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ARTICLE INFO ABSTRACT

Keywords: On 1 December 2018, a heavy yellow snow fell in Urumgqi (87°37'E, 43°47'N) — the largest city of
Yellow snow northwest China’s Xinjiang province, which was the first case that the yellow snow has been
Dust del observed in winter. The air parcel trajectories obtained from Hybrid Single-Particle Lagrangian
;‘éiﬁgmo ¢ Integrated Trajectory (HYSPLIT) model and the dust surface mass concentration from Modern-Era

Retrospective Analysis for Research and Applications Version 2 (MERRA-2) were adopted to
identify the potential sources and transport paths of pollutants responsible for this yellow snow
episode. The meteorological situation and the European Center for Medium-Range Weather
Forecasts (ECMWF) forecast products have been utilized to analyze the supportive meteorological
conditions. The results showed that the heavy snow in Urumqi was contaminated by the yellow
dust originated in Karamay of Xinjiang province. The strong surface winds in Karamay lifted large
amounts of dust into the atmosphere. Then the airborne dusts were transported to Urumgqi rapidly
by strong low-level winds, where precipitation in connection with the upper trough and the cold
front lead to the yellow snow episode. This study can provide important scientific significance for
predicting this kind of event (yellow snow).

ECMWF model

1. Introduction

Snow in its purest form is white, but other colors of snow exist, including yellow [1,2], brown [3,4] and even red [5,6]. The
coloured snow is usually associated with pollen, spores, algae, mineral dust or coloured soil particles transported by the air [3,5-13].

Yellow snow often causes concern because they may come from industrial waste, chemical elements or radioactive fallout with
hazardous materials and therefore pose health risks to human beings [14]. Only few episodes of this kind have been documented and
studied in Europe and northern part of European Russia. Among them, Franzén et al. [1,2] analyzed a yellow snow episode of northern
Fennoscandia on 10 March 1991. The results showed that the dust originated in the Sahara desert and the precipitation in connection
with the arctic front caused the yellow snow, rather than an influx of pollutants from industrial smoke, as reported by the local weather
service. Shevchenko et al. [8] investigated snow samples from five points in study area, and concluded that the yellow snow event in
Northern European Russia in March 2008 was the result of the mineral dust falling on the snow. The main source of dust responsible for
the yellow color of snow is semi-desert and steppe regions of Northwest Kazakhstan. In China, yellow snow has occasionally been
observed in spring. One recent example of such a phenomenon occurred in April of 2015 when snow fell with a yellow tint (http://
www.weather.com.cn/xinjiang/xjsy/tqyw/2987110.shtml).
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The purpose of this study was to investigate an unprecedented yellow snow episode. Yellow snow in winter around the world has
not been found in published papers so far. Such a shortage of knowledge about yellow snow represents a major uncertainty in the
ability of forecasters to predict similar event. The episode described in this article was the first case that the yellow snow has been
observed in winter. This study mainly investigated the characteristics of this event in three aspects: (1) why the snow was coloured in
yellow, (2) where the pollutants came from, (3) how the pollutants reached the target location.

2. Data and methods
2.1. Study area

Located upwind of Xinjiang province, Kazakhstan is the world’s largest landlocked country characterized by sharply continental
climate, hot summers alternating with cold winters, especially in the plains and valleys [15]. It stretches from Central Asia to Eastern
Europe, bounded on the east by China nearly one-third of the country’s area is the Kazakh Steppe. Xinjiang province is the China’s
largest administrative region at the provincial level with a large area spanning over 1.6 million km?, which covers one sixth of the
country’s territory. However, only about 4.3% of its land is habitable. The rest is mostly desert such as Gobi, snow-capped mountains
and glaciers. It borders East Kazakhstan(Fig. 1). Urumqi (87°37'E , 43°47'N) is in the north part of Xinjiang province and is charac-
terized by a temperate continental arid climate [16]. Urumgi International Airport (87°28'E, 43°54'N) is about 17 km northwest of
Urumgi city. Karamay (84°51'E , 45°37'N) is an important precursor station to major weather events occurred in Urumgi and lies in
northwest of Xinjiang province, 310 km upstream of Urumaqi. It is surrounded by the Gobi Desert and is characterized by a continental
arid-desert climate [17].

2.2. HYSPLIT model

The HYSPLIT model from NOAA is one of the most extensively used atmospheric transport and dispersion models to compute air
parcel trajectories, as well as complex transport, dispersion, chemical transformation, and deposition simulations [18-29].

In order to identify potential sources and transmission paths of pollutants responsible for the yellow snow episode, the National
Oceanic and Atmospheric Administration (NOAA) HYSPLIT model online with the 1° x 1° data of global data assimilation system
(GDAS1), which is provided by National Centers for Environmental Prediction (NCEP), were run to get backward and forward tra-
jectories of air parcels at different heights (500 m, 1000 m and 1500 m) above the ground level (AGL).
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Fig. 1. Map of the study area.
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The trajectory heights were set to 500 m, 1000 m and 1500 m AGL, because the winds at these heights can effectively reduce the
influence of ground surface friction and more accurately reflect the characteristic of the mean flow field in the atmospheric boundary
layer according to previous studies [23,30-32]. Two other mainoptions applied in this paper are Vertical Motion/Model vertical
velocity and Plot projection/Lambert.

2.3. MERRA-2 analysis

The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) improved the successful original
MERRA reanalysis with an approximate resolution of 0.5° x 0.625° and 72 hybrid-eta levels from the surface to 0.01 hPa, updated
every 6 h [33]. It is intended as an intermediate reanalysis and includes aerosol data assimilation, so it can provide a multidecadal
reanalysis in which aerosol and meteorological observations are jointly assimilated within a global data assimilation system [34].

The MERRA-2 analysis was performed to investigate the selected case study in more detail. We used a domain between
43.5°-52.5°N/75°-95°E for the study area. Hourly surface concentration field of dust (M2T1NXAER V5.12.4), estimated by Modern-
Era Retrospective Analysis (collection version 5.2.0) for Research and Applications Version 2 (MERRA-2) [34,35] were adopted in this
study to confirm the deposition of pollutants (dusts) in the areas mapped by our study. The MERRA-2 data can be obtained through the
platform “Giovanni” (https://giovanni.gsfc.nasa.gov/giovanni), which was developed and maintained by the National Aeronautics
and Space Administration (NASA) Goddard Earth Science Data and Information Services Center [36].

2.4. Meteorological data

Synoptic weather systems and strong winds associated with cold-frontal passages are the primary drivers of global dust emissions
and transport [37]. Both surface weather charts and upper weather charts along with observations of meteorological stations from the
Chinese Meteorological Administration (CMA) were used to analyze the supportive meteorological conditions that led to the strong
winds capable of generating and transporting the pollutants (dusts). The temporal resolutions of surface weather chart and upper
weather charts are 3 h and 12 h respectively.

2.5. ECMWEF forecasts

The Medium-Range Weather Forecasts (ECMWF) products have been widely used by regional operational forecast centers in China.
Some evaluation studies on regional forecasts in China showed that the forecast accuracy of ECMWF model is higher than those of the
other forecast centers [38,39]. Since the temporal resolution of upper observations is always very low (12 h), the ECMWF products
initiated at 08:00 Local Standard Time (referred to as LST hereon, LST = UTC + 8 h) on 30 November 2018 for futute 36 h at 3-h
intervals with the spatial resolution of 0.25° x 0.25° were used to display more details of surpportive meteorological elements.

Fig. 2. An airplane polluted by the yellow snow was waiting for cleaning at Urumgi International Airport on December 1, 2018.
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3. Results and discussions
3.1. Description of the episode

On 1 December 2018, a heavy snow reached Urumgi and its surrounding areas. Urumgqi was most heavily affected with the largest
snowfall amount of 16.6 mm. The snowfall started at 06:00 LST early in the morning and stopped at 17:00 LST in the afternoon. After
sunrise, it was found that the snow appeared with a yellowish color (Fig. 2). Before the event, the heavy snow was anticipated in
Urumgi, but not the yellow snow. It seriously polluted the local air. No alarming and recommending precautions for sensitive pop-
ulations had been released prior to the event reaching Urumqi. Consequently, this unprecedented yellow snow made thousands of
people outside choking on such a heavily polluted day. Many worried people phoned local meteorological authorities to ask why did
the snow turn yellow and whether the snow was contaminated by industrial waste or chemical elements.

A preliminary analysis, based on visual observations at the site and on the sample analysis, allowed the identification of yellow
pollutants. Specifically, a qualitative yellow snow sample was collected with an iron vessel from the upper part of the snow cover,
where the yellow pollutants had sunk to a depth of a few centimetres. The sample was melted and dried. It was found that the
yellowish, dried remains inside the vessel consisted of small aggregates of mineral material (dust), similar to that of the upper parts of
the soil, which tainted the snow yellow and heavily polluted the air. That is to say, the dust was responsible for the yellow snow, not the
industrial waste or chemical elements. Dust event was very scarce in winter and they usually occurred in the spring and early summer
months in China [40,41]. During the event, hourly visibility of 200 m was reported in several parts of the city, which resulted in many
car accidents. The Urumqi International Airport was forced to close because of the heavy snow mixed with a large quantity of dust.
Nearly 450 flights were canceled, delayed or diverted and more than 4000 passengers were stranded in terminal halls.

NOAA HYSPLIT MODEL
Backward trajectories ending at 0300 UTC 01 Dec 18
GDAS Meteorological Data
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Fig. 3. Calculated backward trajectories of air parcels at 1-h intervals for the 24-h period ending at 11:00 LST 1 December 2018 originating from
Urumgi at the heights of 500 m, 1000 m and 1500 m above the ground level (AGL). Top portion shows the horizontal path, and the bottom portion
shows the vertical path of the trajectories.
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3.2. Dust source identification

Another important issue to investigate is where the dust came from. The HYSPLIT model is one of the most widely used methods for
studying dust storms [42-44]. In this work, GDAS1 1° x 1° data were provided as input to the HYSPLIT model for computing back and
forward trajectories for source identification. MERRA-2 reanalysis data have been utilized to confirm the deposition area of dust
particles.

3.2.1. Air parcel trajectories

For the present study, backward trajectories of air parcels ending at the time of the yellow snow observation at Urumgi, back to
their origins 24 h earlier, were calculated. It seemed that the trajectories from different heights converged at a point (46°75'N, 80°00'E)
near Aktogay in Kazakhstan, and then moved southeasterly to Xinjiang Province, passed through Karamay and reached Urumgi at
03:00 LST on December 1, 2018 (Fig. 3). Did the dust responsible for the yellow snow in Urumgqi come from Kazakhstan?

Different methods have been used to identify and characterize dust sources [45]. The backward trajectory analysis is a useful tool
for dust source identification, but it has some limitations. For example, it may overestimate the impact of less polluted areas where a
trajectory event was observed [46] or misrepresent the turbulent mixing processes that air parcels experience during transport [47,48].
Comprehensive analysis of backward and forward air parcel trajectories may produce a more realistic depiction of the link between
Urumgqi and the dust sources.

Based on the above considerations, the forward trajectories of air parcels in future 24 h starting from two potential dust source, the
convergence point in Kazakhstan at 11:00 LST on November 30, and Karamay at 03:00 LST on 1 December 2018, were calculated
respectively, to check whether the dust paricles walked on their way to Urumgji.

The forward trajectories moving from the convergence point in Kazakhstan revealed that the dust dispersion directions at the
different heights (2000-4000 m AGL) were all to the northeast (Fig. 4a), under the prevailing upper wind flow of southwesterly
relative to the observation sites, as it will be discussed later in next section, far away from Karamay and Urumqi. It is unlikely that the
dust source in Kazakhstan has relations with the yellow snow in Urumgi.

For trajectories starting from Karamay, air parcels at the different heights went straight to Urumqi, although they went their
separate ways when they left Urumgqi (Fig. 4b). Specifically, the air parcels near the ground at 500 m AGL moved to southern part of
Xinjiang Province, but the air parcels at higher levels (1000 m and 1500 m AGL) spreaded to Mongolia and Siberia, similar to those
forward trajectories starting from the convergence point in Kazakhstan.

3.2.2. Dust surface mass concentration

Fig. 5 shows the spatial distribution of dust surface mass concentration from 23:00 LST on 30 November 2018 to 23:00 LST 1 on
December 2018. There was just one isolate dust region with low concentration near Lake Balkhash, about 600 km away from Karamay
and 900 km from Urumgqi. The maximum of dust surface mass concentration was in Karamay. From Karamay to Urumqi, the dust
concentration decreased gradually.

From the dust concentration map, it can be inferred that the dust responsible for the yellow snow in Urumgqi came from the dust
emission process in Karamay and its surrounding areas on 1 December 2018, and the dust source areas in Kazakhstan have not
contributed to the dust transported towards Urumaqi.
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Fig. 4. Calculated forward trajectories of air parcels at 1-h intervals for the 24-h period starting from convergence point (a) at 11:00 LST on 30
November 2018, (b) from Karamay at 03:00 LST on 1 December 2018 at the heights of 500 m, 1000 m and 1500 m above the ground level (AGL).
Top portion shows the horizontal path, and the bottom portion shows the vertical path of the trajectories.
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Time Averaged Map of Dust Surface Mass Concentration, time average hourly 0.5 x 0.625 degh(MERRA-Z Model M2TINXAER v5.12.4] kg m-3
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Fig. 5. Spatial distribution of dust surface mass concentration from 23:00 LST on 30 November 2018 to 23:00 LST on 1 December 2018 obtained
from MERRA-2.

3.3. The meteorological analysis

3.3.1. Surface observations

Fig. 6 showed surface observations of meteorological stations in Kazakhstan, China, Siberia and Mongolia on 30 November and 1
December 2018. The solid (dashed) yellow circles indicate the weather stations with dust storm (dust) observations. There was only
one station in Kazakhstan at which dust storm was reported and there was no dust distribution in China at 08:00 LST on 30 November
(Fig. 6a). More dust storm observations were found in parts of Kazakhstan and Siberia at 20:00 LST on 30 November, but loosely
distributed (Fig. 6b). The dust storm observations outside China had a tendency to move east and became more loosely at 08:00 LST on
1 December. There was no obvious dust distribution in China besides Karamay at that time (Fig. 6¢). Discrete dust storm observations
were reported in Kazakhstan, Mongolia and in the east side of the Baikal at 20:00 LST on 1 December. However, the dust or dust storm
observations downwind of Karamay in China increased rapidly (Fig. 6d) and they coincided with the spatial distribution of dust surface
mass concentration presented in Fig. 5. The stations in Mongolia and Siberia, where dust were observed, are basically in the path of the
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Fig. 6. Surface observations at (a) 08:00 LST, (b) 20:00 LST on 30 November 2018, and (c) 08:00 LST and (d) 20:00 LST on 1 December 2018. The
symbol (@) denotes the weather station position. The solid (dashed) yellow circle indicates the weather stations where dust storm (dust)
was reported.
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forward trajectories starting from the convergence point in Kazakhstan and Karamay in China at higher levels. It proved that the dust
forward trajectories calculated from HYSPLIT model were reasonable.

Wind affects tremendously both the dust emission and the dust transport [49]. On the surface wind field presented in Fig. 6, it was
obvious that only the dust regions with northwesterly wind in Kazakhstan and Karamay had the potential to transport the dust to
Urumgi. However, the wind speeds of these stations in Kazakhstan were 4-8 m s~!, it meant that the dust particles originated from the
nearest station in Kazakhstan would take about 20-40 h to reach Karamay and about 30-60 h to reach Urumgi. At this rate, the dust
particles were likely to reach Karamay at 16:00 LST on 1 December and Urumgi at 06:00 on 2 December at the earliest, much later than
the occurrence time of dust in Karamay and Urumqi. According to the analysis of air parcel trajectories, spatial distribution of dust
surface mass concentration and surface observations, the dust source areas located in Kazakhstan have not contributed to the dust
invaded Urumgji.

3.3.2. Atmospheric circulation

One day before the yellow snow episode, an upper trough moved quickly eastward (Fig. 7a). Ahead of the trough, the Central Asia
and northern parts of Xinjiang Province were dominated by the strong southwesterly winds, providing generation and maintenance of
unstable atmospheric conditions favorable for the precipitation and strong winds [50]. The atmospheric circulation at the mean sea
level over Xinjiang Province was characterized by a large, quasi-stationary anticyclone centered on Mongolia (Fig. 7b). On its
northwestern side, a Siberian frontal cyclone (low pressure) was moving easterly, drived by a cold high pressure system. The frontal
cyclone was sandwiched by a slow moving anticyclone ahead and a strong anticyclone developing behind when it moved close to
Xinjiang Province. It rapidly intensified the pressure gradient, resulting in postfrontal strong winds, especially in Karamay region.

Before the arrival of the cold front, the weather in Karamay was relatively calm; the air temperature was ~4 °C, the sea level
pressure had dropped to its minimum, and the surface wind was relatively light with the wind direction ranging from 160° to 180°
(southerly). In the early morning of December 1, the wind swung to a northerly direction and wind speed rapidly increased to 23 m s~
with a maximum gust speed of 32 m s~ 1. Fig. 8a presents time series of wind speeds and visibilities in Karamay. This record-breaking
strong wind in winter since 1971 battered Karamay and triggered severe dust storm, which lasted about 13 h with visibilities ranging
from 100 to 800 m. The dust particles were lifted from the ground level by surface strong winds under the influence of the cold front
with the unstable atmosphere layer associated with the upper trough, which is common in spring and early summer but rarely in winter
[50]. As the upper trough and cold front moved eastward, a large quantities of dust swept across parts of northern Xinjiang from west
to east and polluted Urumqi (Fig. 8b).

3.3.3. Vertical profile

For the present study, the ECMWF model predicted in advance the atmospheric circulation, the strong wind episode in Karamay
and the heavy snow in Urumgqi of timing and magnitude that compared reasonably well with the observations. Fig. 9 shows the time
series of vertical structure of wind, temperature and high Relative Humidity (RH) area over Karamay derived from ECMWF forecasts
initiated at 08:00 LST on 30 November 2018. As well known, sudden changes in temperature have significant influences on the wind
speed and direction, and the high RH area (RH > 70%) extended to the ground is always associated with the precipitation when an
upper trough and/or a cold front is approaching.

Our focus is on the wind fields above the ground because they determine whether the dust, lifted by the surface strong wind, can be
transported far away. The winds at all levels over Karamay increased rapidly from 02:00 LST on 30 November when the upper trough
and surface cold front were approaching, especially low-level (925 hPa and 850 hPa) winds, which were much stronger than surface
winds. Remarkably, the direction of low-level wind turned to northwesterly from then on, which was favorable for blowing dust to
Urumgi. While the wind directions of middle-level (700 hPa) and upper-level (500 hPa and above) wind direction were southwesterly

IS

AR S

e

¥

Z ) - !
< T T
(e o= e N
<A R / S
e e A ST
oA ,‘\_\\Qﬂ\\\' \

30°E 40°F SO°E 60°E 70°E SOPE 90°E 100°E 110°E 120°E 130°E 140°E 150°E 160°F

Fig. 7. Weather charts at 08:00 LST on 30 November 2018 obtained from the CMA. (a) Observations of 500 hPa winds (a full barb denotes 4 m s~*
and a black pennant denotes 20 m s~), geopotential heights (solid, every 4 dagpm); (b) Sea Level Pressure (solid, every 2.5 hPa). The brown curve
stands for the upper trough and the blue curve for cold front. The symbol “H” represents high pressure (anticyclone) while the symbol “L” denotes
low pressure (cyclone).



H. Huang and Y. Wan Heliyon 9 (2023) e18857

==\ wind speed  =—o=Gust wind speed == Visibility O=)lcan vind " Visibility

)
w s
oo
e
v
8
o

Visibility (m)
(ms?
O e
2388
OO0
Visibility (m)

Wind speed
O a0

RO S B R S R N
PEE I E DS
I I M 2 i T P R 4
N N NN NN N WV N
Date/Time LST Date/Time LST

Fig. 8. Hourly surface observations of (gust) wind, visibility (m) and the weather phenomenon (marked inside yellow rectangles) at Karamay (a),
and Urumgqi (b) during the episode.

200
100
300
400 95 =
7R
&
Q 500 Z?
Q_‘ . p—
= 90 B
~ 600 E
(]
*5 =
@ 700 %
;
S -
A =
850 E
925 “// 80
1000 ~\ d
70

12/01 12/01 12/01 12/01 11/30 11/30 11/30
20:00 14:00 08:00 02:00 20:00 14:00 08:00

Date/Time LST

Fig. 9. Vertical profile of wind field (a full barb denotes 4 m s ! and a black pennant denotes 20 m s’l), relative humidity (%) and temperature (°C)
over Karamay at 3-h intervals derived from the ECMWF model forecasts initiated at 08:00 LST on 30 November 2018. The dashed red lines indicate
the temperatures <0 °C, while the solid red lines indicate the temperatures >0 °C.

until 17:00 LST on 1 December, which was favorable for transporting dust to the northeastern areas, such as Mongolia and Siberia, as
presented in Figs. 5 and 7.

4. Conclusions

In this paper, the author investigated an unprecedented yellow snow episode occurred in winter in northwest China’s Xinjiang
Province, where many cases of dust storms are reported in local weather bulletins in spring and early summer every year. What makes
this yellow snow episode unique is the large amounts of dust, which tainted the snow yellow, deposited along the transportation
corridor in winter, stretching from Karamay to Urumaqi.

To identify potential sources and transmission paths of dust, we have analyzed the backward and forward trajectories of air parcels
with the HYSPLIT model. From the backward trajectories, it was found that the dust source can be traced back to Kazakhstan. However,
Urumgi is not in the path of the forward trajectories starting from Kazakhstan, but in the path of the forward trajectories starting from
Karamay. The spatial distribution of dust surface mass concentration obtained from MERRA-2 proved that the dust source in
Kazakhstan has no direct links to the dust event occurred in Xinjiang Province. With the separate studies presented here, there is no
doubt that the yellow dust originated in Karamay.

The meteorological analysis leads to the conclusion that the upper trough and the cold front traveling through Kazakhstan and
China provided favorable meteorological conditions for generating the precipitation and strong winds. Strong surface winds triggered
severe dust storm in Karamay and lifted large amounts of dust into the atmosphere. During the following hours, the airborne dusts were
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transported to Urumgqi rapidly by strong low-level winds. The results indicated that the dust originating from Karamay can affect
regions hundreds of kilometers away in a very short time under favorable wind fields.

Despite the wide use of sophisticated Numerical Weather Prediction (NWP) models, accurate and timely forecasts of extreme
weather events at long lead times are still out of reach. Traditional methods such as climatological and statistic method always tends to
miss extreme weather event. The favorable synoptic situation is not a sufficient predictor of extreme weather event. Under such
circumstances, the most important things for forecasters are to pay close attention to abnormal weather event appeared in the up-
stream regions, make a prompt decision and issue the weather warnings without hesitation when necessary. The lead time may be 1 h
to 6 h, but better than nothing. Any delay in acting raises the chance of missing the extreme weather event.
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