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Abstract In Inner Eurasia, the monthly mean 850‐hPa geopotential height anomaly around the Ural
Mountains exhibits a large and irregular interannual variability. Its intrinsic mechanism remains unclear. Based
on a nonlinear theoretical model and reanalysis data sets during 1979–2023, we find similar qualitative and
quantitative relationships, termed pitchfork‐like (PL) relationships, between the 850‐hPa Ural geopotential
height anomaly in June, July, and January, and local soil moisture, snow depth water equivalent, and snow cover
in the preceding months, respectively. These months are near the crest and trough of the annual cycle when
surface forcing factors vary slowly. These nonlinear PL relationships reveal that the interannual Ural
atmospheric variability in June and July (January) is intrinsically a transition between three (two) quasi‐
equilibrium states. Moreover, when each forcing factor exceeds its critical threshold, the positive and negative
anomaly quasi‐equilibrium states may occur with equal probability, implying a low predictability.

Plain Language Summary Over the Ural region, Inner Eurasia, the monthly mean 850‐hPa
geopotential height anomaly, which indicates the state of the atmosphere, shows large and irregular fluctuations
from year to year. It often induces high‐impact weather and climate events such as cold waves in Eurasia. We
uncover the intrinsic mechanism of such atmospheric fluctuation based on a nonlinear theoretical model. Just
like one may see six quasi‐equilibrium states of a dice when the dice rolls slowly, we find that when local surface
forcing factors including soil moisture, snow depth water equivalent and snow cover vary slowly in certain
months, approaching their annual maximum or minimum, the subsequent 850‐hPa Ural geopotential height
anomaly in June and July (January) emerge three (two) quasi‐equilibrium states, which are revealed by three
(two) point clusters that form pitchfork‐like patterns in the scatter diagrams. Particularly, the two quasi‐
equilibrium states representing positive and negative geopotential height anomalies may occur with equal
probability, implying a low predictability.

1. Introduction
The region around the Ural Mountains is one of the major geographical regions for the frequent occurrence of
persistent positive and negative geopotential height anomalies (Dole & Gordon, 1983; J. L. Li & Ji, 1994; Miller
et al., 2020), commonly known as blocking highs and cut‐off lows (Diao et al., 2006; Nieto et al., 2008; Yeh
et al., 1962). In most months, the state of monthly mean Ural atmospheric circulation, for example, 850‐hPa
geopotential height anomaly, shows the most prominent interannual variability in Inner Eurasia (Figures 1a–
1d; Figure S3 in Supporting Information S1). The interannual variability of 850‐hPa geopotential height
anomaly over the Ural region is characterized by highly irregular year‐to‐year fluctuations that do not exactly
repeat previous states most years (Figure 1i). Such irregular interannual variability of Ural geopotential height
anomalies determines the year‐to‐year fluctuation of cold air advection from high latitudes to East Asia, directly
impacting the interannual variability of East Asian temperature and precipitation, especially the frequency and
strength of cold waves in winter (Cheung & Zhou, 2016; Wang & Lu, 2017), sometimes causing extreme cold
events (Tao & Wei, 2008; Yao et al., 2022), and the duration and amount of Meiyu rainfalls in summer (Ding &
Chan, 2005; Q. Y. Zhang & Tao, 1998), sometimes causing severe floods (Ding et al., 2021; Qiao et al., 2021; Sun
& Zhao, 2003). Therefore, understanding the mechanism of the interannual Ural atmospheric variability will help
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improve the prediction skill of climate anomalies and climate extremes in East Asia. However, the intrinsic
mechanism of such large and irregular interannual Ural atmospheric variability, a nonlinear phenomenon, re-
mains unclear.

In most months except July and August, the ground over the Ural region is completely or partly covered by snow
(Figures 1e–1j; Figures S4, S5 in Supporting Information S1). The variations in snow cover fraction and snow
water equivalent can alter the atmospheric circulation through the snow albedo effect and the snow hydrological
effect, respectively (Abe, 2020; Henderson et al., 2018; Thackeray et al., 2019; Xu & Dirmeyer, 2011, 2013).
From May to September, there exists an open land surface without snow cover over the Ural region (Figures 1e–
1g; Figures S4, S5 in Supporting Information S1). During these months, the variation in soil moisture can affect
the evapotranspiration and surface heat fluxes, hence affecting air temperature and precipitation (Guo & Dir-
meyer, 2013; Qi et al., 2023; Seneviratne et al., 2010; Seo et al., 2019; Zhang et al., 2018). In the Ural region, the
mean snow cover (Figure 1i), mean snow water and mean soil moisture (Figure 1j), as well as surface heat fluxes
(Figure 1k), vary slowly from year to year with relatively small interannual variability. If the fast‐varying Ural
geopotential height anomaly with large interannual variability is closely connected with the slow‐varying snow
cover, soil moisture and surface heat fluxes with small interannual variability, the connection must be nonlinear.

In this study, we aim to uncover the possible nonlinear connection between the interannual Ural atmospheric
variability and the slow‐varying snow cover and soil moisture, based on a nonlinear theoretical model named
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Figure 1. Interannual Ural atmospheric variability and surface diabatic forcings. The standard deviation of 850‐hPa geopotential height anomaly (gpm) in (a) June,
(b) July, (c) December, and (d) January during 1979–2023. Purple boxes indicate the domain to define the Z850 index. Black lines outline the Ural Mountains. The
climatological mean snow cover (%) in (e) May, (f) June, (g) July, and (h) December during 1979–2023. Blue boxes indicate the domain to define the mean snow cover
and mean snow water. Annual cycle (thin lines) of the monthly (i) Z850 index (purple lines) and mean snow cover (sky blue lines) (j) mean snow water (sky blue lines)
and mean soil moisture (red lines) (k) mean shortwave radiation (magenta lines), mean longwave radiation (orange lines) and mean turbulent flux (blue lines) during
1979–2023. Upward heat flux is positive. Thick lines with dots indicate the climatological mean values.
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supercritical pitchfork bifurcation (Li et al., 2018; see Li et al., 2023 and Text S1 in Supporting Information S1 for
more descriptions). The theoretical model suggests that in the presence of a zonal undulant topography, there may
exist three equilibrium states of the large‐scale westerly flow: zonally symmetric westerlies (neutral equilibrium),
wavy westerlies with a trough or ridge near the topographic ridge (trough‐type or ridge‐type equilibria) (Figure S2
in Supporting Information S1). The relationships between the three equilibrium states and a slow‐varying external
diabatic forcing look like a pitchfork with two asymmetric tines (Figure 2a). The ridge‐type equilibrium disap-
pears under too strong external diabatic forcing. The north‐south oriented Ural Mountains lie between the East
European Plain and the West Siberian Plain (Figure 1), forming a zonal undulant topography. Li et al. (2020,
2023, 2024) found that in certain months, both qualitative and quantitative relationships between the monthly
mean Ural atmospheric circulation and external diabatic forcing factors, such as the Barents‐Kara Seas sea ice
concentration and the total solar irradiance, roughly agreed with the supercritical pitchfork bifurcation model.
They called such relationships in observations “pitchfork‐like (PL) relationships” to distinguish them from the
ideal theoretical model. Given that snow cover and soil moisture, as local surface diabatic forcing factors, directly
affect the Ural atmospheric circulation, it is interesting to examine whether there are nonlinear PL relationships
between the former and the latter.

2. Data and Methods
We use the monthly mean gridded data derived from the fifth‐generation climate reanalysis provided by the
European Center for Medium‐Range Weather Forecasts (ERA5 reanalysis) (Hersbach et al., 2020), including the

Figure 2. The nonlinear theoretical model and observational evidence. (a) A schematic diagram (replotted according to Li et al., 2018) of the nonlinear theoretical model
that describes the relation between an external diabatic forcing factor and three equilibrium states of the westerly flow. (b) Scatter diagram (dots) for the mean soil
moisture in May and the Z850 index in June during 1979–2023, overlapped with their joint PDF diagram (shadings, in 10− 4). As in (b), but for the relationships between
(c) the mean soil moisture in Mar and the Z850 index in June, (d) the mean snow water in June and the Z850 index in July, (e) the mean snow cover in December and the
Z850 index in January, (f) the mean snow cover in November and the Z850 index in January. Black (gray) contours enclose the peak probability density regions, and the
areas they enclosed denote the probabilities of 20%, 40%, and 60% (80%). The horizontal blue line denotes the climatological mean Z850 index (0 gpm). The vertical
magenta dashed line indicates the critical value of each forcing factor. The magenta dotted line in (b), (c) indicates the second critical value of the mean soil moisture.
The sample sizes are (b), (c), (d) 45 and (e), (f) 44, respectively.
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geopotential and 2 m temperature with a horizontal resolution of 0.25° × 0.25°, and also the snow cover, snow
depth water equivalent, surface net solar (shortwave) radiation, surface net thermal (longwave) radiation, surface
sensible heat flux and surface latent heat flux with a horizontal resolution of 0.1° × 0.1° from the ERA5‐land
reanalysis. We also use the monthly mean gridded soil moisture V2 data set with a horizontal resolution of
0.5° × 0.5° provided by the Climate Prediction Center (Fan & Dool, 2004). We focus on the period from 1979 to
2023, the era of satellite observations.

We define several one‐dimensional variables. The state of the Ural atmospheric circulation is indicated by the
Z850 index by default, which is defined as the area‐averaged geopotential height anomaly at 850 hPa over the
domain (50°− 65°N, 40°− 80°E) (purple boxes in Figures 1a–1d). The “anomaly” indicates the climatological
mean is subtracted for each month. Similar to the definition of the Z850 index, we can define the Z1000, Z925,
Z700, Z500, and Z300 indices over the same domain at 1,000, 925, 700, 500, and 300 hPa pressure levels,
respectively. To better capture the diabatic effect of water and heat exchange between the land surface and the air,
we define the area‐averaged snow cover and snow depth water equivalent over the domain (45°− 70°N, 40°−
80°E) (blue boxes in Figures 1e–1h) as mean snow cover and mean snow water, respectively; We define the area‐
averaged soil moisture over the domain (45°− 65°N, 40°− 80°E) (magenta box in Figures 3a–3b) as mean soil
moisture. The mean turbulent flux, mean longwave radiation and mean shortwave radiation are defined as the
area‐averaged surface turbulent heat (the sum of surface sensible and latent heat fluxes), surface net longwave
radiation, and surface net shortwave radiation over the domain (50°− 65°N, 40°− 80°E) (cyan boxes in
Figures 3c–3d), respectively.

We use the scatter diagram overlapped with the joint PDF diagram to show the relationship between a variable
representing the diabatic forcing factor and a circulation index. We use the MATLAB function “ksdensity” to
calculate the joint PDF of two variables (refer to https://www.mathworks.com/help/stats/ksdensity.html). We

Figure 3. Simultaneous relationships between diabatic forcings and the atmosphere. Correlation coefficients between soil moisture and 2 m temperature at each grid in
(a) June and (b) July. As in (a), but for (c) surface turbulent heat flux and 2 m temperature in July, and for (d) surface net longwave radiation flux and 2 m temperature in
January. Shaded areas indicate statistical significance at the 95% confidence level. Black lines outline the Ural Mountains. The magenta box in (a), (b) indicates the
domain to define the mean soil moisture. The cyan boxes in (c), (d) indicate the domain to define the mean turbulent flux and the mean longwave radiation. As in
Figure 2b, but for the relationships between (e) the mean soil moisture in June and the Z850 index in June, (f) the mean turbulent flux in July and the Z850 index in July,
(g) the mean longwave radiation in January and the Z850 index in January. The sample sizes in (e), (f), (g) are all 45.

Geophysical Research Letters 10.1029/2024GL112109

LI ET AL. 4 of 9

 19448007, 2024, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
112109 by Jianping H

uang - L
anzhou U

niversity , W
iley O

nline L
ibrary on [25/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.mathworks.com/help/stats/ksdensity.html


obtain smoothed probability density curves by specifying appropriate band-
widths of the kernel smoothing window (Text S2 in Supporting Informa-
tion S1). The lower bound of the bandwidth (W) is estimated by the following
empirical formula (Emerson & Hoaglin, 1983; Li et al., 2024):

W =
D

10 log10 N
, (1)

where D is the range of the sample data, and N is the sample size.

3. Result and Discussion
3.1. Three Types of PL Relationships

We have examined both the simultaneous and lead‐lag relationships between
a diabatic forcing factor and the Z850 index. Because the diabatic forcing
factors in observations vary in a limited range, we find three types of PL

relationships, which agree with the pitchfork pattern shown in Figure 2a in whole or in part. All examples of the
PL relationship appear in the months near the crest and trough of the annual cycle when each diabatic forcing
factor varies slowly over time.

For the mean soil moisture, its month‐to‐month variation is relatively slow from December to May and from July
to September during each annual cycle (Figure 1j). We find a PL relationship between the mean soil moisture in
May and the Z850 index in June (Figure 2b). As highlighted by peak regions of the joint PDF, almost all data
points in the scatter diagram tend to gather into three clusters and form a pattern resembling a pitchfork with two
asymmetric tines. There are only four outliers far away from the PL pattern. The three point clusters represent
three quasi‐equilibrium states of the Ural geopotential height. When the mean soil moisture in May is less than a
critical threshold of approximately 195 mm, the data points gather in the vicinity of the mean line of the Z850
index. Thus, this point cluster represents the neutral state of the Ural geopotential height in June. When the mean
soil moisture in May is greater than 195 mm, the data points gather into two clusters above and below the mean
line, respectively. Thus, these two point clusters represent the positive and negative anomaly states of the Ural
geopotential height in June, respectively. When the mean soil moisture in May is too high and greater than an
approximate threshold of 225 mm, the point cluster representing the positive geopotential height anomaly state in
June disappears, while the point cluster representing the negative geopotential height anomaly state in June still
exists. Meanwhile, when the mean soil moisture in May is within the range of 195∼225 mm where the two
anomaly quasi‐equilibrium states of the atmosphere coexist, the positive and negative geopotential height
anomaly events in June occur with nearly equal frequencies (Table 1). It indicates that the two anomaly quasi‐
equilibrium states occur with equal probability. This example is the first type of PL relationship, which agrees
perfectly with the supercritical pitchfork bifurcation model (Figure 2a).

Given the good persistence of the monthly mean soil moisture from March to May (Figure 1j), there is a similar
first type of PL relationship between the mean soil moisture in March and the Z850 index in June (Figure 2c;
Table 1), and between the mean soil moisture in April and the Z850 index in June (Figure S7c in Supporting
Information S1; Table 1), respectively.

Both the mean snow cover and mean snowwater vary very slowly from June to September, just in the trough stage
of each annual cycle (Figures 1i and 1j). In July and August, there is no snow over the Ural region (Figure 1g;
Figures S4, S5 in Supporting Information S1); While in June and September, the northern Ural region is still
covered by snow. We find a PL relationship between the mean snow water in June and the Z850 index in July
(Figure 2d). Almost all data points in the scatter diagram tend to gather into three clusters and form a pattern like a
pitchfork with two symmetric tines in the joint PDF diagram. Only four outliers are far away from the PL pattern.
When the mean snow water in June is greater than the approximate critical threshold of 6 mm, almost all the data
points appear around the mean line of the Z850 index, indicating the neutral state of the atmosphere in July. When
the mean snow water in June is less than 6 mm, the data points tend to form two branches above and below the
mean line, indicating the positive and negative anomaly states of the atmosphere in July, respectively. In addition,
the positive and negative geopotential height anomaly events in July still occur with almost equal frequencies,

Table 1
Frequencies of Positive and Negative Anomaly Events Based on the Z850
Index

Month Forcing factor Range of forcing Z850 > 0 Z850 < 0

May/Jun Mean soil moisture 195 ∼ 225 mm 13 12

Apr/Jun Mean soil moisture 200 ∼ 240 mm 15 14

Mar/Jun Mean soil moisture 200 ∼ 240 mm 15 15

Jun/Jul Mean snow water <6 mm 17 19

Dec/Jan Mean snow cover <90% 22 21

Nov/Jan Mean snow cover <70% 22 21

Note. In the “Month” column, the first and second months indicate the
months of the forcing factor and the Z850 index, respectively. A positive or
negative anomaly event refers to that a Z850 index is above or below zero.
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when the two anomaly quasi‐equilibrium states of the atmosphere coexist (Table 1). This example is the second
type of PL relationship. When the mean snow water is below 6 mm, we don't see the disappearance of the point
branch that represents the positive anomaly state. Because the mean snow water in June has approached the
minimum and cannot diminish further.

The mean snow cover also exhibits a very slow month‐to‐month variation from December to February, just in the
crest stage of each annual cycle (Figure 1i). In these months, the Ural region is completely covered by snow
(Figure 1h; Figures S4, S5 in Supporting Information S1). We find a PL relationship between the mean snow
cover in December and the Z850 index in January (Figure 2e). There are only two branches of data points in the
scatter diagram, and they form a pattern that looks like a handleless pitchfork with two symmetric tines in the joint
PDF diagram. Only three outliers are far from the PL pattern (one of the outliers is out of the range of the ab-
scissa). The two point branches are split by the mean line of the Z850 index, indicating the positive and negative
anomaly states of the atmosphere in January. When the mean snow cover in December is less than a critical value
of around 90%, frequencies of the positive and negative geopotential height anomaly events in January are nearly
equal (Table 1). This example is the third type of PL relationship. When the mean snow cover is above 90%, we
don't see the point cluster that represents the neutral state of the atmosphere. Because the mean snow cover in
December has approached the maximum and cannot grow further.

Although the mean snow cover in November is in the fast growth stage during each annual cycle and does not
seem to vary slowly (Figure 1i), there is a similar third type of PL relationship between the mean snow cover in
November and the Z850 index in January (Figure 2f; Table 1). The existence of this unexpected PL relationship
may be due to the significant correlation between the mean snow in November and that in December, which has a
correlation coefficient of 0.53.

In all the PL relationships described above, the state of the Ural atmospheric circulation is indicated by the Z850
index. We can also use other circulation indices. For the Z1000 and Z925 indices, we obtain similar PL patterns in
the scatter diagrams and joint PDF diagrams (Figures S6 to S11 in Supporting Information S1). For the Z700,
Z500, and Z300 indices which are defined at pressure levels much higher than the elevation of the Ural
Mountains, because of the interference of noise (Li et al., 2024), the PL patterns in the joint PDF diagrams are
more or less distorted. Despite this, for all the circulation indices, we still obtain the quantitative result that “the
positive and negative anomaly events occur with nearly equal frequencies” when the two anomaly quasi‐
equilibrium states coexist (Table S1 in Supporting Information S1).

3.2. An Explanation for the Physical Mechanism

Why do all the PL relationships appear in the months near the crest and trough of the annual cycle when each
diabatic forcing factor varies slowly over time?Why do all the PL relationships appear in the lead‐lag relationship
rather than the simultaneous relationship between diabatic forcing factors and the Z850 index? The explanations
are as follows.

According to principles derived from Newton's laws of motion and dynamic meteorology (Holton &
Hakim, 2012), the state of atmospheric flow fluctuates with time because forces acting on the atmosphere are
unbalanced. Especially, the pressure gradient force changes with time, due to the varying uneven diabatic heating
and nonlinear air advection. During the months when the diabatic heating factors (e.g., snow cover and soil
moisture) vary slowly enough over time, the pressure gradient force might change slowly over time, and the forces
acting on the atmosphere might be quasi‐balanced. In this sense, the state of the Ural atmospheric circulation in
these months might be in quasi‐equilibrium. The appearance of PL relationships indeed indicates the existence of
three quasi‐equilibrium states of monthly mean Ural atmospheric circulation. Just like only when forces acting on
a dice are quasi‐balanced and the dice is quasi‐stationary (slow‐varying), can we see six quasi‐equilibrium states
of the dice.

What directly affects the Ural atmospheric circulation in June, July, and January should be the diabatic forcing in
the same months rather than in the preceding months. Because the melt of snow and the appearance of the open
land surface in summer favor the evapotranspiration of soil water (Seneviratne et al., 2010), the soil moisture
shows its greatest cooling effect on the surface air temperature in June among the 12 months (Figures 3a and 3b;
Figure S12 in Supporting Information S1). The open land surface also corresponds to a low surface albedo and
high shortwave surface absorption (Figure 1k; Thackeray et al., 2019), and thus the surface turbulent heat flux
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shows a strong heating effect on the surface air temperature in July (Figure 3c; Figure S13 in Supporting In-
formation S1). The snow cover in winter corresponds to a high surface albedo and low shortwave surface ab-
sorption (Figure 1k), and thus the surface net upward longwave radiation (Figure 1k) shows a strong cooling
effect on the surface air temperature in January (Figure 3d; Figure S14 in Supporting Information S1). Therefore,
the mean soil moisture in June, mean turbulent flux in July and mean longwave radiation in January are at least
one of the direct diabatic forcing factors of the atmosphere in the same months, respectively.

However, the relationships between the mean soil moisture in June, mean turbulent flux in July, mean longwave
radiation in January and the Z850 index in the corresponding same months, respectively, all show distorted PL
patterns (Figures 3e–3g). Compared with the point branch representing the positive geopotential height anomaly
state, the abscissa of the point branch representing the negative geopotential height anomaly state has shifted to
higher mean soil moisture (Figure 3e), or it has shrunk to lower mean turbulent flux and mean longwave radiation
(Figures 3f–3g). The negative geopotential height anomaly state is often associated with the concurrent low
pressure, cloudy, rainy, and relatively low surface air temperature, and thus it is supposed to favor the increase in
soil moisture, the decrease in surface turbulent heat flux and surface net longwave radiation. That is, the feedback
from the atmosphere can modify the surface diabatic forcing factors in the same months, hence distorting PL
relationships. By contrast, the surface diabatic forcing factors in the preceding months can influence the atmo-
sphere in the subsequent months due to the persistence of the former (Figures 1i and 1j), but there is no feedback
from the latter to the former; Thus, the former is an external forcing of the latter. As a result, the lead‐lag re-
lationships between the surface diabatic forcing factors and the Z850 index show typical PL relationships
(Figure 2).

4. Conclusion
Based on the nonlinear supercritical pitchfork bifurcation model, we find three types of PL relationships between
the monthly mean Ural geopotential height anomaly at 850 hPa in June, July, and January, and slow‐varying
external diabatic forcing factors in the preceding months. The forcing factors include the soil moisture in
May, April, andMarch, the snow depth water equivalent in June, and the snow cover in December and November.
All PL relationships appear near the months when forcing factors vary slowly during their annual cycle. Almost
all data points in the scatter diagrams gather into three or two clusters, outliers are very few. These qualitative
characteristics reveal that the large and irregular year‐to‐year fluctuation of the Ural atmospheric circulation in
June and July (January) is intrinsically a transition between three (two) quasi‐equilibrium states. A common
characteristic of all the PL relationships is that within the same range of a forcing factor that exceeds its critical
threshold, the frequencies of positive and negative anomaly events of the Ural geopotential height counted at most
pressure levels in the troposphere are nearly equal. This quantitative characteristic suggests that the positive and
negative anomaly quasi‐equilibrium states occur with equal probability. It implies a low predictability of the
monthly mean Ural geopotential height anomalies, which coincides with the poor seasonal prediction skills over
the Ural region in climate system models (e.g., Wu et al., 2017). The nonlinear PL relationships may be applied as
strong constraint relationships to decrease uncertainties of climate prediction made by climate system models and
machine‐learning models in the future.

Data Availability Statement
The ERA5 and ERA5‐Land reanalysis used in this study are available upon registration via the Climate Data
Store: geopotential data is available at Hersbach et al. (2023a), 2 m temperature data is available at Hersbach
et al. (2023b) and land surface data is available at Muñoz‐Sabater (2019). The soil moisture V2 data set (Fan &
Dool, 2004) is available without registration at https://psl.noaa.gov/data/gridded/data.cpcsoil.html. Figures were
produced withMATLAB version: 9.8.0 (R2020a) update 4 (TheMathWorks Inc, 2020), available at https://www.
mathworks.com.
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