precipitation, on the structure and evolution of NCCV. Another question we want to examine is: precipitation
from which region, among those along the cold, warm or bent-back occlusion fronts, is the dominant contributor
to upper-level PV erosion.

We choose an intense NCCV in the summer of 2012 as an example to investigate the above issues. This NCCV
lasted more than 8 days over northeastern China, and was accompanied by strong cyclonic winds spanning the
depth of troposphere and frontal precipitation during mostly the intensification and mature stages of NCCV. We
study the case by performing a convection-allowing simulation at 3-km grid spacing, plus a sensitivity simulation
in which the diabatic heating and cooling from moist processes are removed by turning off microphysics param-
eterization. The model prediction is first verified against available observations, and the model output is used to
diagnose the effects of diabatically generated PV anomalies. In addition, we briefly examine how low-level PV
structures are affected by diabatic heating/cooling from the surface.

The remainder of this article is organized as follows. Section 2 briefly describes the data source and documents
the overview of the selected NCCYV case. In Section 3, the model configuration used by the numerical simulations
is described. Section 4 verifies the simulation against observations and, examines the effects of frontal precipita-
tion and the associated diabatically generated PV anomalies on the three-dimensional structure and evolution of
the NCCV. A summary and conclusions are presented in the Section 5.

2. Data Sets and Case Overview

In this study, we use the fifth-generation ECMWEF global reanalysis or ERAS data (Bonavita et al., 2016; Hersbach
et al., 2020) to show the synoptic patterns and to provide the initial and boundary conditions of model simulations.
The ERAS is based on a hybrid incremental 4D-Var data assimilation system and contains three-dimensional
atmospheric fields at hourly intervals. Pressure level data at 0.25° horizontal resolution is used in this study.
Hourly precipitation observations at surface stations from the Chinese Meteorological Administration are used to
show the observed precipitation distribution and intensity, and to validate the model simulation.

The intense NCCV that occurred in northeast China from 18 UTC 8 June through 00 UTC 17 June 2012 is chosen
for detailed study in this paper. This NCCV intensified from 9 June as it traveled eastward and arrive the Buir
Lake at 00 UTC 10 June (the blue line with dots in Figure 1a shows the track of observed vortex center); it started
to weaken from then (blue dashed line in Figure 1b) and move southward gradually. Here we define the NCCV
center as the geopotential height minimum within the vortex at 500 hPa. From 12 UTC 12 June to 00 UTC 13
June, the vortex center jumped westward (Figure 1a); this is because at 12 UTC 12 June, the vortex became much
elongated in the east and west direction with two circulation centers. The western center became stronger than
the eastern one during the period, causing the jump of the primary center. Later on, the western center continued
to dominate.

At 00 UTC 9 June, the eastern edge of the NCCV at 500 hPa reached the northwestern Heilongjiang Province in
northeast China without producing much precipitation (Figure 2a). As the NCCV moved eastward, the southeast
part of the NCCV at 500 hPa covered the entire northeast China and, precipitation was present along the cold
front and the occluding bend-back front at 12 UTC 9 June (Figure 2b). At this time, strong cold front precipita-
tion, which is in the southeast part of the NCCV, stretched from the Bohai Bay northward to the Heilongjiang
Province, and the maximum hourly rainfall was 49.99 mm. In comparison, the precipitation along the bent-back
front, which is near the NCCV center, was much weaker and the maximum hourly rainfall was less than 5 mm.
Afterward, the NCCV continued to move eastward; at 00 UTC 10 June, the central geopotential height at 500 hPa
is reduced from 5411 gpm to 5364 gpm (Figure 1b), and the vortex reached its mature stage with its center located
near the Buir Lake (Figure 1a). During the period, the precipitation near the NCCV center along the bent-back
front intensified significantly, whereas the precipitation along the cold front weakened greatly (Figure 2d). Over
the subsequent 12 hr, the NCCV moved southward slowly while the precipitation along the cold front, especially
that at the southernmost end, moved eastward and intensified. Warm frontal precipitation in the east of the NCCV
also developed (Figures 2e and 2f). During this period, the NCCV weakened in terms of its center geopotential
height at 500 hPa (Figure 1b). From 00 UTC 11 June, the frontal precipitation also weakened significantly, and
remaining precipitation was mostly found near the vortex center (Figures 2g and 2h). Moreover, a minor cold
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Figure 1. (a) The tracks of the northeast China cold vortice (NCCV) center at 500 hPa at 6-hr intervals from the ERAS
reanalysis data set (blue) during its entire lifespan from 18 UTC 8 June to 00 UTC 17 June 2012 and from the control
experiment (red) from 18 UTC 8 June to 00 UTC 12 June 2012. Also shown is terrain elevation in northeast China (shaded,
km). (b) Time series of the NCCV central geopotential height at 500 hPa from the ERAS reanalysis data set (blue dashed line,
gpm) and control experiment (red solid line, gpm) at 1-hr intervals from 00 UTC 9 June through 23 UTC 11 June.

vortex with high PV moved southeastward and merged into the NCCYV, intensifying the entire system. As shown
in Figure la, the NCCV center at 500 hPa shifted southwestward by approximately 1,000 km from 00 UTC 12
through 00 UTC 13 June due to the merger of the aforementioned vortex systems.

By 00 UTC 17 June, the NCCV had moved from the southern flank to the eastern flank of the Greater Khingan
Range (Figure 1a) and was no longer producing much precipitation. In this study, we will focus on the period
from 9 June through 11 June, which covers the development and mature stages, and the first 2 days of the decay
stage of the NCCV but before the merger with another vortex; most of the precipitation was produced during this
period.

3. Model Configuration of Simulations

The NCCYV case of June 2012 is simulated using the Advanced Research version of the Weather Research and
Forecast (WRF-ARW) model Version 4.2 (Skamarock et al., 2019) at a 3-km grid spacing. The model is initial-
ized on 1800UTC 8 June 2012 and is run for 78 hr through 00 UTC 12 June 2012. As mentioned earlier, the ERAS
reanalysis datasets at 1-hr intervals are used as the initial condition and boundary conditions. A single model
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Figure 2. Observed hourly precipitation (dots, mm) at available surface stations (not available outside China) and
geopotential height at 500 hPa (contours, gpm) from ERAS data set. The red star indicates the northeast China cold vortice
center at 500 hPa. The cold, warm and occluding bent-back fronts are shown in blue, red and purple frontal symbols,
respectively.

domain centered at (47.5°N, 120°E) is used and, the domain has 1,001 X 1,181 horizontal grid points and 51
vertical levels. The physics parameterizations applied include the Thompson microphysics scheme (Thompson
et al., 2004, 2008), the Mellor-Yamada Nakanishi and Niino 2.5 level (MYNN?2.5) planetary boundary layer
scheme (Nakanishi & Niino, 2004, 2006), the unified Noah land-surface model (Chen & Dudhia, 2001a, 2001b),
and the rapid radiative transfer (rrtmg) short- and long-wave radiation schemes (Mlawer et al., 1997). No cumulus
parameterization is used. This experiment is referred to as the control experiment (CNTL, hereafter). To help
isolate the effects of diabatic heating from moist processes on the NCCV structure and evolution, we run an addi-
tional experiment (called NLH) with the microphysics parameterization turned off throughout the simulation.
Model outputs are produced every hour. In addition, the model outputs from 06 UTC 9 June through 00 UTC 11
June 2012 are produced every 5 min to calculate forward trajectories of air parcels discussed in the Section 4.3.1.

Geopotential height at 500 hPa from the control simulation is verified against the ERA5 data, while precipita-
tion from the control simulation is verified against the hourly precipitation observations introduced earlier. This
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Figure 3. Same as Figure 2, but from the control simulation (CNTL). The black box and red box represent the areas used to
do spatial average of potential vorticity and latent heating in Section 4.2, respectively.
observed precipitation data has been used to evaluate realtime precipitation forecasts of the WRF-ARW model at
4-km grid spacing over summer months of 2013 and 2014 in Zhu et al. (2018). Simple quality control procedures
were applied, including removal of duplicate sites, time, and space continuity check, and exclusion of abnormal
values, as was described in Zhu et al. (2018).
4. Precipitation and Evolution of the Simulated NCCV
4.1. Verification of Control Simulation
The CNTL simulation successfully reproduces the general NCCV patterns in terms of the 500 hPa geopotential
height (Figure 3) and the track of vortex center passing through the Greater Khingan Range into northeast China
from 9 June to 11 June (the red track with dots in Figure 1a). The general evolution of the simulated intensity from
9 June to 11 June is similar to that observed, although the simulated center is about 20 gpm lower after 08 UTC 9
June (Figure 1b). In addition, CNTL reproduces frontal precipitation distribution similar to the observation, with
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the maximum hourly precipitation simulated at 47.24 mm compared to observed 49.99 mm at 12 UTC 10 June.
As the simulated 500 hPa geopotential height pattern is much similar to that in ERAS over the 3 days, we focus
on the comparison of precipitation from the CNTL experiment and observations.

At 00 UTC 9 June, the simulated precipitation field is generally similar to that in observations (Figures 3a and 2a),
with loosely organized weak precipitation near the vortex center that would become part of the precipitation along
the bent-back front. In observations, fragmented precipitation also occurred in the southeast part of the vortex,
which is not found in the simulation. In addition, a simulated weak rainfall band located northeast of the vortex
is not found in the observations; that region is outside China so our data set does not contain observations there.

By 12 UTC 9 June, the simulated precipitation along the cold front has organized into a strong rain band stretch-
ing southwest to northeast across northwest Heilongjiang Province (Figure 3b). It compares favorably with the
observations (Figure 2b), although the simulation underpredicts the observed precipitation especially at the south
part of the cold front (the area of simulated precipitation above 10 mm is much smaller than that in observations).
In addition, weak precipitation along the bent-back front is simulated near the vortex center, slightly heavier than
observations. As the vortex intensifies, more precipitation has developed near the Buir Lake along the bent-back
front near the vortex center by 18 UTC 9 June (Figure 3c), similar to observations (Figure 2c), although the
simulated precipitation is heavier and better organized. Between 18 UTC 9 June and 12 UTC 10 June, the bent-
back front spirals further around the vortex center (Figures 3c—3f) and precipitation along the front intensifies
and becomes best organized at 00 UTC 10 June (Figure 3d). It maintains its intensity until 06 UTC 10 June when
it starts to weaken (Figure 3e). By 12 UTC 11 June, only light precipitation within NCCV is produced in the
simulation (Figure 3h), whereas the observed precipitation east of the vortex center is still strong (Figure 2h).
Between 12 UTC 9 June and 00 UTC 10 June, the precipitation along the cold (warm) front weakens (intensifies)
(Figures 3b-3d), similar to the observations (Figures 2b—2d). By 12 UTC 10 June, the precipitation along the
cold front has moved eastward and intensified, due to the availability of richer low-level moisture closer to the
coast (Figure 3f), but the precipitation, especially that along the southern part of the cold front, is weaker than that
observed (Figure 2f) (maximum of about 10 vs. 25 mm). The precipitation along the warm front has weakened
obviously since 06 UTC 10 June (Figure 3e).

In summary, the CNTL experiment reproduces the track (Figure 1a), intensity (Figure 1b) and the 500 hPa geopo-
tential height pattern of the NCCV between 9 June and 11 June (Figure 3), and the distributions and evolution of
associated precipitation (Figure 3) reasonably well. However, the simulation underpredicts the hourly accumu-
lated precipitation somewhat. Despite the discrepancies, we believe the general dynamic and physical processes
associated with the evolution of the NCCV are captured well enough; and the output of CNTL experiment
can be analyzed to study the structure and evolution of the NCCV, as well as the effects of latent heating from
precipitation.

4.2. The Evolution of PV and Diabatic PV Anomalies Within the NCCV

To examine the NCCV intensity change in terms of PV, we calculate the mean PV within a 15 X 15° box centered
at the cyclonic circulation of the cold vortex at 500 hPa (the black box in Figure 3). Figures 4a and 4b show the
evolutions of the mean PV at 850 to 200 hPa from 9 June to 11 June in CNTL and NLH experiments. In general,
the mean PV decreases from upper to lower troposphere. In CNTL (Figure 4a), we can see two distinct high
PV layers: one at the upper levels above 400 hPa which is connected to the high stratospheric PV reservoir and
another at lower levels between 700 and 500 hPa. The latter is clearly diabatically induced as it does not exist in
NLH (Figure 4b). The high PV between 400 and 200 hPa corresponds to the region of upper-level NCCV with
strong cyclonic circulation.

In CNTL, after an initial decrease, the upper-level PV continually increases from about 08 UTC 9 June through 00
UTC 10 June where higher PV values above 400 hPa extend downward (Figure 4a), suggesting intensification of
the upper level cold vortex due to downward intrusion of high stratospheric PV. A similar trend is found in NLH
(Figure 4b). Afterward, the high PV area lifts gradually, with less changes occur after 00 UTC 11 June in CNTL.
As for the mid-level high PV layer, the intensity increases slightly while the vertical extent expands significantly
from 06 UTC 9 June to 02 UTC 10 June. At 02 UTC 10 June, the lower edge of the mid-level high PV reaches
down to 750 hPa, descending from the initial ~600 hPa level. The highest mean PV value exceeds 0.8 PVU (1
PVU = 10-%m?s~! Kkg~") by 02 UTC 10 June, which is much higher than the climatological tropospheric values
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Figure 4. Evolutions of the spatially averaged potential vorticity (PV) over the northeast China cold vortice (within the
black box in Figure 3) in (a) CNTL and (b) NLH experiments. (c) Evolution of the PV difference between CNTL and NLH
experiments.
of about 0.5 PVU (Campa & Wernli, 2012). Over the next 12 hr, the lower edge of this high PV layer moves
upward around 650 hPa but lowers again for another ~12 hr, and such a cycle repeats over the next 24 hr but at
a smaller amplitude. Such cyclic behaviors are apparently related to the diurnal cycle as there are corresponding
changes in near surface PV that are associated with diurnal surface cooling and heating.
As precipitation within the NCCV is significant from 9 June to 11 June (Figure 3), the associated latent heating
produces diabatic PV anomalies above and below the peak heating level. The diabatic PV anomalies are calcu-
lated by subtracting the mean PV of NLH (Figure 4b) from that of CNTL (Figure 4a). As shown in Figure 4c,
a vertical dipole of diabatic PV anomalies forms from the upper troposphere down to 850 hPa, with negative
PV anomaly of as large as —5 PV Us at the high levels (above 400 hPa) and positive PV anomaly at lower levels
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Figure 5. The profiles of (a) mean latent heating and (b) its vertical gradient simulated in CNTL experiment calculated by
averaging over 24 hr of 9, 10, 11 June and within a box of 10 X 10° centered on the northeast China cold vortice at 500 hPa
(within the red box in Figure 3).

(between 850 and 400-500 hPa), which is similar in pattern to the mid-level high PV layer in CNTL (Figure 4a).
As the precipitation continues, the related diabatic PV anomalies accumulate gradually, so that the strength of
both negative and positive anomalies increases over the 3 days (Figure 4c). At the upper levels, the strong nega-
tive diabatic PV anomaly can significantly erode high PV within the core region of the NCCV and weaken the
upper-level vortex, whereas the low-level positive diabatic PV anomaly strengthens the low-level vortex.

From 00 UTC to 18 UTC 9 June, intensities of the two diabatic PV anomalies increase together. Afterward, the
high-level negative PV anomaly continues to increase in intensity but shrink in vertical extent. The mid-level
positive PV anomaly increases in intensity and extent somewhat, accompanied by diurnal variations. At night,
PV near the surface increases due to increase in static stability because of surface cooling. This increase is more
in NLH, which should be due to more surface cooling in the absence of cloud cover, thus there are weak negative
PV anomalies below 800 hPa before 00 UTC or 08 local standard time (LST).

Figure 5 shows the profiles of mean latent heating and its vertical gradient, that are calculated by averaging over
24 hr for 9, 10 and 11 June, within a box of 20 X 20° centered on the cyclonic circulation of NCCV at 500 hPa
(the red box in Figure 3). This box is bigger than that used for calculating the mean PV in Figure 4, in order to
cover most of the latent heating from precipitation within the vortex. The average height of the maximum heating
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in this NCCV case does not change much (Figure 5a), and remains at about 550 hPa over the 3 days, it reveals
that the diabatic PV anomalies concentration height does not change much neither. However, there are significant
changes in the intensity and vertical distribution of the heating. On 9 June, more heating is located at higher
levels and there is weakening and lowering of heating over the next 2 days. The decrease (increase) in PV above
(below) the level of peak heating depends on the vertical gradient of the heating profile (see also Equation 1).
During 9 June to 11 June, an obvious vertical dipole of latent heating gradient is shown (Figure 5b), with nega-
tive (positive) gradients above (below) 550 hPa, the level of maximum latent heating. The upper-level maximum
heating gradient is at about 300-350 hPa in the 3 days, negative PV anomaly is continuously produced at those
levels (Figure 4c). At the lower levels, there are more variations in the heating gradients, there are therefore more
variations in the production of low-level positive PV anomaly (Figure 4c). The positive gradient at the surface
associated with night-time cooling also creates positive PV in the boundary layer.

4.3. The Effects of Latent Heating From Precipitation on Three-Dimensional Structure of NCCV

In this section, we examine in more detail how the diabatically generated PV and its spatial distribution affect the
three-dimensional structures of NCCV at different levels. Fields on the 325 K isentropic surface, at the 600 hPa
barometric surface and mean fields in the 800-850 hPa layer, are chosen to reveal the structures of NCCV in the
upper, middle and lower troposphere, respectively.

4.3.1. Changes in Upper Tropospheric Structures

Due to the conservation property of PV under adiabatic and frictionless conditions, advection dominates the
spatial change in PV within the NCCV on isentropic surfaces away from regions of significant precipitation.
The height contours in Figure 6 show that the 325 K isentropic surface slopes downward from north to south,
the height at 35°N is about 7 km (~400 hPa), which is still above the ~550 hPa peak heating level (Figure 5a),
thus negative diabatic PV anomaly would be produced at this level. As shown in Figures 6a and 6b, an elliptical
region with PV above 4 PVU marks the vortex region while the yellow area with PV above 8 PVU represents the
core region of vortex.

At 00 UTC 9 June (Figures 6a and 6b), a narrow tongue of PV blow 4 PVU is found on the north side of the
vortex in both experiments, separating the high PV in the vortex from a strip of high PV to its north. By 12 UTC
9 June, much more differences develop between CNTL and NLH (Figures 6¢ and 6d). A region of low PV below
2 PVU is found at the southeast edge of the vortex that is being advected northward in CNTL (Figure 6¢). Such a
low PV region is much weaker and smaller in NLH (Figure 6d). By 06 UTC 10 June, PV below 2 PVU has been
advected to wrap around the north and northwest sides of the vortex in CNTL (Figure 6e) and hence significantly
reduces the extent of high PV in the vortex. In NLH (Figure 6f), the low PV remains on the east side of the
vortex. After that, the low PV tongue in CNTL continues to be advected toward the high PV core region. There
are many detailed fine-scale structures in the PV, corresponding to filamentation of both high and low values. The
PV filaments are advected further southward by the strong cyclonic flow and stretched thinner. With the help of
turbulence, the high and low PV filaments are mixed together (Appenzeller et al., 1996; R. Portmann et al., 2018;
Wirth et al., 1997), causing erosion of high PV in the core region, and weakening of the vortex.

By 18 UTC 11 June (Figure 6g), even lower PV (blow 1 PVU) has reached the northwest side of the vortex, and is
almost connected with the low PV further west, isolating the high PV within the NCCV core region. In contrast,
there is no erosion by negative PV anomaly generated by latent heating in NLH, so the high PV within the vortex
and associated vortex circulation are much stronger at 18 UTC 11 June (Figure 6h). The vortex in NLH at 18 UTC
(Figure 6h) is actually stronger than earlier times, which may be due to further intrusion of stratospheric PV into
the vortex. This suggests even more effect of the latent heating in reducing the intensity of the vortex.

Another important question to ask is: what precipitation, in which part of the vortex, along which front, is most
responsible for the upper-level PV erosion in the vortex core region. According to impermeability theorem of PV
(Haynes & Mclntyre, 1990; Schneider et al., 2003), air parcels with some PV, named PV substances, can only
move along not through the isentropic surfaces and is conserved along their trajectories. Thus, to answer this
question, forward Lagrangian trajectories are calculated for a number of air parcels starting in the regions of PV
less than 1 PVU near or within the precipitation region along the bent-back, warm and cold fronts, respectively
(Figure 7). The low PV values in these regions correspond to the strong negative diabatic PV anomalies. Here
we assume that the PV anomalies will be advected mostly along the isentropic surfaces, and are more or less
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Figure 6. Potential vorticity (shaded, PVU), height (red contours, km) and horizontal wind vectors on the 325 K isentropic
surface simulated by the (a, ¢, e, g) CNTL and (b, d, f, h) NLH experiments at different times shown in the plots.

conserved outside of the precipitation regions. The trajectories are initialized on the 325 K isentropic surface in
the low PV regions, from 06 UTC 9 June through 06 UTC 10 June at 6-hr intervals, a period when precipitation
is significant (cf. Figure 3). The trajectories are integrated to 00 UTC 11 June using the CNTL experiment output
at 5-min intervals, using the fourth-order Runge-Kutta scheme, as in Xu et al. (2017).

We can see that the negative diabatic PV anomalies generated from the bent-back front precipitation and the
precipitation in the vortex core region (can also be regarded as part of the spiraling bent-back front) are the main
contributors to the erosion of the vortex (Figures 7a—7f). As shown in Figures 7a and 7b, the parcels with negative
diabatic PV anomalies, initialized north of the vortex at 06 UTC and 12 UTC 9 June, move southward and cut
off the outer edge of high PV from the vortex to cause significant PV filamentation (Figures 7c and 7d). After-
ward, these parcels with low PV spiral around the core region (Figure 7¢), and push the high PV filaments away
from the core region (Figure 7f). From 18 UTC 9 June through 06 UTC 10 June (Figures 7c—7e), the bent-back
front precipitation is much stronger and much closer to the vortex core region than before, and the associated
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Figure 7. Forward-trajectories of air parcels initialized in regions of potential vorticity (PV) < 1 PVU associated with diabatic negative PV anomaly, from 06 UTC

9 June through 00 UTC 11 June 2012. The first and second rows show the PV (shaded, PVU) and horizontal wind vectors on the 325 K isentropic surface from

CNTL experiment, and trajectories (color lines) initialized in the region at 325 K isentropic surface near or within precipitation along the bent-back front. Only those
trajectories that end above the 325 K isentropic surface at 00 UTC 11 June and remain above 6 km from the initialization time to 00 UTC 11 June are shown (as they
can contribute to the erosion of upper level PV). The black contours represent the areas where the hourly precipitation is above 2 mm. The colored dots at the end of
trajectories represent the locations of parcels at the time of plotted fields while the colored dots not associated with trajectories are locations of the parcels initialized at
the time of the plotted fields (the subsequent trajectories will be shown in the following panels). The third row is same as the first and second rows, but for trajectories
initialized at 12 UTC 09 June along the warm and cold fronts.

negative diabatic PV anomalies are generated just next to the core region. Afterward, as the bent-back front
precipitation weakens, the weakening of the upper level vortex slows but the vortex eventually dissipates.

The negative PV anomaly originating from cold frontal precipitation is produced on the south and east side of the
vortex which is further away from the vortex center. Most of these parcels move downstream with anticyclonic
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flow curvatures so they do not directly affect the core vortex (Figures 7g—7i). For parcels originating from the
warm front located on the northeast sides of the vortex (Figure 7g), most move northward outside of the vortex
(Figures 7h and 7i), and therefore do not directly contribute to the PV erosion and weakening of the vortex either.
Hence, the diabatic negative PV anomaly from bent-back front is the dominant contributor to the erosion of high
PV within NCCV core region and affects the vortex intensity change most, even though precipitation at the cold
and warm fronts is often more intense.

4.3.2. Changes in Middle and Lower Tropospheric Structures

By comparing to PV fields between CNTL and NLH at 600 hPa, we can see clearly the positive PV generated
by precipitation heating that peaks above this level. At 00 UTC 9 June, the main differences are found along a
precipitation band in the northeast quadrant of the plotted domain and near the vortex center (cf., Figure 3a)
where PV exceeds 2 PVU with many small-scale structures due to precipitation (Figures 8a and 8b). By 12 UTC
9 June, a clear band of high PV is found along the cold front in CNTL (Figure 8c) where significant precipitation
is present (cf., Figure 3b). High PV values are also found along the bent-back front and near the vortex center in
CNTL (Figure 8c) but not in NLH (Figure 8d).

As time goes on, high PV generated diabatically earlier is advected by the vortex circulation while new PV is
generated in the precipitation region, resulting in expansion of the high PV values. By 12 UTC 10 June (Figure 8e),
the areal coverage of high PV is the most extensive, with high PV found along the eastward-progressing cold
front and the spiraling bent-back front (cf., Figure 3f), as well as on the west side and in the core region of the
vortex. In comparison, high PV values found earlier in NLH are decreased (Figure 8f), likely due to diffusion.
Given the much-increased PV in CNTL, the vortex circulation is much stronger, as seen in the areal coverage of
>15 ms~! wind speed (Figure 8¢ vs. Figure 8f). The stronger circulation also enhances the spiraling advection
of the generated positive PV into the vortex core region, and increase the PV there. While the mid-to-low-level
cyclonic vortex strengthens in response to diabatic heating, precipitation is also generally enhanced.

After 12 UTC 10 June, the cold front precipitation is pushed eastward while those along the warm front and bent-
back front start to weaken (cf., Figures 3g and 3h). Correspondingly, less new positive PV is generated and the
vortex at the 600 hPa becomes somewhat weaker (Figure 8e vs. Figure 8g). The latter may be a response to the
weakening of upper-level cold vortex.

Earlier, Figures 4a and 4b show that the mean PV below 750 hPa in both experiments exhibits a clear diurnal vari-
ation, with minimum PV at around 12 UTC or 20 LST and maximum before 00 UTC or 08 LST. The amplitude
of diurnal variation in CNTL is smaller than that in NLH. The PV anomaly (Figure 4c), or the difference of the
mean PV between CNTL and NLH, is positive at 12 UTC and negative before 00 UTC below 800 hPa, that is,
the lower-level PV decreases (increases) less in CNTL in daytime (nighttime) than in NLH. Since the differences
are more significant in the 800-850 hPa layer, we examine the diurnal variations of mean PV in this layer next.

In NLH (Figure 9), at 12 UTC or 20 LST of the 3 days, most of the PV in the layer is close to 0.25 PVU and few
values are above 1.2 PVU, while at 00 UTC or 08 LST, many PV values are above 0.75 PVU especially within
the core region of the vortex. Figure 4b shows that high PV values are largest at night at these levels; this is due
to the increase in low-level static stability by surface radiative cooling.

Another standout feature of the low-level PV in NLH is the high positive PV bands reaching several PVUs along
the cold and bent-back fronts before 00 UTC (08 LST), but they disappear in daytime. The 9 June is selected as an
example, when the high PV band along the fronts, especially the cold front, is significant. Since PV is the product
of static stability and vorticity (see also Equation 2), PV will be very small if one of them is nearly zero. As seen
in the vertical cross sections perpendicular to the cold front (Figure 10), changes in the vertical distribution of
potential temperature follow the diurnal cycles of surface heating and cooling. Because of the surface heating and
boundary layer turbulent mixing in daytime (Figures 10a and 10b), the low-level potential temperature increases
gradually while the top of the mixed layer rises from 850 hPa to 800 hPa or even 700 hPa from 00 UTC through
06 UTC. The nearly zero vertical gradient of potential temperature in the mixed boundary layer significantly
reduces PV, causing the disappearance of the high PV bands.

After the sunset (Figures 10c and 10d), surface cooling sets in, the low-level potential temperature decreases from
>301 K (307 K) at cold (warm) side of the cold front to 295 K (297 K), starting from near surface upward to
825 hPa or even 800 hPa from 06 UTC to 18 UTC. The difference between 800 and 850 hPa increases from zero
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Figure 8. Potential vorticity (color shaded, PVU) and horizontal wind vectors at 600 hPa from (a, c, e, g) CNTL and (b, d, f,
h) NLH experiments. The translucent gray shading enclosed by black contours represents the areas where the horizontal wind
speed is above 15 ms~'.
to 5 K at the cold front. The significantly increase in static stability increases low-level PV. Meanwhile, signifi-
cant vertical vorticity along the cold front leads to high PV bands along the front at night.
Within CNTL experiment, the above processes also exist, although the surface cooling is somewhat damped by
nighttime cloud cover, resulting in weaker nighttime enhancement of near-surface PV (cf., Figure 4a). Thus, the
PV anomaly below 800 hPa shown in Figure 4c is negative before 00 UTC. Since the vertical gradient of latent
heating at 800-850 hPa is positive (cf. Figure 5b), there is positive PV anomaly generated by precipitation in
CNTL, its PV values at 800-850 hPa (Figure 11) are clearly higher than those in NLH (Figure 9).
5. Summary and Conclusions
In this study, a detailed analysis of the effects of latent heating from precipitation on the three-dimensional struc-
tures and evolution of a NCCV (northeast China cold vortex) is performed based on 3-km convection-allowing
simulations with and without the precipitation processes. The case is an intense NCCV that occurred from 18
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Figure 9. The layer mean potential vorticity (shaded, PVU) and horizontal wind vectors averaged between 800 and 850 hPa
simulated by NLH experiment. The coastline is in red. The dark blue line in (a—d) indicate the location of the vertical cross
section presented in Figure 10.
UTC 8 June through 00 UTC 17 June 2012 in northeast China. In this study, we focus on a 3-day period from
9 June to 11 June 2012 when the NCCV developed, reached its mature stage, and started to weaken. The PV
perspective is adopted to investigate the cold vortex structure and the effects of diabatic heating due to precipita-
tion on its structure and evolution.
In the control simulation over the 3-day period, a vertical dipole of diabatically-generated PV anomalies (calcu-
lated as the difference between two simulations with and without latent heating processes associated with precip-
itation) within the NCCV forms that spans the most of the troposphere due to the latent heating from primarily
frontal precipitation. Negative PV anomaly is found at high levels (above 400 hPa) and positive PV anomaly is at
middle to lower levels (between 850 and 400-500 hPa). The upper-level negative anomaly is concentrated within
a more limited depth of about 200 hPa whereas the lower-level positive anomaly below the level of maximum
heating is deeper that spans a layer of over 400 hPa.
In the upper troposphere, the negative diabatic PV anomalies from precipitation along the bent-back front are
found to be the dominant contributor to the reduction of high PV in the core region of NCCV, they are advected
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Figure 10. Vertical cross sections of potential vorticity (shaded, PVU), wind vectors and potential temperature (contours, K) along the lines (a) A—A’, (b) B—B’, (c)
C—-C', and (d) D—D’ on 9 June 2012 shown in Figures 9a-9d. The cold front is shown in blue frontal symbol. The region within the two red lines demonstrate the

800-850 hPa laye

T.

by the vortex circulation in a spiral pattern toward the vortex core and erode the high PV there. The processes
are summarized in the conceptual illustration in Figure 12. The figure shows the evolution of the NCCV in terms
of PV subjecting to the effects of negative diabatic PV anomalies from the bent-back frontal precipitation in a
higher-level isentropic surface. In the early stage of a developed NCCYV, the vortex has an elliptic shape filled with
high PV (Figure 12a). When precipitation develops along the occluding bent-back front, a wedge of negative PV
anomaly produced by latent heating of precipitation is generated at the northeast side of vortex (Figure 12b), and
is advected by the cyclonic circulation to the north side of vortex where additional negative PV anomaly is gener-
ated as the bent-back front extends further westward (Figure 12c). Over the next 12 hr, the low PV associated
with negative anomalies are further advected around the vortex core to reach its southwest side while additional
negative PV anomalies are generated by precipitation along the way (Figure 12d). Such processes continue over
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Figure 11. Same as Figure 9, but from the CNTL experiment.
the next 24 hr, with the areas of increasingly lower PV expanding and completely enveloping the much reduced
the core region of vortex with high PV (Figures 12e and 12f). As the processes proceed, the high PV along the
outer edge of the vortex gets more and more “peeled off” and separated from the inner core region, and the high
PV becomes long, stretched filaments that are gradually diffused by mixing. The low PV gets (often less than 1
PVU) progressively closer to the center of the vortex, significantly eroding the high PV there (Figure 12f), caus-
ing the eventual demise of the upper-level cold vortex.
Different from those at the bent-back front, the upper-level negative PV anomalies generated at the cold and warm
fronts are mostly advected downstream by anti-cyclonically curved circulations and therefore do not contribute
much to the weakening of the cold vortex, even though their associated precipitation is often stronger.
In the middle troposphere (~600 hPa) below the level of maximum latent heating, higher PV values are found
near the regions of frontal precipitation. Positive PV anomalies generated by the latent heating from precipita-
tion are advected to the core region of vortex by the vortex circulation at those levels, resulting in expansion
of the areal coverage of high PV and intensification of middle level (as well as lower level) vortex circulation.
The stronger circulation also enhances the advection of the positive PV anomalies toward the core region of the
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Figure 12. Schematic evolution mechanisms of Northeast China cold vortex (NCCV) on high isentropic surface. The pink
and dark red shading represent the areas where the potential vorticity (PV) is above 4 PVU and 8 PVU, which also represents
the outer edge and core region of the vortex, respectively. The blue shading represents the negative diabatic PV anomalies
newly generated from the bent-back frontal precipitation, while the black arrows represent the trajectories of the accumulated
negative PV anomalies.

vortex. The intensification of the middle and lower-level vortex tends to enhance frontal precipitation which in
turn would cause the eventual demise of upper-level cold vortex.

At the lower levels (800-850 hPa), the evolution of PV exhibits clear diurnal variations, primarily due to surface
heating and cooling effects on static stability. At night, surface cooling significantly increases low-level static
stability, creating high PV bands along fronts that is more prominent when precipitation is suppressed in the
model. During the day, the development of mixed boundary layer with weak static stability destroys the high PV
bands. In the presence of significant frontal precipitation and the associated cloud cover, both night time cooling
and day time heating on the surface are damped, so that the diurnal variations in low-level PV are much weaker.

In summary, while NCCV is an important precipitation-producing weather system in northern China, the latent
heating from precipitation within NCCV is also an important cause for its demise. The NCCV is primary an
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upper-level cold vortex, typically containing high PV sourced from the stratosphere that intrudes into the tropo-
sphere. The high upper-level PV helps induce strong low-level cyclonic circulations and associated fully devel-
oped fronts. The frontal precipitation with latent heating peaking at the mid-to-upper levels creates negative PV
anomalies at upper levels and positive PV anomalies at lower levels, leading to a general lowering of the center of
weight of high PV. Besides, the positive PV anomaly at low levels can help to produce a deep PV tower that can
lead to explosive development of cyclone in certain situations (Lim & Simmonds, 2002; Pang & Fu, 2017; Wernli
et al., 2002). The enhanced low-level circulation also induces stronger northward water vapor advection for more
precipitation. Eventually, precipitation leads to the demise of the upper-level cold vortex.

Finally, we believe the main conclusions obtained in this paper are representative of typical cold vortices in north-
ern China. Still, we want to point out that this study is based on a single NCCV case, and more cases should be
studied to test the generality of the results obtained.

Data Availability Statement

All data used for analysis and analytical model development are available in the public domain. The evolution of
the NCCV case in this study was analyzed using ERAS reanalysis data from 8 June to 17 June 2012 (available
at https://doi.org/10.24381/cds.bd0915¢6; Hersbach et al., 2020). The NCCYV in this study was simulated by the
WRF model v4.2 (Skamarock et al., 2019). The initial and lateral boundary conditions for the WRF model were
provided by ERAS reanalysis data from 8 June to 12 June 2012. The hourly precipitation observation data is
available at National Meteorological Information Center of the China Meteorological Administration via https://
data.cma.cn/data/. The model outputs used in this paper are available at (Fan, 2023).
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