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Abstract: In December 2022, the United States (US) experienced an extreme cold event. Its duration
was 5 days, and it ranked third in intensity (−9.16 ◦C) during the period from 1979 to 2022. During
the Early Stage (12–16 December), the surface air temperature (SAT) anomaly peaked at 2.98 ◦C.
In the Development Stage (17–21 December), cold air moved towards North America (NA). This
event reached its peak during the Outbreak Stage (22–26 December), with a minimum SAT anomaly
of −9.16 ◦C. Concurrently, high pressure occurred in Alaska and the Archipelago region, while
low-pressure centers occurred in the US. The U-component of wind (U-wind) was in a negative
anomaly in the northern part of NA. The negative anomaly of the V-component of wind (V-wind)
moved southward. These atmospheric structural changes facilitated the southward movement of
cold air from the Arctic to NA. Furthermore, a positive (negative) U-wind anomaly was observed
to obstruct (promote) the southward progression of cold air to NA. A linear regression analysis
indicated that a negative Arctic Oscillation (AO) correlated with the accumulation of cold air in the
Arctic, while a positive Arctic High led to the transport of cold air to NA. In an empirical orthogonal
function (EOF) analysis, EOF1 (16.3%) was characterized by a warm Arctic and cold northern part of
NA pattern, reflecting the cold air from the Arctic region moving southward into NA, while EOF2
(14.4%) depicted a cold Arctic and cold NA pattern, characterizing the outbreak of cold events in the
US. In January 2024, the US experienced another extreme cold event. Its maximum intensity was
−9.50 ◦C, and its duration was 8 days. The course of the two cold events was very similar.

Keywords: extreme cold event; United States; U-wind; AO; EOF; linear regression

1. Introduction

An extreme cold event refers to a climatic extreme that typically occurs during winter,
characterized by a sudden and significant decrease in temperature accompanied by strong
winds, heavy rainfall, and snowfall [1,2]. It has significant impacts on human transportation,
production, life, and supply transportation, and in severe cases, it might even threaten
human life and safety [3–5]. The occurrence of extreme weather events is related to human
activities [6]. Since 1990, the rate of Arctic warming has increased [7], a phenomenon known
as Arctic amplification, where the rate of warming in the Arctic has exceeded the global
average. In this scenario, the temperature difference between the Arctic region and other
regions has become smaller and smaller [8–10]. In the past 50 years, winter temperatures
in the United States (US) have generally trended upward [6]. However, since 2005, due to
changes in temperature in the Arctic and mid-latitude regions of the Northern Hemisphere,
temperatures in the US have started to decrease, leading to an increase in extreme cold
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events [6,7,10–12]. In the winter of 1989, the US experienced a severely impactful cold
event [13]. As the 21st century has progressed, both the US and other continents in the
Northern Hemisphere have increasingly suffered from frequent cold events. In January
2008, unusually frequent and persistent snowstorms affected China [14]. In late January
2012, an intense cold anomaly covered almost all of Europe, Mongolia, and northeastern
China, lasting for about three weeks [15]. In January 2016, a historic snowstorm struck the
northern and eastern US [16]. In the mid-2020/2021 period, East Asia and North America
(NA) experienced three significant extreme cold events successively [17]. In December 2022,
the US faced a severe cold event, and a similar experience recurred in January 2024.

Previous studies suggested that extreme cold events were directly related to atmo-
spheric circulation patterns [6,14,16,18]. Cui and Qiao (2016) analyzed the strong snowfall
in NA in January 2015, and their results indicated that abnormal conditions in the Northern
Hemisphere atmospheric circulation favored the intrusion of polar cold air into NA in
January 2015. When the southward-moving polar cold air encountered warm and moist
air, it created conditions conducive to the formation of harsh winters and heavy snow in
NA [16]. Wu et al. (2006) demonstrated that the Arctic Oscillation (AO) index in December
had a strong impact on December temperature variations in NA. In years when the AO was
in a negative phase and the NA temperature was a negative anomaly, the negative phase of
the AO could also cause the Arctic high-pressure system to strengthen [19,20]. Regarding
the extreme cold events across NA and Eurasia in 2022, their occurrence was closely related
to the formation of Alaska blocking and Ural blocking [6]. In summary, the atmospheric
circulation evolution accompanying each extreme cold event varied. Therefore, focusing
on the extreme cold event that occurred in the US in December 2022, this study investigates
its causes and the influence of the AO on it. Furthermore, it compares this event with the
extreme cold event in January 2024, analyzing their similarities and differences.

In this study, we introduce the data and methods in Section 2. An analysis of the
extreme cold event in December 2022 and a discussion of the cold event in January 2024
are in Section 3. Conclusions and discussion are in Section 5.

2. Data and Methods
2.1. Data

This study uses the NCEP/NCAR 2.5◦ × 2.5◦ daily reanalysis dataset, which includes
temperature, geopotential height (GH), the U-component of wind (U-wind), and the V-
component of wind (V-wind) parameters, covering the period from 1979 to 2024 [21,22].
The height scale of GH, U-wind, and V-wind is 500 hPa. We use the 1000 hPa temperature
as a proxy for surface air temperature (SAT) in our analysis. The GH used in this study is
determined by dividing geopotential by gravitational acceleration (g = 9.8 m/s). In our
wind analysis, positive values of U-wind denote westerly wind, while negative values
indicate easterly wind. Similarly, positive values of V-wind signify northerly wind, while
negative values represent southerly wind. The AO index used in this study is derived from
the time series provided by GCOS-AOPC/OOPC [23].

2.2. Definition of Extreme Cold Events

Zhang et al. (2023a) defined an extreme cold event in northeastern China in their
research as follows: they concatenated the daily air temperature on day i and the nearest
four days (from day i − 2 to day i + 2) during 1961–2018 on each grid point, and they
selected the fifth percentile of the obtained data as the threshold of an extreme cold event
on day i for this grid point [24,25]. This method defined a cold event as lasting for at least
three days and also avoided mutual influences between cold events, providing a better
description of a cold event occurrence. The current study draws inspiration from this
method for defining cold events in the US. However, due to the different geographical
regions and climate variations between the US and Northeast China, there should be some
changes in the criteria for defining cold spell events.
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The definition of an extreme cold event is that within a continuous timeframe, it begins
on the date when the SAT anomaly falls below its 10th percentile and ends on the day
immediately following the date when the SAT anomaly last fell below its 10th percentile for
December, between 1979 and 2022. (First, we calculated the SAT anomaly from December
1979 to December 2022, then took the 10th percentile of this anomaly sequence as the
threshold for evaluation. The threshold for the cold event in December 2022 was −5.11 ◦C,
while in January 2024, the threshold for cold event was −6.20 ◦C.) We divided the time
span of our study into three stages: the Early Stage (12–16 December), the Development
Stage (17–21 December), and the Outbreak Stage (22–26 December). An extreme cold event
occurs during the Outbreak Stage. Additionally, two indicators of extreme cold events
are defined: the maximum intensity (the lowest SAT anomaly within the event) and the
duration (the ending date minus the beginning date then plus 1).

2.3. Linear Regression

This study uses a linear regression analysis to calculate the contribution of the AO
index to the SAT anomaly in December 2022. The results of the linear regression analysis
quantify the impact of the index on the SAT [26]. The regression equation is defined as
Y = a + bx + ε, where ε ∼ N

(
0, σ2) (Y represents temperature, x represents the autumn

AO index, and a, b, and σ2 are unknown parameters independent of x).
Applying the least squares method, the deviations are minimized.

s = Σn(yi − a − bxi)
2 (1)

By setting the partial derivatives of s to 0, we obtain the following:{
∂s
∂a = −2Σn

i=1(yi − a − bxi) = 0
∂s
∂b = −2Σn

i=1(yi − a − bxi)xi = 0
(2)

 b̂ = xy−xy
m2

â = x2·y−xy·x
m2

x

(3)

thereinto
m2

x =
1
n

Σn(xi − x)2 = x2 − x2 (4)

2.4. Empirical Orthogonal Function (EOF) Analysis

The algorithm for EOF decomposition is as follows:
(1) Selected data are processed into an anomaly. The result is matrix Xm×n.
(2) The cross product of the matrix X and its transpose is computed, resulting in matrix

Cm×n.

Cm×n =
1
n

X × XT (5)

(3) The eigenvalues (λ1,. . .,λm) and eigenvectors Vm×m of the cross product are calcu-
lated. They satisfy the following conditions:

Cm×m × Vm×m = Vm×m × Em×m (6)

thereinto

E =


λ1 0 . . . 0
0 λ2

. . . . . .
0 0

. . . 0

. . . . . .

. . . λm

 (7)

The eigenvalues are arranged in descending order: λ1 > λ2 > · · · > λm. Each non-
zero eigenvalue corresponds to a column of eigenvector values, also known as EOF. The
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eigenvector values corresponding to λ1 are the first EOF mode, which is the first column
of V.

(4) The principal components are computed by projecting the EOF onto the original
matrix. This provides the time coefficients corresponding to all spatial eigenvectors.

PCm×n = VT
m×m × Xm×n (8)

(5) The contribution rates are calculated. The magnitude of the variance of matrix X
can be represented by the eigenvalues. Higher λ values indicate more important modes
and greater contribution to the total variance. The explained variance ratio of the k-th mode
is calculated as follows:

λk

∑m
i−1 λi

× 100% (9)

In this process, the spatial patterns are expressed as functions of space, while the
temporal patterns are represented by the PC values. We used the SAT anomaly data in
December from 1979 to 2022. This dataset allows us to extract spatial modes and their
corresponding time series [27]. We take the first two leading modes of the EOF.

3. Results
3.1. The Manifestation of the Extreme Cold Event in NA of December 2022

The distribution of the temperature anomaly in the Northern Hemisphere is shown
in Figure 1a–c. It is clear that in the Early Stage, the US (75◦ W–105◦ W, 30◦ N–50◦ N,
the red boxes in Figure 1a–c) had not yet been affected by cold air and was generally
warming up (Figure 1a). In the Development Stage, extreme cooling had already occurred
in the Canadian region (Figure 1b), while extreme cooling in the US was concentrated in
the Outbreak Stage (Figure 1c). It could be inferred that the origin of the cold event was
located in the northern part of NA, with cold air moving southward, passing through
Canada before further infiltrating the US. However, during the same time stage, other
continents in the Northern Hemisphere, such as Asia and Europe, did not experience such
extreme cooling.
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Figure 1. The anomaly of the surface air temperature (SAT) in the Early Stage (a), the anomaly of 
the SAT in the Development Stage (b), and the anomaly of the SAT in the Outbreak Stage for this 
extreme cold event (c): the red boxes represent the United States (US) (75° W−105° W, 30° N−50° N). 
Time series of regional mean of SAT anomaly in the US on 12−26 December 2022 (d): the area 
between the black lines represents the Outbreak Stage. Time series of the SAT anomaly in the US on 
22−26 December from 1979 to 2022 (e): the red line is the 10th percentile of the SAT on December 
22−26 from 1979 to 2022. The corresponding climatological variables are in December from 1979 to 
2022. 

Figure 1d shows the SAT anomaly in the US from 12 to 26 December. In the Early 
Stage, it shows a warming trend compared to previous years. The arrival of the cold event 
caused a sharp drop in temperature in the US, with the minimum SAT anomaly reaching 
−9.16 °C on the 24th, and the duration was 5 days. 

Figure 1. The anomaly of the surface air temperature (SAT) in the Early Stage (a), the anomaly of the
SAT in the Development Stage (b), and the anomaly of the SAT in the Outbreak Stage for this extreme
cold event (c): the red boxes represent the United States (US) (75◦ W–105◦ W, 30◦ N–50◦ N). Time
series of regional mean of SAT anomaly in the US on 12–26 December 2022 (d): the area between
the black lines represents the Outbreak Stage. Time series of the SAT anomaly in the US on 22–26
December from 1979 to 2022 (e): the red line is the 10th percentile of the SAT on December 22–26
from 1979 to 2022. The corresponding climatological variables are in December from 1979 to 2022.

Figure 1d shows the SAT anomaly in the US from 12 to 26 December. In the Early
Stage, it shows a warming trend compared to previous years. The arrival of the cold event
caused a sharp drop in temperature in the US, with the minimum SAT anomaly reaching
−9.16 ◦C on the 24th, and the duration was 5 days.

Figure 1e shows that the cold event occurred on 22–26 December 2022, with the
strongest cooling magnitude after 1990. Only in 1983 and 1989 were there cooling magni-
tudes greater than this cold event.

3.2. The Anomaly of Atmosphere Circulation for This Extreme Cold Event

To study the evolution of this extreme cold event, further analysis was conducted
on the anomaly regarding GH, wind fields, U-wind, and V-wind. In the Early Stage,
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a high-pressure system existed over the Canadian Arctic Archipelago (the maximum
anomaly reached 399.45 m), while another high-pressure system was present to the south
of Alaska (the maximum anomaly reached 309.01 m). This pressure distribution facilitated
the southward escape of Arctic cold air (Figure 2a). In the Development Stage, the high-
pressure system over the Archipelago remained dominant, while the high-pressure system
over Alaska shifted northward (the maximum anomaly reached 437.44 m), allowing cold
air to move southward into Canada (Figure 2b). As a low-pressure center developed
over the US (the minimum anomaly reached −170.01 m), cold air successfully entered the
country, leading to the outbreak of this extreme cold event (Figure 2c). However, due to
the barrier formed by the Rocky Mountains, the impact on the western US was relatively
minor (Figure 1c).
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Stage (a), in the Development Stages (b), and in the Outbreak Stage (c). The corresponding climato-
logical variables are in December from 1979 to 2022.
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In the Early Stage, the U-wind in the northern part of NA (60◦ N–70◦ N) exhibited a pos-
itive anomaly, while the U-wind in central NA (40◦ N–50◦ N) showed a negative anomaly
(Figure 3a). Throughout NA, the V-wind was mainly a positive anomaly (Figure 3b). In
this situation, cold air moving southward from the Arctic was blocked in Alaska and the
northern part of NA. During the Development Stage, the positive anomaly of the U-wind
in the northern part of NA (60◦ N–70◦ N) weakened and gradually transitioned to the
negative anomaly (the minimum anomaly reached −18.32 m/s) (Figure 3c), while the
V-wind in Alaska and the US began to show a negative anomaly (Figure 3d). In the Out-
break Stage, both the U-wind in the northern part of NA (60◦ N–70◦ N) (the minimum
anomaly reached −21.18 m/s) and the V-wind in the US (the minimum anomaly reached
−17.26 m/s) showed a negative anomaly, leading to an extreme cold event (Figure 3e,f).
Throughout the evolution of the three stages, there was a weakening trend in both the
U-wind in the northern part of NA (60◦ N–70◦ N) and the V-wind in the US, creating
conditions for the southward movement of cold air. Eventually, the cold air entered NA,
passing through Canada to reach the US.
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Figure 3. The U−component of wind (U−wind) anomaly (a) and V−component of wind (V−wind)
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opment Stage, and the U−wind anomaly (e) and V−wind anomaly (f) in the Outbreak Stage. The
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3.3. The Impact of AO on This Extreme Cold Event

This study employed a regression analysis to investigate the relationship between
the AO index and temperature in the US (Figure 4). The December AO index (Figure 4b)
and temperature from 17 to 26 December for the years 1979–2022 were selected for the
regression analysis. In Figure 4a, it can be seen that there was a positive correlation between
the AO index in December and temperature from 17 to 26 December in the US. Moreover,
the results for most areas were significant, with confidence levels exceeding 90%. This
indicated that when the AO index entered a negative phase, it led to the formation of
high-pressure systems in the Arctic region and low-pressure systems at mid-latitudes.
Consequently, cold air moved southward from the Arctic into the NA region, causing the
temperature in the US to decrease [18,19].
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We used an EOF analysis to examine the long-term spatial variability of the SAT
anomaly from 1979 to December 2022, and the results are shown in Figure 5. In EOF1
(16.3%), positive values were concentrated in the Arctic region, while negative values were
concentrated in Canada (Figure 5a). PC1 showed an increasing trend (Figure 5c). This
pattern corresponded with the process of cold air intrusion into NA and was similar to the
results of the regression analysis multiplied by −1, indicating that the spatial distribution
of EOF1 was primarily contributed by the AO. In EOF2 (14.4%), positive values appeared
in Alaska and the Archipelago region, while negative values appeared in the Arctic and
in NA, including the US (Figure 5b). In this mode, an extreme cold event occurred in the
US [17]. Figure 5c shows the time series of these two modes.
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3.4. The Outbreak Stage of Cold Event in January 2024

In January 2024, the US experienced another extreme cold event, which lasted from 14
to 21 January, with the lowest SAT anomaly at −9.50 ◦C (Figure 6a). This study compared
this cold wave with the one that occurred in December 2022 through a simple analysis of the
SAT (Figure 6b), GH (Figure 6c), wind fields, U-wind (Figure 6d), and V-wind (Figure 6e).
During the outbreak of the cold event in January 2024 in the US, the northern parts of NA,
including the Islands and Alaska, were under high-pressure conditions, with maximum
anomaly values of 310.49 m and 389.30 m, respectively. Conversely, the US experienced low-
pressure conditions, with a minimum anomaly value of −151.35 m. Similarly, the U-wind
anomaly over the northern part of NA was negative, reaching a minimum of −18.21 m/s.
However, the V-wind anomaly over the US, though negative, reached a minimum of only
−5.27 m/s.
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4. Discussion

By comparing the outcomes of the two cold events, it becomes evident that both
events occurred within the same atmospheric circulation pattern (Table 1). In both cases,
there were high-pressure systems over the Islands and Alaska, while the US was under
the influence of a low-pressure system. This setup allowed cold air to move southward.
The negative anomaly in the U-wind over the northern part of NA prevented it from
blocking the southward movement of cold air, ultimately leading to the outbreak of the
cold events. In the US, severe cooling occurred during both events, with temperature
dropping significantly compared to other continents in the Northern Hemisphere during
the same periods. However, during the second event, the V-wind over the US was weaker
compared to the first event. This weakening could likely be attributed to the influence of
other atmospheric oscillations or factors.

Table 1. Comparison of the results of the two cold events.

Cold Event SAT (◦C) Archipelagic High
Pressure (m)

Alaskan
High Pressure (m)

American Low
Pressure (m)

U-Wind
(m/s)

V-Wind
(m/s)

2022.12 −9.16 399.45 437.44 −170.01 −21.18 −17.26
2024.1 −9.50 310.49 389.30 −151.35 −18.21 −5.27

Previous studies have shown that the North Atlantic Oscillation, the Arctic Oscil-
lation, the Pacific–North America pattern, the Pacific Decadal Oscillation, and the El
Niño-Southern Oscillation have strong influences on extreme climate events in winter in
NA or the Northern Hemisphere [16,25,28]. In recent years, extreme cold events have
increasingly occurred on other continents in the Northern Hemisphere. In January 2021
and January 2024, eastern China experienced extreme cold events [25,28–30]. The lowest
temperature anomaly reached −8.93 ◦C and −7.86 ◦C, respectively. Li et al. (2024) studied
these cold events in China and mentioned that during the Outbreak Stage, there were
high-pressure systems over the Urals and Okhotsk regions in northern East Asia, and
the westerly wind over Siberia also weakened [28]. This pattern is very similar to the
presence of high-pressure systems over Alaska and the Islands, along with a weakened
U-wind over the northern part of NA [6], confirming that the occurrence of these cold
events is due to abnormal atmospheric circulation patterns. During cold events in East
Asia, the North Atlantic Oscillation and the Pacific Decadal Oscillation play significant
roles. However, in the two cold events studied here, the AO is the dominant factor. Lin
et al. (2024) emphasized the amplification effect of the Arctic and the impact of reduced
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sea ice on this phenomenon. The melting sea ice allowed the Arctic to absorb more solar
radiation, reducing the temperature difference between the Arctic and the equator. This
led to more frequent negative phases of Arctic Oscillations, where cold air was more easily
transported southward under these conditions. This also indirectly proved that the AO is
one of the important causes triggering abnormal atmospheric circulation patterns [6,30]. In
terms of other oscillatory factors, Zhang et al. (2023b) elaborated on the influences of the
North Atlantic Oscillation and the Western Pacific teleconnection. It has been demonstrated
that the North Atlantic Oscillation and the Western Pacific teleconnection formed different
GHs, and the GH acted to block and push airflow by affecting the air pressure, then caused
the temperature to be different from the north and south of East Asia [25]. Zhong and Wu
(2024), on the other hand, studied variations in the stratosphere.

Extreme cold events have brought enormous disasters to humanity. In December 2022,
the cold event in the United States resulted in over ten thousand flights being canceled or
delayed, icy roads, and blizzard conditions with near-zero visibility. It also led to power
outages affecting more than 1.7 million residents and businesses, and at least 23 fatalities
were reported due to this cold event [31]. The severe cold event in January 2024 in the
United States caused enormous damage, with at least 92 deaths attributed to the cold
weather. Over 200 million Americans were affected by heavy snow, freezing conditions,
and a cold wave. Schools were closed in many areas, affecting over one million students [32].
Therefore, research into this is necessary to better prepare for future cold events.

5. Conclusions

This study investigated an extreme cold event that occurred in the US in December
2022, revealing its occurrence process. In the Early Stage, cold air could not penetrate NA,
resulting in a positive SAT anomaly in the US. In the Development Stage, cold air entered
NA, causing a significant drop in temperature in Canada, and the SAT anomaly in the
US decreased to −5.02 ◦C. In the Outbreak Stage, cold air fully entered the US, with the
SAT anomaly reaching a minimum of 9.16 ◦C. The event lasted for 5 days, setting a record
since the 21st century began. In the analysis of atmospheric circulation, the GH anomaly
manifested as high pressure over the Archipelago region and Alaska, with low pressure
over the central and eastern parts of NA (with the low-pressure center located in the US).
This structure favored the southward movement of cold air congregating in the Arctic.
The U-wind in the northern part of NA showed a positive anomaly in the Early Stage,
transitioning to a negative anomaly in the Development and Outbreak Stages, promoting
the southward movement of cold air during this extreme cold event. Correspondingly, the
V-wind in the US shifted from a positive anomaly in the Early Stage to a negative anomaly
in the Development (weak) and Outbreak (strong) Stages.

A linear regression analysis examined the influence of the AO on this extreme cold
event. The AO showed a positive correlation with the SAT anomaly in the US, indicating
that a negative AO favored the outbreak of this extreme cold event. In the EOF analysis of
the SAT anomaly, the distribution of EOF1 (16.3%) showed positive values over the Arctic
and negative values over Canada, representing the southward movement of cold air into
NA during the Development Stage. EOF2 (14.4%) depicted negative values over the Arctic
and NA (including the US), indicating the entry of cold air into NA and the outbreak of the
extreme cold event. Finally, this study compared the cold event that occurred in January
2024 with the one in December 2022, finding them to be very similar. However, during the
outbreak of the January cold event, the V-wind in the US region was considerably weaker
compared to the December cold event.

In the discussion of this extreme cold event, our study analyzed the roles of the
atmosphere and the AO. However, the contribution of the ocean is uncertain, which could
likely be the cause of the significant difference in the V-wind between the two extreme cold
events. Therefore, it is necessary to further investigate the impact of ocean–atmosphere
interactions on extreme cold events.
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