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Today, among the existing numerical weather prediction models, those detailing target classi�cations have been su�ciently
explored; however, there are still many weather forecasting goals and needs, and research from theoretical to practical methods
still needs additional study. For example, it is important to know as early as possible (months to years in advance) the forecast
during a “speci�c large public event,” such as the hourly weather forecast for the Olympic Games.  is study elaborates on the
theory and methods for such ultra-early prediction of severe transient weather processes in the atmosphere. emain results of
this study include (1) establishing the academic concept to capture precursor signals in modern meteorology and provide
de�nitions; (2) establishing methods for capturing precursory signal quanti�cation of unfavorable weather and proposing
quantitative measurable thresholds; and (3) proposing the “ultra-early prediction” target task. A typical case is discussed: the
meteorological conditions of the Beijing Winter Olympics, which serves as an example of social demand for weather
forecasting of “special large-scale public activities,” as the case results show that the real-time observations during the Beijing
Winter Olympics are consistent with the forecast and followed the precursor signal developed using the theoretical and
methodological approaches in this study.  e numerical quantization indicators for precursor signals include: (1) for a
decrease in the height of the mixed layer hidden in the diurnal change; the precursor signal threshold is de�ned as a drop of
more than 100m for 3 consecutive days; (2) the signal of the δΘe displayed as a change by “negative⟶ positive” of more than
seven days in a continuous period. (3) the supersaturation (S) with thresholds reaching 6–7%, as well as the threshold
<0.5 ×10−3 for saturated condensation �ux signals (ξp); and (4) the hourly resolution transport index of PLAM (parameter
linking air-pollution to meteorological condition) PLAM⟶ obj remaining continuous for 48 h, with its threshold reaching
more than 100.

1. Introduction

Currently, although the existing numerical weather predic-
tion models, theories, and practices of weather forecasting
classi�cation details have been acceptable, many goals and
needs remain, and research on theoretical and practical
methods requires additional study.  e traditional long-term
forecast, the forecast target, is the monthly or annual change

trend, and daily or hourly weather changes are regarded as
disturbances that need to be smoothly �ltered out.

In order to discuss the “detailed target classi�cations” of
forecasts, as shown in Table 1 that the existing traditional
forecasting projects for research and operational use (both
short-term and long-term forecasts) need to be further
technical updated. It is necessary to extend the forecast
timeliness but also to increase the re�ned forecast content,
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broaden the field of forecasting, and meeting the growth of
public demand (see details in Table 1). +is study addresses
the target of the need for longer forecast timeliness but a
more detailed temporal resolution of forecast key content (as
given in the red box in Table 1).

However, the concept of ultra-early prediction of atmo-
spheric transient processes is significantly different from pre-
viously available forecasting methods. For example, one needs
to know as early as possible (months to years in advance) what
to expect during “specific large public events,” such as hourly
schedules of the Olympic Games, hourly schedules for large
field trialsorexhibitionevents, etc.,whichareclosely influenced
by the weather. Early (e.g., months or years) knowledge from
the precursor signal prediction of more granular weather
transient processes at an hourly resolution is a new discipline.
We define it as “modern ultra-early synoptic meteorology” to
distinguish it from long-term prediction and now-casting.

+e capture of precursor signals associated with severe
transient weather processes in the atmosphere is important
for the formation of transient atmospheric processes and
their analysis and prediction [1, 2]. In this regard, although it
seems to be known that there is a so-called “precursor signal
reaction,” because it is difficult to capture signals, it is hard to
study in depth. +us, the development of “modern ultra-
early synoptic meteorology” has become a recent focus.

With the development and prosperity of human eco-
nomic and cultural activities in the last few years, there is an

urgent need for weather service centers and the public to
provide unknown potential changes and possible impacts of
unfavorable meteorological conditions in advance for lo-
cations where large-scale public activities will occur and
provide the necessary time-space weather understanding.
For example, climate projections and long-term predictions
do not involve transient weather changes of high spatial and
temporal resolution. As mentioned above, daily or hourly
changes in the weather are regarded as disturbances to be
removed. +erefore, the target of “modern ultra-early
synoptic meteorology” is to provide the unpredictable im-
pact chain from transient unfavorable meteorological pre-
cursor signals to “special large-scale public activities.”

+e global quadrennial Olympic extravaganza is an
atypical large-scale public event. Research on environmental
meteorological protection at the 2008 Beijing Summer
Olympic Games, which took place successfully in China, has
produced numerous results. +e U.S. Weather Bulletin re-
ported on the results of the Beijing Olympic Games in China
in a long-cover article [3], introducing the multifactor
characteristics of atmospheric aerosol pollution and quan-
tifying the results of the impact of adverse meteorological
conditions at different stages during the Olympic Games.

With the ultra-early predictions for the February 2022
Winter Olympics in Beijing, the impact of adverse meteo-
rological conditions on air quality has also become a focus of
attention for the environmental and atmospheric science

Table 1: +e forecast target classifications of short-medium, long-term term, and climate trends.

Classifications Forecasting time limit Commonly used prediction
content Common predictive keywords

Short-medium
term forecast

Now casting 1–6 hours

Strong weather with hourly rate
of change

Hourly changes of rain, snow, strong
wind and hail

Rain, snow, strong wind, and
hail

Hourly changes of air pollution
component

Short term forecast 24–72 hours
24 hours typhoon and rainstorm Daily changes of typhoon, cyclone,

and rainfall situations

Visibility and air quality Daily changes of main air pollution
component

Medium term
forecast 5–7 hours

Rainy bands, tropical, or
temperate cyclones Typhoon, cyclone, and rainfall

+e impact of moving Air quality

Long-term
forecast

Monthly forecast 1–3 months Temperature, humidity, and
rainfall Temperature, humidity, and rainfall

Or 3–6 months Drought, floods, and air quality Monthly forecast and air quality

Seasonal forecast

Yearly forecast (winter
and summer)

Rainy season, dry season, winter,
and summer

Rainy season, dry season, winter, and
summer

1-2 years (winter and
summer)

+e establishment and turning
of the monsoon changes

Forecast of the monsoon
establishment date

Yearly forecast 1–5 years Cold, warm. drought, and flood
trends

Cold, warm, drought, and flood
trends

Forecast trends
in climate

Short-term trends in
climate change 5–10 years Temperature humidity and

rainfall

Anomaly corresponds to in 10 years
average of temperature humidity

and rainfall

Forecast trends in
climate change >10 years Ten-year trend of meteorological

elements

Anomaly corresponds to in 50 years
average of temperature humidity

and rainfall

Ultra-long-term
climate predictions

Forecasting trends over
a hundred years

(century)

Change trends of temperature
humidity and rainfall over a

century

Anomaly corresponds to a hundred-
years average of air temperature
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community, and a concern for all relevant Departments of
the Meteorological Center and the public.

Although studies have shown that long-term climate
change, represented by global warming affecting PM2.5, is
not dominant, emissions remain the primar,y and endog-
enous cause of PM2.5 in China [4]. +e latest research [5]
indicated that although the turning points vary in different
regions, PM2.5 mass concentrations in key regions decreased
significantly after 2013 due to clean air actions. In particular,
the annual average value of PM2.5 in 2020 (including 2021-
2022) is nearly the lowest since 1960. +is shows that in
recent years, China’s emission control volume has basically
reached a stable standard (especially in winter). However,
when emissions are essentially constant (e.g., in winter), the
two-way feedback effect of mutual “deterioration” between
pollution and unfavorable meteorological conditions also
controls the explosive growth of PM2.5 in key regions of
China [6, 7]. +is suggests that it is still necessary to analyze
the possible impact of unfavorable meteorological condi-
tions on air quality during the Beijing Winter Olympics.

Environmental meteorological confidence during the
Winter Olympics faces many challenges, as exemplified on
February 4, 2014, before the Sochi Winter Olympics. Roman
Vilfand, the director of the Russian Hydro-meteorological
Center, reported that the weather in the Sochi region would
be favorable for the competition, with enough snow and a
better weather forecast during the week [8]. However, the
actual temperature at the Sochi Olympics reached 15°C that
year and the Games were seriously affected by unfavorable
meteorological conditions. +e competition, the men’s
cross-country snowboarding race, which was scheduled for
the afternoon, was also postponed due to heavy fog, orig-
inally scheduled for February 16, 19:00 Moscow time, was
affected by fog and was postponed until 10:00 on the 17th.
Additionally, on the 17th, with no improvement in the
weather, several outdoor competitions were postponed due
to meteorological conditions. Similarly, at the Vancouver
Winter Olympics, temperatures were above average and the
Games experienced many adverse meteorological condi-
tions, with the organizers using helicopters to transport
snow [8].

It is important to study ultra-early predictions of the
possible impact of meteorological conditions on air quality
during the Olympics and similar sporting events. Interna-
tional trade in sport has been developing rapidly in recent
years, with the Olympic Games in Paris, France in 2024, and
China’s Chengdu applying to host the 2025 World Games.
+e technology and research into air quality service guar-
antees for international sports competitions have become a
new focus area for atmospheric science research.

Over the years, China’s long-term efforts to reduce air
pollution emissions have been remarkably successful. As of
2020, PM2.5, SO2, NOx, and VOCs emissions were reduced
by 27%, 20%, 33%, and 24%, respectively, in February
compared to a few years earlier. +e number of heavy
pollution days decreased by 87% from the same period in
2016 [9, 10]. Under the condition of “quasi-zero emission
increment,” this provides a rare time window to observe the
impact of micrometeorological conditions on pollution [11].

+is study explores the new development of modern
synoptic meteorology and investigates the new method for
diagnostic analysis of precursor signals on the impact of
emissions and adverse meteorological conditions on air
quality during the Winter Olympics in Beijing (Zhangjia-
kou) for hourly resolution ultra-early prediction weather
forecasting.

2. Data and Methods

2.1. Data. +is study uses data that includes hourly reso-
lution automatic weather station (AWS) data, ground and
high-altitude observation data from the National Informa-
tion Center, and atmospheric composition station moni-
toring data [3, 12] to evaluate the spatial and temporal
distribution of aerosol pollution in Beijing and Zhangjiakou
in February for the past five years. Additionally, it explores
the possible influence of meteorological conditions on the
Beijing (Zhangjiakou) Winter Olympic Games. +e geo-
graphical locations of the Winter Olympic Games in Beijing
and Zhangjiakou are shown in Figure 1.

To capture precursory hidden signals to introduce as
information for establishing ultra-early warnings of
“modern synoptic meteorology,” an appropriate develop-
ment approach is to combine both new and traditional
methods. In this way, the basic purpose of modern mete-
orology, the ultra-early warning discipline, as an innovative
discipline, is more conducive to being confirmed and
understood.

2.2. Capturing and Calculating the Precursor Signals of Height
Changes of Atmospheric Pollution Mixing Layer. It has been
recognized that the atmospheric boundary layer height is
important for diagnosing atmospheric pollution near the
ground layer. However, boundary layer information is one
of the “hidden signals” that is often difficult to capture.

It is known that while the planetary boundary layer
(PBL) parameterization is critical for air quality studies,
constrained air quality simulations by PBL parametric
schemes are not well quantified under heavy fog pollution
boundary layer conditions. Furthermore, the way the
boundary layer describes the effects of air pollution is easily
copied and confused. For example, the PBL usually refers to
the large-scale Ekman dynamic boundary layer. +erefore, it
is not reasonable to use the concept of PBL to assess the
characteristics of air pollution associated with the near-
surface boundary layer. For heavy haze pollution mea-
surement, one of the selected functions of the parameteri-
zation scheme is to determine whether the air mass at a
specific location meets the wet static stable state of “high
humidity” but “rain is difficult to form.” Table 2 lists studies
of multiple types of boundary layers, including the study of
[13].

According to the definition of the wet potential tem-
perature θe in (1), when the property in a particular layer
(expressed by the P coordinate) of the atmosphere reaches
saturation, the saturation mixing ratio is W (W�Ws) and
Rd/Cp (0.288) is a constant in equation (1).
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Under this height of the particular layer (expressed by P),
it is conducive to the continued mixing of pollution when
the condensation function fc reaches the critical value of
condensation (Note: this is the threshold that needs to be
captured), under the condition that the raindrops have not
yet been formed. +us, one of the functions of the air
pollution meteorological conditions index is to try to de-
scribe whether the local air masses are “stationary” with little
variability. θe is an important parameter to characterize air
mass properties [21, 22]:

θe � T
1000

P
 

Rd/Cp

 exp
Lws

CpT
  . (1)

+e atmospheric processes and structures of the at-
mospheric mesoscale flow field, condensation, and mech-
anisms of clouds and precipitation are intrinsically linked.
Much has been achieved in these areas of research
[12, 23–26] associated with air pollution contributions, as
well as the response of emission disturbance changes to
meteorological conditions [12, 26].

When the condensation function (fc) reaches the critical
value of condensation but before raindrop formation, the
atmosphere is very favorable for the continuation of pollution
mixing, particle wetting, and new particle formation accel-
eration for the continuation of secondary pollution [27, 28].
+en, it is necessary to capture “the threshold” related to
humidity. At this atmospheric layer height, the height of the
pollutionmixing layer (H_PML), one of the defined heights, a
precursor signal of air pollution will appear [29]:

H PML ≈ 6.11 × 102 ×
0.622 + 0.622 es/p − es( 

0.622 es/p − es( 
 , (2)

where es is the saturation water vapor pressure. +at is what
the capturing and calculating for the precursor signal of
atmospheric pollution mixing layer height.

2.3. Atmospheric Condensation and Capturing the Precursory
Hidden Signal of Supersaturation. +e condensation func-
tion (also referred to as condensation rate) is expressed as
follows:

Figure 1: Beijing Winter Olympic Games competition venue in 2022.

Table 2: List of studies on the relationship between air pollutions
and boundary layers in recent years.

Abbreviation Meaning of abbreviations References
PBL Planetary boundary layer [14, 15]
ABL Atmospheric boundary layer [16]
SL Superadiabatic layer [17]
ML Mixed layer [13]
CIL Capping inversion layer [16]
CBL Convective boundary layer [18]
RML Residual mixed layer [19, 20]
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where cd is the dry adiabatic lapse rate (C°m−1); and Cp, L, qs,
and fcd are the pressure specific heat, latent heat of con-
densation of water vapor, saturation specific humidity, and
dry air condensation rate, respectively. +e condensation
rate is a function of saturation (S) [29].

Once the atmosphere becomes supersaturated, atmo-
spheric microphysical processes can introduce new obser-
vational phenomena and processes into the air. However,
research in this area is currently deficient. Supersaturation is
the ratio of the mass of the condensed vapor water in the
supersaturated state to that in the saturated state, and is a
physical quantity expressed as a percentage (%) of the su-
persaturation [13]:

S �
e

es

− 1  × 100%, (4)

where e and es are vapor pressure and saturation vapor
pressure, respectively. +e condensation rate fc describes
some essential characteristics of microphysical processes of
aerosols, associated with condensation, atmospheric satu-
ration, clouds, and haze [29]. +e reason supersaturated
signals are hidden signals that are difficult to capture is that
they often occur in the atmosphere, disappear instanta-
neously, and need to be captured at high resolution (at least
hourly). Additionally, when calculating supersaturation (S),
it is necessary to introduce that the virtual temperature
correction in (4) is Td�Td’ (1 + 0.378∗ (E/P) [22]. Td is the
dew point temperature of the atmosphere.

By (3), when dry air approaches saturation, fcd is close to
fc, and fcd/fc⟶ 1, as follows:

L

Cpd

zqs

zT
 

p

⟶ 0. (5)

(5) points to a trend in the temperature and humidity
field distribution corresponding to a particular critical
condensation (fc), which indicates saturation. Based on this
equation, the distributional characteristics of a given tem-
perature trend relative to specific humidity upon reaching
saturation point in a uniform pressure field (p� constant on
a given isobaric surface) are defined as saturated conden-
sation flux (ξp):

ξp �
L

Cpd

zqs

zT
 

p

. (6)

According to (6), if (ξp) reaches zero or changes little
(<0.5×10−3) in an actual atmospheric environment, such as
within a domain on a given isobaric surface, then this

domain is the supersaturated zone that reaches its threshold
(ξp) and indicates an area with the critical supersaturated
precursor signal.+e study noted that under the condition of
the wetting growth threshold, the humidified particles be-
come haze droplets, but do not continue to grow into
raindrops [13, 30, 31].

2.4. Pollution Transport Meteorological Conditions Index
(PLAM⟶obj). Most studies have shown that heavy pollu-
tion events are closely related to the contribution from
surrounding areas. +e calculation methods used differ as a
result of different transport distance scales. In recent years,
some progress has been made in the study of transport
methods, such as the study of the backward trajectory path
method for long-range transport under the influence of
large-scale weather systems [32]. For example, “brown
cloud” airflow affecting the Pearl River Delta Region
thousands of kilometers away, forming low-visibility pol-
lution weather in mid-March 2008 was traced by backward
pathways with pollution emissions that had originated from
biomass combustion in the Indo-China Peninsula. Among
these, CO, O3, and PM10 concentrations from biomass
burning were 2-3 times higher than in other seasons [32]. In
the discussion of the backward trajectory, the effect of the
wind direction of any surrounding area (observation station)
on the projection of the target site was not considered. +e
early signals captured are significantly uncertain. A series of
studies have shown that the PLAM index can be used as a
comprehensive pollution-relatedmeteorological indicator to
quantify the degree of weather stagnation or stationary
ability [3, 4, 7, 11]. +us, it becomes an indicative index for
tracking static and less moving polluted air masses. +e
advantage of this index is that it can be linearly related to the
change in PM2.5 mass concentration and is used to measure
changes in unfavorable meteorological conditions affecting
aerosol pollution in a region (see Figure 2). +e index has
been successfully used to estimate the quantitative contri-
bution of meteorological factors to the changes in aerosols
and optical properties in Beijing during the 2008 Olympics
Games [3]. Results of consistently satisfactory applications
also include the influence of unfavorable meteorological
conditions on changes in aerosol mass concentration and
chemical composition from 2006 to 2013 [5].

+e originally designed backward trajectory method is a
better method that has been widely adopted recently because
the original method emphasizes that trajectory tracking
needs to be carried out in the process of isoentropic at-
mosphere, so it can easily track the trajectory of air particles.

Currently common, it is usually based on isobaric sur-
face environment to do trajectory tracking. +erefore, when
starting at a certain location, looking backward at the up-
wind side of the airflow, a certain location is usually selected
as the running trajectory of the air. Because the wind vector
of the new wind field is transient, it can introduce uncer-
tainty about the tracking results. +is study gives a pro-
jection of the wind direction of the tracking target taking
into account any station of the environment, and the
tracking of the trajectory can be more accurate, especially for
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the capture of meteorological early signals with large
transients, such as the capture of signals under the atmo-
spheric pressure field.

In this study, we discuss the influence of meteorological
conditions on the transport of pollutants in the Beijing area
using a transport index calculation method for optional
“directional targets” (in this study, the site of the Winter
Olympics). Equation (7) describes the impact of any area
(observatory) on the transport of ambient meteorological
conditions, related to its transport distance to the target
station, wind speed, and projection of the wind direction to
the transmission target:

PLAM⟶obj � PLAMcos(α − β)e
1/x

, (7)

where a and β are the wind direction of the surrounding
stations and the angle between the wind direction and the
selected target station, respectively, and X is the distance of
the surrounding stations relative to the target [33, 34]. +e
long-distance attenuation of the impact intensity follows an
e-exponentially distribution [34, 35].

3. Results and Discussion

3.1. Analysis of Fog–Haze Pollution Characteristics in Beijing
(Zhangjiakou) during the Winter Olympic Games in the
Past 5 Years

3.1.1. Characteristics of Fog–Haze Pollution Weather in
Beijing in February since 2017. +eBeijingWinter Olympics
Games coincided with the high incidence of the winter
fog–haze season in eastern China [6, 36–38]. To explore the
observed characteristics of air quality, fog–haze pollution
weather, as well as related atmospheric aerosol elements in
Beijing in February in recent years, the hourly distributions
of visibility and fog–haze pollution in Beijing from February
1 to 28 in 2017 and 2021 are presented in Figures 3(a) and
3(c), respectively. Figures 3(b) and 3(d) show the time series

for PM2.5, O3, NO2, SO2, PLAM index, and low-layer at-
mospheric supersaturation (S) in Beijing for February 1–28,
2017 and 2021, respectively. +e PLAM index is a parameter
linking air quality andmeteorological conditions.+e higher
the value the worse themeteorological conditions, which can
be referred in several studies [3, 12]. In accordance with
Figure 3, the characteristics of all heavy pollution processes
are shown in Table 3. Figure 3 and Table 3 show that four
pollution processes occurred in Beijing in February.

2017: from 01:00 on February 3 to 21:00 on February 5,
from 19:00 on February 15 to 07:00 on February 17, from 08:
00 on February 19 to 07:00 on February 20, and from 05:00
on February 27 to 22:00 on February 28. +e four pollution
processes in Beijing in February 2017 were mainly charac-
terized by low visibility (VIS), with minimum values of
approximately 1 to 2 km. +e PM2.5, NO2, O3, and PLAM
index were frequently elevated, with PM2.5 reaching a
maximum of 351 μg/m3, NO2 reaching 169 μg/m3, and O3
reaching 102 μg/m3. Two pollution processes showed an
atmospheric supersaturation, with the supersaturation (S)
higher than 3.2%. In February 2021, there were also two
heavy pollution processes in Beijing, which occurred from
06:00 on February 11 to 15 and from 06:00 on February 26 to
00:00 on February 28. +eir main characteristics indicated
low VIS with a VIS <1.1 km. Similarly, the PM2.5, NO2, O3,
and PLAM index were frequently elevated, with PM2.5
reaching 472 μg/m3, NO2 reaching 102 μg/m3, and O3
reaching 117 μg/m3. Atmospheric supersaturation occurred
in some processes, exceeding 5.7%.

3.1.2. Characteristics of Fog–Haze Pollution Weather in
Zhangjiakou in February since 2017. +e hourly distribu-
tions of VIS and fog–haze pollution in Zhangjiakou in
February 2017 and February 2021 are presented in
Figures 4(a) and 4(c), respectively. Figures 4(b) and 4(d)
show the time series of PM2.5, O3, NO2, SO2, PLAM index,
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Figure 2: (a) Hour-by-hour change in visibility and precursor signal supersaturation (S) in February 2022 and (b) correlation analysis
between PM2.5 and the PLAM index in February 2022.
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and low-level atmospheric supersaturation(s) in Zhangjia-
kou in February 2017 and February 2021, respectively.

As shown in Figure 4 and Table 4, four pollution pro-
cesses occurred in Zhangjiakou in February 2017, which
belong to the same pollution processes as the four pollution
processes in Beijing during the same period. In 2017, the four
pollution processes were mainly characterized by low VIS,
with minimum values of less than 1.1 km. Elevated values for
PM2.5, NO2, O3, and PLAM index were common, and SO2
reached 245 μg/m3. Some processes had atmospheric su-
persaturation exceeding 4.2%. In 2021, two heavy pollution
processes were also primarily characterized by low VIS.
Meanwhile, NO2 reached 102 μg/m3 and O3 reached 117 μg/
m3. Some processes were characterized by atmospheric
supersaturation, with supersaturation (S) higher than 4.6%.

+e above analysis shows that in 2017 and 2021, the
pollution process timeframe was synchronized in

Zhangjiakou and Beijing. +e process lasted a long time,
with the longest haze pollution process reaching four days
(from February 11 to 14) in 2021. In February 2017, PM2.5
peaked at 472 μg/m3 in Beijing, while SO2 peaked at 245 μg/
m3 in Zhangjiakou.

Table 5 presents the statistical analysis of the impact of
meteorological conditions on air quality for every five-day
period in February during the same period of the Beijing
Winter Olympics over the past five years (2017 to 2021).
From the air quality situation (per 5 days) in February for the
last 5 years, the Winter Olympics were more prone to
unfavorable meteorological conditions during the same
period, which needs more attention in order to improve the
fine monitoring and early warning capabilities. Research on
meteorological protection for large competitive sports,
weather impact “precursor signal” and warning techniques
are very important.

(a)

(b)

(c)

(d)

Figure 3: Hourly distributions of visibility (VIS) and fog–haze in Beijing for February 1–28, 2017 (a) and (c) 2021; hourly observed
distributions of PM2.5, O3, NO2, SO2, the PLAM index, and low-layer atmospheric supersaturation (S) for February 1–28, (b) 2017 and (d)
2021.
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Table 5 shows the statistical projections of the contri-
bution to the predicted impact of meteorological conditions
every 5 days of the 2022 Winter Olympics in Beijing, based
on the information for day-by-day and hour-by-hour,
during the same period of the 2017–2021 Winter Olympics,
(good weather: expressed in light blue, its probability (%)
expressed in numbers as well as the area of the blue box in
the table; adverse weather: expressed in brown, its proba-
bility (%) expressed in numbers as well as the area of the
brown box in the table).

3.2. Unfavorable Microscale Meteorological “Precursor
Signals” ofHistoricalHigh-FrequencyFog–HazePollution
during the Same Period of the Beijing Winter Olympics

3.2.1. Precursor Signals Response of Pollution Mixing Layer
Height to Fog–Haze in Beijing. To explore the influence of
meteorological conditions on the fog–haze pollution during
the historical period of the Beijing Winter Olympic Games,
the distribution of the PLAM index and the height of the
pollution mixing layer were calculated using hourly reso-
lution meteorological parameter observation information,
which shown in Figure 5. It can be seen that:

(1) As shown in Figures 5(a) and 5(b), a continuous
decrease in the H_PML was observed 5–7 days be-
fore the two severe fog–haze processes in Beijing
(from 06:00 on February 11 to 19:00 on February 15,
and from 06:00 on February 26 to 28) (dashed arrows
in Figure 5(b)). Along with the continuous decrease
in H_PML, an increase in the PLAM index was

observed (shown in the boxed area in Figure 5(a)).
With the PLAM rising from less than 40 on February
10 to 200 on February 12, and from less than 40 on
February 25 to more than 180 on February 28
(shown in the yellow boxed area in Figure 5), the
events corresponded to two heavy fog–haze pro-
cesses on February 15 and 28.A continuous gradual
decrease in H_PML was observed 5–7 days before
the two severe fog–haze processes, indicating that the
change in H_PML has a significant precursor signal
indication. +e fact that this change in H_PML is a
precursor signal of fog–haze has been observed
throughout China [39].

(2) From Figure 5(c), we can see that wet potential
temperature (Θe) is an important physical quantity
indicating the property characteristics of air masses
[21]. It provides a foundation for prevention and
warning against polluted weather. +e precursor
signal response of at least 5–7 days is of considerable
importance for air quality forecasts during the
Beijing Winter Olympics.

As shown in Figure 5(b), each period of heavy pollution
(shown in the heavy yellow box area in Figure 5(b)) is ac-
companied by the process of less change in δΘe (δΘe⟶ 0)
and the successive increase in δΘe (↑), generally also 7–10
days in advance.+us, the change in the static stability in the
lower atmosphere to mixed control of warm air masses
indicated by temperature and humidity is a precursor signal
of heavy fog–haze pollution in Beijing. As can also be seen in
Figure 5(c), the less variable and successive elevation process

Table 3: Weather phenomena and atmospheric aerosol elements of the pollution process in Beijing for February 2017 and 2021.

Pollution processes in Beijing for Feb 2017 Visibility Weather: haze
① 01:00 3 Feb to 21:00 05 Feb ① Vis_mini.�1.0 km √
② 19:00 15 Feb to 07:00 17 Feb ② Vis_mini.�1.1 km √
③ 08:00 19 Feb to 07:00 20 Feb ③ Vis_mini.� 2.2 km √
④ 05:00 27 Feb to 22:00 28 Feb ④ Vis_mini.� 2.1 km √
Pollution processes in Beijing for Feb 2017 Factor of aerosols and PLAM

① 18:00 04 Feb to 22:00 04 Feb
① PM2.5 � 351 μg/m3

NO2 �169 μg/m3, O3↑102 μg/m3

PLAM� 182

② 07:00 15 Feb to 19:00 16 Feb ② PM2.5 � 275 μg/m3

PLAM� 183, S� 3.2%

③ 13:00 20 Feb to 00:00 23 Feb ③ PM2.5 �176 μg/m3

PLAM� 190, S� 3.2%

④ 05:00 27 Feb to 22:00 28 Feb
④ PM2.5 � 98 μg/m3

O 3 � 97 μg/m3

NO2 �121 μg/m3

Pollution processes in Beijing for Feb 2021 Visibility Weather: haze
① 06:00 11 Feb to 19:00 15 Feb ① Vis_mini.�1.3 km √
② 06:00 26 Feb to 00:00 28 Feb ② Vis_mini.�1.1 km √
Pollution processes in Beijing for Feb 2021 Factor of aerosols and PLAM

① 06:00 11 Feb to 19:00 15 Feb
① PM2.5 � 472 μg/m3

NO2 �106 μg/m3, O3↑117 μg/m3

PLAM� 190

② 06:00 26 Feb to 00:00 28 Feb
② PM2.5 �198 μg/m3

PLAM� 185, S� 5.7%
O 3 �113 μg/m3
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of δΘe 7–10 days in advance, the supersaturation (S) spikes
significantly, from 3.5% to 6–7% (shown by the light blue
bubble in Figure 5(c)).

3.2.2. Application Test of Early Capture of Supersaturation
Precursor Signal Potential Aerosol Pollution Zone. In order
to discuss the universality of early capture precursor signals
in areas where contamination may occur, Figure 6 presents
several typical cases of significant pollution in history. +e
abovementioned examples, namely, characteristics of the
precursor signals ξp and supersaturation (S) calculated by (5)
and (6), respectively, for the period from July 24 to 27, 2008
during the 2008 Beijing Olympic Games and the case during
July 19 to 22 of 2018 (Figure 6). Table 6 presents typical cases
like the Beijing Olympics during 2008, including Vancouver,

Canada (where the Winter Olympics have been held), and
New York, USA.

To discuss the universality of the microphysical con-
densation process of pollution precursor signals on seasonal
and regional diagnostics, here, are examples of summer
pollution. +e case of Vancouver indicated that during the
heat wave weather from 29 July to 2 August, in broad areas of
BritishColumbia, includingVancouver, PM2.5 increased from
less than 6 μg/m3 to 16 μg/m3.+e case of NewYork indicated
that the rising aerosol density (SO4_f) peaked at 120 μg/m3in
New York during the period from 1 July to 31 August 2006.

From Figure 6(a), at 20:00 on July 16, 2018, 48 h before
the peak of PM2.5 in Beijing, the supersaturation was 4%, and
it continued to grow hourly, and by the 18th, it increased to
22%. Supersaturation of 4% within the 24 h before the peak
at 00:00 on July 20, also, increased hourly, reaching 20%.

(a)

(b)

(c)

(d)

Figure 4: Hourly distributions of visibility and fog–haze pollution in Zhangjiakou for February 1–28, (a) 2017 and (c) 2021; hourly observed
distributions of PM2.5, O3, NO2, SO2, the PLAM index, and low-level atmospheric supersaturation(S) for February 1–28, (b) 2017 and (d)
2021.
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Table 4: Weather phenomena and atmospheric aerosol elements of the pollution process in Zhangjiakou for February 2017 and February
2021.

Pollution processes in ZJK for Feb 2017 Visibility Weather: haze
① 19:00 03 Feb to 00:00 04 Feb ① Vis_mini.�1.3 km √
② 00:00 15 Feb to 00:00 16 Feb ② Vis_mini.� 2.1 km √
③ 00:00 21 Feb to 00:00 22 Feb ③ Vis_mini.�1.2 km √
④ 00:00 27 Feb to 00:00 28 Feb ④ Vis_mini.� 6.3 km √
Pollution processes in ZJK for Feb 2017 Factor of aerosols and PLAM

① 20:00 02 Feb to 12:00 04 Feb
① PLAM� 193
PM2.5 � 203 μg/m3

SO2 �184 μg/m3 S� 4.0%

② 07:00 15 Feb to 19:00 16 Feb ② PM2.5 �168 μg/m3 NO2 �182 μg/m3

SO2 � 245 μg/m3

③ 00:00 21 Feb to 08:00 22 Feb ③ PM2.5 �168 μg/m3 SO2 �107 μg/m3

PLAM� 191, S� 2.6%

④ 17:00 25 Feb to 17:00 27 Feb ④ O3 �109 μg/m3

SO2 �103 μg/m3

Pollution processes in ZJK for Feb 2021 Visibility Weather: Haze
① 06:00 11 Feb to 19:00 15 Feb ① Vis_mini.�1.3 km √
② 06:00 26 Feb to 00:00 28 Feb ② Vis_mini.�1.1 km √
Pollution processes in ZJK for Feb 2021 Factor of aerosols and PLAM

① 06:00 11 Feb to 19:00 15 Feb
① PM2.5 � 472 μg/m3

NO2 �106 μg/m3, O3↑ 117 µg/m3

PLAM� 190

② 06:00 26 Feb to 00:00 28 Feb
② PM2.5 �198 μg/m3

PLAM� 185, S� 5.7%
O 3 �113 μg/m3

Table 5: Statistical analysis of the impact of meteorological conditions on air quality every 5 days during the same period of the Beijing for
the years 2017 to 2021.

Year Date 1 to 5 6 to 10 11 to 15 16 to 20 21 to 25 26 to 29

2017

Visibility 3.1 km 3.3 km 2.1 km 2.2 km 3.3 km 2.2 km
Weather phenomenon Haze Haze Haze Haze Haze Haze

PLAM 182 79 183 115 190 115
PM2.5 351 114 275 176 141 98

2018

Visibility 6.2 km 4.2 km 25.9 2.3 km 30.2 km 3.2 k
Weather phenomenon Haze Haze Haze

PLAM 32 32 47 187 47 185
PM2.5 51 99 79 250 64 227

2019

Visibility 1.2 km 30.4 km 1.1 km 1.3 km 1.2 km 3.2 km
Weather phenomenon Haze Clear Haze Haze Haze Haze

PLAM 189 9.3 190 188 193 90
PM2.5 278 61 88 37 259 114

2020

Visibility 2.4 km 11 km 1.2 km 33.9 km 1.2 km 1.3 km
Weather phenomenon Haze Haze Haze Clear Haze Haze

PLAM 89 189 183 12 186 186
PM2.5 59 193 268 32 146 161

2021

Visibility 14.6 km 5.6 km 1.3 km 30.5 km 31.2 km 9.4 km
Weather phenomenon Clear Haze Haze Clear Clear Haze

PLAM 10 18 190 11 13 185
PM2.5 56 124 472 38 80 198 μg/m3

Contribution (%)

Fine (baby blue) 56% 44% 20% 50% 40% 12%
Weather (%)
Unfavorable 44% 56% 80% 50% 60% 84%

Meteorological conditions (%) (brown)
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Table 6 shows the precursor signals (ξp) in Beijing,
Vancouver, and New York. It is shown to have consistent
results (<0.5×10−3) in summer, winter, and transitional
spring cases. +is suggests that “supersaturation under
condensation rate threshold conditions” in the atmosphere
may result in a high density of accumulated aerosols. +is
finding is almost virtually universal and applies across the
North Hemisphere. So that the precursor signals of super-
saturation can be widely used in the Northern Hemisphere
for the identification, diagnosis, and prognosis of potential
aerosol pollution.

3.2.3. Precursor Signal Characteristics of Pollution Transport
by Calculating the Transport Index (PLAM⟶obj) from the
Surrounding Pollution Area. Figure 7(a) shows the pollution
transport at 00:00 on February 27, 2021, calculated by (7),
with the contributions by the index of pollution meteoro-
logical conditions oriented towards Beijing (PLAM⟶ obj).

+e directional transport of surrounding pollutants to
Beijing under the influence of meteorological conditions is
used to analyze the precursor signal quantitative response of
the PLAM⟶obj index before the pollution event in Beijing at
15:00 on February 28, 2021 (corresponds to the heavy
pollution incident in Beijing on February 28 (see

Figure 7(a))). Figures 7(c) and 7(d) are the same as
Figure 7(a), calculated for 00:00 on February 11 and 12, 2021,
respectively, to obtain the response of the precursor signal of
the PLAM⟶obj index before the peak of 472 μg/m3 at 09:00
on February 13, 2021. As can be seen from Figure 7, the
quantitative PLAM⟶obj index 39 h before the pollution in
Beijing at 15:00 on February 28, 2021 (see Figure 3(d), PM2.5
concentration reached 188 μg/m3) indicates that there was
positive transport from the eastern Shandong Peninsula with
the value of 50–100. +e values of the hourly resolution
PLAM⟶obj index provide information on the transport of
pollution prior to the precursor signal response in Beijing.

+e ground weather map in Figure 7(b) at 06:00 on
February 27, 2021, in line with the direction of the high pol-
lution transport belt, is apartial easterly airflow.Anotherwarm
and humid airflow south of the subtropical high pressure is a
large-scale airflow system for pollution in Beijing.+e ground
weather map showed that the Beijing–Tianjin–Hebei region,
Shandong, and Shanxi–Henan also demonstrated fog–haze
weather on a large-scale. Similarly, with the Beijing Winter
OlympicGamesat the sametimeof09:00onFebruary13,2021,
a peak of up to 472 μg/m3, a record heavy pollution event,
respectively, 57 h and 39 h in advance, that is, 00:00 on Feb-
ruary 11 and 12 (Figures 7(c) and 7(d)). It has been quanti-
tatively established (the valueup to100) that positive values are

(a)

(b)

(c)

Figure 5: (a) Hourly distribution of PLAM index and height of mixing layer (H_PML) in Beijing in February 2021, (b) distribution of
perturbed daily oscillation variation minimum of H_PML and (c) hourly wet potential temperature variation (δΘe) and the distribution of
atmospheric supersaturation (S).
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Figure 6: Continued.
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Figure 6: (a) Hourly distributions of PM2.5 and atmospheric supersaturation (S) in 16–20 July 2018; (b) geo-potential heights (white line:
gm) and saturated condensation flux (ξp) at 500 hPa of isobaric surfaces in the pollution process in 19–22 July 2018, (c) the same as (b) but
for 700 hPa, (d) the early period of 2008 Beijing Summer Olympic Games in 24–27 July 2008 for 500 hPa, (e) the same as (d), but for 700 hPa;
Scales of arrows are 0.005, 0.01, 0.06 and 0.09×10−3,respectively.

Table 6: Saturated condensation flux (ξp) and geo-potential heights at various isobaric surfaces over Beijing, Vancouver, and New York.

Isobaric surface (hPa)
Beijing Vancouver New York

Geo-potential height ξp ratio∗ × 10−3 Geo-potential height ξp ratio× 10−3 Geo-potential height ξp ratio

300 968 0.19 968 0.39 — —
500 584 0.43 586 0.31 584 0.44
700 314 0.48 316 0.75 — —
850 158 0.48 148 0.47 154 0.35
∗ξp ratio refers to the ratio of mean value of ξp center of its surrounding area.
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Figure 7: (a) Directed transport of pollution meteorological conditions index (PLAM⟶obj) to Beijing at 00:00 on February 27, 2021, (b)
surface weather map of Beijing–Tianjin–Hebei region at 06:00 on February 27, 2021, (c) directed transport of pollution meteorological
conditions index (PLAM⟶obj) to Beijing at 00:00 on February 11, 2021, and (d) directed transport of pollution meteorological conditions
index (PLAM⟶obj) to Beijing at 00:00 on February 12, 2021.
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Figure 8: (a) Forecast analysis of the impact of meteorological conditions on air quality in the same period as the Beijing Winter Games for
the past five years (2017 to 2021) based on the data of Table 5; (b) the high-resolution (hourly) weather changes with observations for the
period of Beijing Winter Olympics (February 2022); (c) a map of the ground weather at 14:00 on February 11, 2022.
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transported toBeijing, and thepredictivewarning information
of this precursor signal is very important.

3.3. Predicting the Trend of Precursor Signals of Unfavorable
Meteorological Conditions during the Beijing Winter
Olympics by theHistorical Information of the SamePeriod
(2017–2021)

3.3.1. Contribution to Emission Reduction during the Beijing
Winter Olympics. Compared with the past 5–8 years, in the
Beijing area, the pollutant emissions of heavy trucks have
dropped by more than 90%, and 1 million diesel trucks
below the national level III were previously eliminated. Air
quality has improved significantly through emission re-
duction measures.

After the opening of the Winter Olympics, Beijing’s air
quality continued to be excellent. Monitoring data show that
from February 4 to 17, the average concentration of PM2.5 in
Beijing was 24 μg/m3, the PM2.5 concentration in Beijing,
Tianjin, and Hebei fell by more than 40% year-on-year, and
the surrounding areas fell by more than 30% year-on-year.
Especially on the day of the opening ceremony on February
4, the daily average concentration of PM2.5 in Beijing was as
low as 5 μg/m3, and “Beijing Blue” became the default air
quality at the Winter Olympic Games.

+e Beijing Winter Olympics coincided with the tra-
ditional Chinese Spring Festival, for which fireworks control

was already in place. During the Spring Festival, some en-
terprises stopped working, the level of social and economic
activities dropped significantly, and the traffic flow was
significantly reduced.

3.3.2. Comparative Analysis of Ultra-Early Prediction of
High-Resolution (Hourly) Weather Changes with Observa-
tions for the Beijing Winter Olympics. Figure 8 shows the
forecast analysis of the impact of meteorological conditions
on air quality in the same period as the Beijing Winter
Games for the past five years (2017 to 2021). It can be seen in
Figure 8:

(1) According to the results of hourly precursor signal
analysis in Beijing in February in the past five years,
the probability of haze weather in Beijing from
February 10 to15 is as high as 80%, while the
probability of fine weather is less than 20%; that is, a
forecast of unfavorable weather that would affect the
Winter Olympics would be likely on February 10–15,
2022. Similarly, on February 26–29, the probability
of adverse weather is as high as 83% or more, and the
probability of fine weather is only 10%.

(2) As shown in Figure 8(b), the real-time observations
of the Beijing Winter Olympics are very consistent
with the forecast, with haze in Beijing from February
10 to 15, and similarly, heavy haze and thick fog from

Figure 9: Comprehensive physical diagram of the precursor signal capturing for ultra-early high-resolution air quality weather prediction
services.
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February 24 to 28 (see the weather symbol at the
bottom of Figure 8(b)).

(3) During the Beijing and Zhangjiakou Winter
Olympics in February 2022, there were two times
when the polluted weather process developed sig-
nificantly and the air quality decreased meaningfully,
which was consistent with the ultra-early forecast
results based on the precursor signal capture theory
method in this study. At 15:00 on February 10, the O3
concentration was observed at 96 μg/m3, and at 22:00
on February 11, PM10 soared to 143 μg/m3 (indicated
by the blue dotted line (see Figure 8(b)).

From the 10th to the 13th, the haze weather in Beijing
lasted for 96 h, and there was drifting snow (see the weather
symbol at the bottom of Figure 8(b), and in Figure 8(c), the
note on the weather symbol of the ground weather map).
+e fog–haze in Beijing and Zhangjiakou and the hazy sky
conditions affected the official schedule of the Winter
Olympics. At that time, some projects, including the
schedule of the women’s U-pool ski race finals, had to be
postponed for more than 48 h due to the haze and low VIS
that could affect the health and landing skills of athletes.

Synthesizing the above, the theory and method for ultra-
early high-resolution air quality weather prediction services
are summarized as shown in Figure 9 through the capturing
of precursor signals of adverse weather.

4. Conclusions

With the increasingly rapid development of economic glob-
alization and the booming international economy, culture,
and sports, including major events represented by Olympic
competitions, the development of weather theory and tech-
nology brings many new challenges, and the existing tradi-
tional forecast programs for both research and operational
purposes (both short- and long-termforecasts) require further
technical updates. It is necessary to extend the forecast
timeliness andaddrefinement to the forecast content, broaden
the forecast domain, and meet the growth in public demand.
One of the important growth areas for new developments in
weather forecasting ishowtopredict transient signalsof severe
weather days or more months in advance and how to predict
the evolution of transient signals, including down to hourly
resolution, to provide a basis for the dispatch of large events.
Research and development of atmospheric precursor signal
prediction are of great importance. In this study, theoretical
andmethodological approaches for the influence of precursor
signals onatmosphericprocesses aregiven forproviding in the
ultra-early stageof the unpredictable impact chainof transient
unfavorable meteorological precursor signals. +rough a
more in-depth analysis of hourly information about several
pollution processes over the last few years during the Beijing
Winter Olympic Games (i.e., February), the precursor signal
and observational facts of adverse meteorological conditions
during theWinterOlympicGamesare examined, aswell as the
theoretical and methodological approaches for the develop-
ment of warning precursor signals. +e results are as follows:

Assessment and analysis of historical weather and air
quality in Beijing and Zhangjiakou concurrent with the
Winter Olympic Games indicated air quality in Beijing and
Zhangjiakou was affected by the same synoptic pattern
synchronously. Research revealed that the precursor signal
of adverse atmospheric processes can provide an ultra-early
prediction for the frequent occurrence of low VIS fog–haze
pollution, limited by space, starting with these typical cases
of the Beijing Winter Olympics, including theoretical and
methodological studies, as an initiation of enlightenment.
+e advantages of its research are that the data used in the
study are real-time and included in the historical date, with
high resolution and without the interference of emissions
information (emission reduction control is more successful
(zero growth of emissions)). It is beneficial to study the
relative effects of meteorological conditions. We would
suggest continuing to conduct in-depth research.

(1) +e real-time observations of the Beijing Winter
Olympics are consistent with the forecast and fol-
lowed the precursor signal of the theoretical and
methodological approaches used in this study.
Beijing’s persistent haze weather lasted from Feb-
ruary 10 to 15, and fog–haze continued from Feb-
ruary 24 to February 28, 2022.

(2) +e first precursor signal in the atmosphere is the
decreasing height of the mixing layer. In Beijing and
Zhangjiakou, 2-3 days before the heavy pollution
occurrence, a decrease in the mixing layer height was
observed.

(3) +e second atmospheric precursor signal is a signal
of “negative⟶ positive” change in δΘe. +e at-
mospheric wet equivalent potential temperature
change (δΘe) appears as a “negative⟶ positive”
signal, accompanied by a significant spike in at-
mospheric supersaturation (S), which is an impor-
tant precursor indicator of heavy fog–haze pollution.
Noting the key atmospheric precursor signal at the
start of 2-3 days of pollution formation is conducive
to accurate air quality forecasting services for the
Winter Olympics Games.

(4) Hourly resolution PLAM⟶obj index can diagnose
pollution transport in advance of the pollution
precursor signal response in Beijing. During the
same period of the Beijing Winter Olympics, the
heavy haze pollution peaked at 472 μg/m3 at 09:00 on
February 13, 2021, during a record-breaking rare
heavy pollution event. +e PLAM⟶obj index pro-
vides quantitative precursor signal information
about pollution transport to the Beijing region
40–60 h in advance.

(5) +e analysis of universality in the microphysical
condensation process of pollution precursor signals
from seasonal and regional diagnostics indicates that
the early detection of area features signaled by su-
persaturation can have almost universal application
acrosspartsof theNorthHemisphere for identification,
diagnosis, and prognosis of potential aerosol pollution.
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5. Summary

It is necessary to extend the timeliness of forecasting while
adding refinement to them has entered the focal science and
interdisciplinary research area of “predictability” in modern
weather forecasting. +is study proposes the academic
concept of establishing a captured precursor signal in
modern synoptic meteorology. Based on this theoretical
concept, and in view of the demand for day-by-day (in-
cluding hourly resolution) weather forecasting services for
typical cases of the 2022 Beijing Winter Olympics, the study
gives the calculation and advanced capture methods of
precursor hidden signals of air pollution mixed layer height
changes, condensation, and supersaturation, as well as
pollution transmission meteorological condition index, etc.,
and makes reasonable predictions. +e study also gives the
practicality of theories and methods in different regions
(Vancouver, Canada, New York, USA).

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

(1) Establish academic concepts to capture precursory sig-
nals in modern synoptic meteorology. (2) Months/years in
advance to forecast hourly weather changes of the Beijing
Winter Olympics. (3) Precursor signals of reduced height of
mixed layer are coming 3–5 d before haze. (4) When the
threshold of the supersaturated rising early signal is up to
6–7%, the haze will appear.
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