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The interannual variation of snowfall over the Tibetan Plateau (TP) in early winter
(November-December) and its related atmospheric attribution are clarified. Meanwhile,
the influence of tropical sea surface temperatures (SSTs) on TP snowfall is investigated by
diagnostic analyses and Community Atmosphere Model (CAM5) simulations. The leading
mode of TP snowfall in early winter features a spatially uniform pattern with remarkable
interannual variability. It is found that the Indian Ocean Dipole (IOD) and El Nifio Southern
Oscillation (ENSO) are main external forcing factors for TP snowfall. Positive IOD with
positive ENSO and positive IOD with neutral ENSO cases both have remote impact on
motivating Southern Eurasia (SEA) pattern, which can induce an anomalous cyclone
around the TP. The corresponding anomalous ascending motion and cold air in the
mid-upper troposphere provide the dynamical and thermal conditions for heavy snowfall.
The low-level southwesterly winds are enhanced over the Arabian Sea and Bay of
Bengal, bringing abundant water vapor into the TP for excessive snowfall. Furthermore,
CAMS5 simulation experiments forced by IOD- and ENSO-related SST anomalies are
performed to verify their combined and independent effects on TP snowfall in early winter.
It is confirmed that either positive 10D or El Nifio has certain impacts on motivating
circulation anomalies favorable for snowfall over the TP. However, 10D plays a leading
role in producing the excessive snowfall-related atmospheric conditions, and there is an
asymmetric influence of ENSO and IOD on the TP snowfall.

Keywords: snowfall, Indian Ocean Dipole, El Nifio-Southern Oscillation, remote effects, early winter

INTRODUCTION

Although winter precipitation accounts for a relatively small fraction of total annual rainfall
comparing to summer season, it experiences obvious annual variability over some regions such as
the Tibetan Plateau (TP). Snowfall is solid precipitation formed by condensation of moisture in the
air. Heavy snowfall may be a natural hazard to life and property. Severe cold surges accompanied
with heavy snowfall during winter can significantly impact agriculture, transportation, livestock
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production, and water resources, resulting in serious economic
losses. In the context of climate warming, intense snowfall has
hit China more frequently in recent winters and caused severe
damages to the sustainability of the society. For instance, a severe
snowfall event that occurred in later winter 2008 over southern
China led to an economic loss of above 20 billion US dollars
and affected more than 100 million people (Zhou et al., 2009,
2011).

The Tibetan Plateau (TP), known as the third pole and Asia’s
water tower, frequently suffers from severe snowfall events due
to the combined effects of its steep topography, the East Asian
winter monsoon (Webster, 1998; Wu et al., 2011, 2012), and the
westerly circulation (Schieman et al., 2009). Entering early winter,
the TP ground becomes frozen, and snow is the main form of
precipitation over the TP. Snowfall is an important element of the
hydrological cycle, replenishing soil moisture, and contributing
runoft to river basins through spring melt (Lettenmaier and
Gan, 1990; Groisman et al., 2001). Therefore, understanding
the mechanism of TP snowfall can provide insights on better
prediction of winter climate.

The El Nino-Southern Oscillation (ENSO), which is the
strongest atmosphere-ocean coupled mode on the interannual
scale, is one of the most important factors that can influence
winter climate variability in Eurasia (Wang et al., 2000; Sun and
Wang, 2010; Zhou and Wu, 2010; Jia and Lin, 2011; Wang and
Feng, 2011; Gong et al., 2014, 2017; Wang and Chen, 2014; Ge
et al,, 2016). Yang (1996) found that the Eurasian winter snow
cover increased during El Nifio winters (and decreased during
La Nifa winters). Using a global atmospheric general circulation
model (GCM), Meehl (1997) proposed a hypothesis that the
tropical sea surface temperature (SST) has crucial impact on
the south Asian monsoon, which can further affect the mid-
latitude snow, especially over the Eurasia. Dong and Valdes
(1998) also found evidence that El Nifio conditions lead to
increased snow in Eurasia. Wang and Chen (2010) point out
that the western Pacific subtropical high can act as a bridge for
ENSO?’s influence on the East Asian climate. During El Nino
events, this system can enhance the moisture transport to China
and cause abnormally wet conditions. El Nifio might excite the
stationary Rossby waves extending along the North African-
Asian jet, resulting in anomalous increase of potential vorticity
and snow depth over the TP in winter, based on the Nimbus-7
Scanning Multichannel Microwave Radiometer (SMMR) satellite
estimates of snow depth (Shaman and Tziperman, 2005). This
mechanism was confirmed by Wang and Xu (2018), who used
snow water equivalent data from 1987 to 2007.

On the other hand, based on satellite data, Yuan et al. (2009,
2014) reported that the interannual variability of the winter TP
snow cover is linked to Indian Ocean dipole (IOD) rather than
ENSO, and emphasized that in the pure ENSO years with no
co-occurrences of 10D, the influence of ENSO on TP snow
cover is negligible (Yuan et al., 2009). Using the ERA-Interim
reanalysis data, Zhang et al. (2019) also found the IOD forcing
on snow depth over the TP. Jiang et al. (2013, 2019) claimed that
anomalous convection over the western Indian Ocean related
to the positive IOD could generate a wave train propagating
northeastward and induce an anomalous cyclonic circulation

over the central western TP, then transport extra moisture from
the tropics to the central western TP, causing deep snow depth
there. The above studies concentrated on TP snow cover/depth
affected by IOD or ENSO through the low-latitude circulations,
but less has been investigated in the mid- and high-latitude
circulation pattern.

In addition, it is interesting why these studies have obtained
different conclusions regarding the impacts of ENSO and IOD
on snow over the TP. It is confusing whether the ENSO
can affect snow over the TP or not. Of note is that two
satellite-based or reanalysis-based snow parameters have been
investigated in these studies: snow cover and snow depth
(Shaman and Tziperman, 2005; Yuan et al., 2009, 2014; Wang
and Xu, 2018; Zhang et al,, 2019). The snow depth derived
from satellites shows considerable biases (Frei et al., 2012).
Thus, it is necessary to use in situ snowfall data to re-
investigate the relationship of TP snowfall with ENSO and
IOD. Direct observations of snowfall in situ have a certain
length of record and spatial coverage. They are issued after
strict quality control, which can promote the study reliability
about TP snow. On the other hand, snowfall is the major
precipitation event over the TP in winter. Heavy snowfall and
freezing temperature lead to snow cover/depth on the ground
for a long time. Therefore, snowfall is the leading and direct
factor that produces and maintains snow cover/depth. As a
result, the changes in TP snowfall have yet to be systematically
addressed, and what processes decides the severe TP snowfall is
still not fully understood. Given the serious impacts of snowfall
events, investigating the possible causes in snowfall is an urgent
necessity for disaster prevention and mitigation. Furthermore,
most previous studies investigating the contributions of ENSO
and/or IOD to the precipitation variation over China only
considered a single index for ENSO or IOD. Results obtained
without considering the interdependence of ENSO and 10D
might include the impacts of both factors. Since ENSO and
IOD sometimes co-occur, it is also necessary to identify their
respective and combined influences on TP snowfall. Moreover,
it is important to explore the influences of IOD and ENSO on
the snowfall over TP in early winter utilizing the statistic and
simulation approaches.

This paper examines the interannual variability of the
early winter snowfall over the TP and the underlying physical
mechanisms, especially focusing on independent and joint
roles of IOD and ENSO on influencing the TP early winter
snowfall. The paper is organized as follows. Section Data,
Method, and Model introduces the data and methodology.
Section Spatial-Temporal Features of TP Early Winter
Snowfall presents the characteristics of snowfall over the
TP in early winter. Section SSTAs Associated With Early
Winter TP Snowfall discusses the SSTAs associated with early
winter snowfall over the TP. Section Numerical Experiments
analyzes IOD and ENSO associated with TP early winter
snowfall by statistics, and then validates the observed and
statistical results utilizing the Community Atmosphere
Model version 5 (CAMS5) model. Section Conclusion and
Discussion provides a brief conclusion and discussion of
this study.
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FIGURE 1 | The EOF-1 (A) mode and detrended PC1 (B) of early winter snowfall on TP.

DATA, METHOD, AND MODEL

In this paper, snowfall data are collected from 85 observation
stations over the TP, which are released by the National
Meteorological Information Center of China Meteorological
Administration. These stations are located in Qinghai (45
stations), Xizang (19 stations), Gansu (4 stations), and Sichuan
(17 stations) Provinces, respectively. The monthly snowfall
during early winter (November-December) was derived from
the daily observation records during 1961-2018. The large-
scale atmospheric state is obtained from the NCEP/NCAR
reanalysis data (Kalney et al, 1996). The variables include
geopotential height, horizontal wind, humidity, and vertical
velocity, with a horizontal resolution of 2.5° x 2.5°. Monthly
mean sea surface temperature (SST) data were based on the
Extended Reconstruction SST version 5 (ERSST5) dataset,
which is provided by the NOAA/Oceanic and Atmospheric
Research (OAR)/Earth System Research Laboratory of Physical
Science (Huang and Cai, 2017). The period of the dataset
is from 1961 to 2018, and early winter in this article refers
to November-December.

A wave-activity flux (WAF) derived by Takaya and Nakamura
(2001) is used to diagnose the mid-high-latitude wave train
(Equation 1).
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1

In which (U, V) are the climatological winds in the zonal
and meridional directions;(A, ¢) are longitude and latitude, a is
the earth’s radius; z = —HInp; p = pressure/1000 hPa; H is the
constant scale height; ¥ is the perturbation of geostrophic stream

T])‘ is the magnitude of the wind; fy is the Coriolis

function;

parameter; and N is the buoyancy frequency.

The moisture flux (6) and its divergence (T))) are
calculated as:

— 1 (Ps — 1 [Ps Ps
= —*/ qVvdp, Q. = —*/ qudp, Qp = —*f qvdp
Pu g Pu u
)
1 ] d
B- v.0=_ 9Q. , 9Qycosg, g
acosp 0A A

where p; is the surface pressure; p,, is the pressure of the top
moisture layer (300 hPa); p is pressure; q is the specific humidity;
and (u, v) are horizontal velocity components. a is earth radius, A
is longitude, ¢ is latitude.

The present study also used the statistical analysis to show
the features and circulation associated with the early winter
snowfall over the TP, including the empirical orthogonal function
(EOF) analysis, correlation and partial correlation analysis, and
composite analysis methods.

The Community Atmosphere Model version 5 (CAMS5)
model is utilized for validating the observed and statistical
results. As stated in the introduction, it is derived from the
model used in Khairoutdinov and Randall (2001) and is a
component of Community Earth System Model developed at
NCAR with many external collaborators. This model uses a
default finite-volume dynamical core with a hybrid pressure-
sigma vertical coordinate (Simmons and Burridge, 1981) that
has 30 levels with a top at 2.255 hPa. The CAM5 has the
same land, ocean, and sea ice components as in CCSM4, with
the biggest change occurring in the atmosphere. The CAM5
is essentially new atmospheric model with improved and more
realistic formulations of radiation, boundary layer, and aerosols.
CAMS5 features (1) a new shallow convection scheme and a
new moist turbulence scheme developed by the University of
Washington, (2) a two-moment cloud microphysics scheme,
and a cloud macrophysics scheme from the parameterizations
of clouds.
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The model code can be downloaded from the NCAR
code repository online and was run locally at the National
Meteorological Information Center (NMIC) of the China
Metrological Administration (CMA). This model has been widely
used to investigate the effects of the underlying condition on the
winter climate. Four sets of numerical experiments are designed
with CAMS5 driven by the global SST data of Hadley Center. One
is a control experiment forced by the global SST climatology of
observational monthly SST data in early winter, and the other
three are sensitivity experiments forced by combined IOD and
ENSO, independent IOD with no co-occurrence of El Nifo, and
independent El Nifio with no co-occurrence of IOD. The first
principal component (PC1) of TP snowfall in early winter by
using the Empirical Orthogonal Function (EOF) expansion is
defined as the TP snowfall index. We add the regression SST
value against this index to the climatology as SST external forcing
signal. The three sensitivity experiments represent the single [OD
and ENSO forcing, respectively, and IOD-ENSO joint forcing.
Each experiment includes 10 members with different initial states
in order to verify the sensitivity to different atmospheric initial
values, and the 10-member average results will be used for
analysis. The differences between the sensitivity and control runs
show the influences of SSTAs on the early winter snowfall over
the TP.

SPATIAL-TEMPORAL FEATURES OF TP
EARLY WINTER SNOWFALL

Interannual Variation of TP Snowfall
Interannual variability of the early winter snowfall over the TP
is revealed by using the Empirical Orthogonal Function (EOF)
expansion (Figure 1) based on solid precipitation observations
over the TP from 85 stations. The first EOF mode (EOF-
1) explains about 32.2% of the total variance and exhibits
a regional consistency of snowfall anomaly (Figure 1A). The
higher loading value lies in the Northeast and center of TP, which
is the frequent location of snow disaster. The corresponding
first principal component (PC1) shows a remarkable interannual
variability (Figure 1B). For example, in winter 2018, heavy
snowfall occurred in the northeast of the Tibetan Plateau.
Such an extreme snowfall is enhanced as a possible response
to climate warming. Sun and Wang (2010) claimed that
heavy snow events of more than 5 mm/day increased in the
eastern of TP since the 1960s. At the same time, the snow
days have increased (Zhou et al., 2017). Danco et al. (2016)
used phase 5 of the Coupled Model Inter-comparison Project
(CMIP5) to reveal that snow rate and heavy snowfall frequency
will increase during 2021-2050 and 2070-2100 over the TP.
Therefore, TP snow disaster may become a severe challenge in
the future.

Atmospheric Circulation

Now we discuss the atmospheric circulation affecting the TP early
winter snowfall. Firstly, simultaneous regressions of 200- and
500-hPa geopotential height (GPH) against PC1 of TP snowfall
in early winter show a wave train with barotropic structure
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FIGURE 2 | (A) 200-hPa Geopotential height (shadings, gpm) and wave
activity fluxes (vectors, m? s=2) and 500-hPa geopotential height (contours,
gpm), (B) 400 hPa vertical velocity (Pa s~') and (C) surface temperature (°C),
(D) 500-hPa horizontal wind (m s~') regressed against PC1 of TP snowfall in
early winter. Black dots in (A=C) and the bold vector in (D) indicate the values
exceeding the 95% confidence level.
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FIGURE 3 | Regression of global sea surface temperature (unit: °C) in early winter against PC1 of TP snowfall in early winter (black dots indicate the values exceeding

from Southwest Europe-Northwest Africa to East Asian at mid-
high latitude (Figure2A). The WAF suggests that the wave
train originates from Greenland and then extends to Northeast
Asia with two propagating pathways (Figure 2A). One is from
Greenland to North Atlantic and Sahara as the North path, and
the other one stems from the Arabian Peninsula and propagates
northeastward to TP and Northeast Asia. We defined two indices
to describe the two pathways of the wave train (Equation 4). The
South index (SI) is based on averaged anomalous geopotential
height at level 500 hPa over the TP, Arabian Peninsula, and
Northeast Asia as formula (4). The North index (NI) also includes
three centers over Greenland, North Africa, and North Atlantic,
respectively. These two indices properly reflect features of remote
connections across the Eurasia continent, which can be used
to identify whether the northern or southern wave train has
more significant impact on the atmospheric circulations over the
TP region.

SI = Hyp(80 — 105°E, 25 — 32°N) — Hap(32 — 60°E, 10
—20°N) — Hyga(100 — 140°E, 45 — 60°N)
NI = Hg (58 — 32°W, 60 — 70°N) + Hya(15W — 15°E, 25
—40°N) — Hyar(50 — 20°W, 40 — 50°N)

(4)

The SI and NI are two indices, respectively. The Hrp is
the Tibetan Plateau region (100-140°E, 45-60°N) geopotential
height departure; similarly, Hyprefers to Arabian Peninsula (32—
60°E, 10-20°N), Hyga Northeast Asian (100-140°E, 45-60°N),
Hgr Greenland (58-32°W, 60-70°N), Hya North Atlantic (50—
20°W, 40-50°N), and Hyar North Atlantic (50-20°W, 40-
50°N).

TABLE 1 | Temporal correlation coefficients (TCC) between PC1 and IOD/ENSO
indices.

10D ENSO
Correlation 0.50 0.31
Partial correlation 0.45 0.10

The SI and NI present significant negative correlation with
—0.48 temporal correlation coefficient (TCC). The TCC between
PC1 and SI (NI) is —0.52 (0.39), respectively. All the TCCs have
exceeded the 99.9% confidence level. This results implicate more
the important role of the southern path on early winter snowfall
over TP. Actually, the southern path of this wave train is similar
to the Southern Eurasian (SEA) teleconnection (Xu et al., 2012;
Li, 2016). It is one of the Eurasian (EU) patterns (Wallace and
Gutzler, 1981). In boreal winter, the SEA teleconnection pattern
is an important intermediate track linking the NAO and weather
climate over East Asia (Xu et al, 2012; Li, 2016). Five main
centers of action lie in the following regions: Southwest Europe,
the Middle East, the Arabian Sea, the Tibetan Plateau/Southwest
China, and Northeast Asia (Li et al., 2019).

In Figure 2A, the prominent positive geopotential height
anomalies embedded in the wave train exist in the Southwest
of Europe, Northwest of Africa, TP, and Northeast Asia. This
anomalous center at 500 hPa level is in agreement with the
characteristic of the SEA pattern. The positive (negative) SEA
pattern in boreal winter indicates positive (negative) geopotential
height anomalies over Southwest Europe and the Arabian
Sea, as well as Northeast Asia (the Middle East and Tibetan
Plateau/Southwest China), and more (less) precipitation in
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TABLE 2 | Frequency (number of years) corresponding to IOD and ENSO
combinations during 1961-2018.

I+ 1 - Total
p+ 6 8 1 15
po 4 21 5 31
P~ 1 5 7 12
Total 11 35 12 58

I+, 19, and I~ represent the strong positive (IOD index value higher than 0.7 standard
deviations), neutral (IOD index value between —0.7 and 0.7 standard deviations), and
negative (IOD index value lower than —0.7 standard deviations) cases, respectively. P,
PO, and P~ represent the same meaning but for ENSO index.

TABLE 3 | Years of IOD and ENSO combinations.

Categories I+Pt I+PO P[0 I-P- 1-P° P-I°
Frequency 6 4 8 7 5 5
Years 1963 1961 1965 1974 1966 1983
1972 1967 1969 1984 1971 1988
1997 1977 1982 1998 1973 1995
2006 2012 1986 2005 1993 1999
2015 1991 2007 1996 2011
2018 1994 2010
2002 2016
2009

The meaning of I't, I°, I=, P*, PY, and P~ are the same as that in Table 2.

PC1

fﬁE— %]&nqz - -

2 T T T T T T T T
I+P+ I+PO P+I0 I-P- 1-PO 10P- I+P- P+I- 10PO

FIGURE 4 | Boxplot of PC1 anomaly of TP snowfall in case of IOD and ENSO
combinations. Red shorts line denote the median, black short lines are
minimum and maximum value, the top and bottom of the box are the 25th and
75th percentile, respectively.

Southwest China (Li et al., 2019). Therefore, the SEA pattern
may have a close connection to TP snowfall. The significant
negative center is also observed at 200 hPa over the TP. They
accompany the 500 hPa anticyclonic anomalies over the Arabian
Sea at lower latitude and anomalous cyclone around the TP at
mid-high latitude from North Africa to East Asia (Figure 2D).
The southerly wind gets enhanced around the TP, which can
transport more water vapor from the Bay of Bengal into the TP.
In the meantime, an anomalous ascending branch occurs over

the TP and Southeastern China (Figure 2B), along with the land
surface cooling surrounding the TP with above-normal snowfall
in early winter (Figure 2C).

SSTAS ASSOCIATED WITH EARLY WINTER
TP SNOWFALL

Previous studies (Yuan et al., 2014; Jiang et al., 2019) implied
that the anomalies of TP snow cover/depth and circulation in
early winter can be ascribed to the heat forcing of low-latitude
SSTAs. Figure 3 indicates that the significant positive SSTAs
regressed against PC1 of early winter TP snowfall appear in
the western Indian Ocean, while weak negative SSTAs emerge
in the eastern Indian Ocean, constituting a positive Indian
Ocean Dipole (IOD) pattern (Saji et al., 1999). Additionally, IOD
can also preserve its footprints on the Tibetan Plateau via the
Tibetan snow anomalies and influence the subsequent spring
and summer climate even after its disappearance (Kripalani and
Kulkarni, 1999). It is also found that another positive SSTA exists
in the eastern equatorial Pacific, corresponding to an El Nifo
event (Figure 3). At the same time, wintertime air temperature
over southeastern TP is related to convection anomaly over the
western North Pacific, which is significantly affected by ENSO
(Jiang et al., 2013). Is it possible that ENSO can affect snowfall
over the TP?

Statistical Analysis

In general, IOD and ENSO peak in autumn and winter,
respectively. Both of them have strong climate effects on the cold
season of the Northern Hemisphere. The monthly Nifio 3.4 and
IOD indices used to measure the ENSO and IOD events are
obtained from https://www.cpc.ncep.noaa.gov/data/indices. An
intimate TCC exists between IOD and ENSO with a significant
correlation coeflicient of 0.47 during 1961-2018. As to the early
winter snowfall over TP, the significant TCCs between PC1 and
IOD and ENSO reach 0.50 and 0.31, respectively. The partial
TCC between PC1 and ENSO dramatically decreases to 0.10 after
removing the IOD signal (Table 1). In contrast, the partial TCC
between PCI and IOD is 0.45 and remains remarkable while
excluding the effect of ENSO. Therefore, IOD not only exerts
a direct influence on the early winter snowfall over the TP but
is also crucial for maintaining the linkage between PC1 and the
ENSO event.

As a consequence, ENSO impacts on TP snowfall by
depending on I0D; meanwhile, ENSO has contributed to the
relationship between IOD and PC1. It is assumed that the early
winter IOD and ENSO may affect the Tibetan Plateau snowfall
both independently and concurrently. Yamagata et al. (2004)
found that one-third of IOD events are connected with ENSO.
Behera and Yamagata (2003) also verified that a significant
fraction of IOD events were correlated with tropical Pacific
variability, including ENSO. The influence of ENSO on Indian
Ocean SSTs is characterized by taking the complex development
of ENSO into account: the spatiotemporally varying impact of
both canonical and non-canonical ENSO variability is estimated
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and filtered prior to the search for recurrent modes of SST
variability in the Indian Ocean (Yamagata et al., 2004).

For further examination of the effects of IOD and ENSO,
we divide the 58 years (during 1961-2018) into some categories
based on the combinations of IOD and ENSO indices (Table 2).
In this study, the strong IOD (ENSO) events are defined as the
absolute value of the IOD (Nino 3.4) index above 0.7 standard
deviation, whereas the other cases are in the neutral conditions.
During 1961-2018, there are 6 (7) years with a strong positive
(negative) IOD-ENSO combination, and 21 years with a normal
IOD-ENSO combination (Tables 2, 3). Other years with either
strong IOD or ENSO mainly represent the individual influence
of strong IOD or ENSO.

As shown in Figure 4, the variation of early winter snowfall
over the TP is quite different with IOD and ENSO combinations.
The medium values of snowfall anomaly are above normal in the
combinations of strong positive IOD events (I™) with positive
(P*) or normal (P°) ENSO events, while the snowfall is below

normal in the combinations if the IOD presents the strong
negative values (I7). It is also noted that the medium PC1 of
TP snowfall is positive when both IOD and ENSO are positive
(I"P*) but lower than the combination with positive IOD
and normal ENSO (I*P?), indicating the positive ENSO won’t
further enhance the IOD’s effect on producing more snowfall
over the TP in early winter. Besides, the uncertainty of the PC1
of TP snowfall is large in the years with only a strong ENSO
event (P1), which is consistent with the insignificant partial
TCC between ENSO and PC1 without an IOD event (Table 1).
The early winter snowfall anomaly is quite close to zero with
large uncertainty in the neutral IOD-ENSO combinations (I°P?).
Accordingly, the individual strong positive IOD or ENSO has a
remote effect on motivating the early winter snowfall over the
TP, but IOD plays a more important role than ENSO. It has also
been verified in the study of the respective influences of IOD
and ENSO on the TP snow cover in early winter (Yuan et al.,
2009).
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FIGURE 6 | As in Figure 5, but for the negative phases of I0OD and ENSO.

Composite Results

We further investigate the combined effect of IOD and ENSO
on TP snowfall in early winter by means of composite analysis
for each category. In case of positive IOD and ENSO (I*P%),
the circulation anomaly is similar to the SEA-like pattern at
200-hPa level from western Europe to East Asia. Especially,
the anomaly centers including Greenland, western Europe, and
Northwest Africa just lie in the North pathway. That is consistent
with the circulation facilitating the above-normal TP snowfall
in early winter (Figures 2A, 5A). It is worth noting that the
most remarkable negative anomaly occurs in the TP and its
neighboring regions, which is in agreement with Figure 2A.
These circulation anomalies are associated with warm and
humid southwesterly anomalies to enter the TP and cause
moisture convergence that dominates the whole TP region
(Figure 5D). A strong ascending motion may imply an unstable
atmospheric condition.

Figures 5B,E illustrate the circulation anomalies in positive
IOD and neutral ENSO (ITP?) case. A zonal wave train pattern
across North Atlantic to Asia is observed at 200-hPa level. It
is a Eurasian-like pattern and TP has been covered by negative
anomaly, thus weaker than in Figures 5A,B. The maximum
moisture convergence occurs in south of TP affected by air

flow from the northwest Pacific and Arabian sea via the India
Peninsula (Figure 5E), leading to above-normal snowfall in situ.
It is dynamically consistent with the regression of geopotential
height and wind anomalies against the PC1 of TP snowfall
(Figure 2). It reflects that the positive IOD is conducive to
motivating the atmospheric condition of TP snowfall in early
winter. As demonstrated by Yamagata et al. (2004), positive IOD
can cause convergence anomalies over the Mediterranean/Sahara
region at the upper troposphere. With positive ENSO and neutral
10D (P+19) (Figures 5C,F), the circulation anomaly and water
vapor transfer from the low-latitude region become more weaker
than in I" P case.

Figure 6 gives the circulation anomalies based on the opposite
combination including negative IOD and ENSO (I”P™), negative
10D and neutral ENSO (I7P%), and negative ENSO and neutral
10D (P~1°). Tt presents almost opposite characteristics to I[P,
I*P% and PI° cases, which illustrates that IOD avails for the
North pathway wave train development and negative anomalies
on the TP.

In conclusion, the individual IOD can stimulate the SEA-like
pattern from the Arabian sea via the TP to Northeast Asia; thus,
the effect of the individual effect became weaker. Yuan et al.
(2009) also revealed that the Eurasia waves can be generated by
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TABLE 4 | Schemes of the four CAM5 simulations.

Experiment name Schemes Integral times
Control experiment (EO) CAMS is forced by 10
global SST climatology
Sensitivity experiment CAMS is forced by SST 10
in both Indian and anomaly within both
Pacific Ocean (E1) tropical Indian and
Pacific Ocean
Sensitivity experiment CAMS is forced by SST 10
in Indian Ocean (E2) anomaly within the
tropical Indian Ocean
related to the
independent IOD with
no co-occurrence of El
Nifo
Sensitivity experiment CAMS5 is forced by SST 10

in Pacific Ocean (E3) anomaly within the
tropical Pacific Ocean
related to the
independent El Nifio
with no co-occurrence

of IOD

the IOD-related convection anomalies over the western/central
Indian Ocean. The anomalies of moisture supply and surface
temperature over the TP are significant. All of which suggested
the crucial influences of IOD on early winter TP snowfall, while
the influences of ENSO is weaker.

NUMERICAL EXPERIMENTS

In order to further verify the effects of IOD and ENSO, one
control experiment and three sensitivity experiments by CAM5
are implemented, respectively. The experiment schemes are
listed in Table 4. As described in section Data, Method, and
Model, the differences between the sensitivity and control runs
show the influences of SSTA on TP early winter snowfall. In
the first sensitivity experiment (E1), we prescribe the positive
SST anomaly in the tropical western Indian and Pacific Ocean
featured with positive IOD and ENSO phase (Figure 7A). The
second experiment (E2) denotes an IOD-like pattern with the
positive-negative anomaly seesaw in the western and eastern
Indian Ocean (Figure 7B). The third experiment (E3) is referred
to as El Nifio condition in the tropical Pacific (Figure 7C). Based
on these simulation experiments, we may able to further verify
the individual or joint roles of IOD and ENSO on motivating the
early winter snowfall-related atmospheric patterns over the TP
and its surrounding regions.

Figure 8 shows the circulation response in the above three SST
external forcing conditions. Compared with Figure 6, simulation
results reproduce the circulation pattern, i.e., SEA-like pattern
can be reproduced by forces of the positive IOD and ENSO
(ITP™) (Figure 8A) or force of positive IOD (IT) (Figure 8B).
Maybe due to model uncertainty, the I corresponding pattern is
a little bit weaker than ITP™.

Compared with the observations (Figure 5), the simulated
anomaly phase and the location of anomaly centers are very

similar to each other. Although the center of TP cannot be
simulated exactly in the condition of positive IOD, it is still
covered by the negative geopotential height anomalies south of
the TP and the mid-low latitude, which is consistent with the
above analysis. Besides, it is also presented that the simulated
geopotential height anomalies for the PTI? are quite weak
over the TP region, which is consistent with the feature of
Figure 6C. Therefore, individual positive ENSO has limited effect
on motivating the SEA-like pattern and circulation anomalies
around the TP region. Therefore, CAM5 simulation further
confirmed that ITPT and ITP? cases have remote effects on
motivating the SEA-like pattern across Euro-Asia continent then
cause geopotential height anomaly over the TP. Noteworthily,
the anomaly of horizontal wind field have consistent in
ITP* (Figure 9A) and P* cases (Figure 9C), the northwesterly
prevailed over TP and an anticyclone occur in the southeastern
TP, which can hinder the warm moisture entering into the TP.
On the contrary, in Figure 9B, the I"P? force can produce an
anticyclone at the southeastern TP, transporting more water
vapor into the TP, providing the moisture condition for snowfall.
Besides, in Figures 10A-C, a 400-hPa vertical velocity field
shows an anomalous ascending motion in I*P* and ITP° cases,
which avails for more snowfall over the TP region. Therefore,
the I"PT or I P? corresponding wind field and vertical motion
in the middle troposphere can lead to heavy snowfall over the
TP in early winter, while the function of I°PT is quite weak.
Jiang et al. (2019) also revealed that anomalous convection over
the western Indian Ocean related to the positive IOD could
generate a wave train propagating northeastward and induce an
anomalous cyclonic circulation over the central western of TP.
The associated anomalous circulation transports extra moisture
from the tropics to the central western TP, providing favorable
conditions for more snowfall over the central western of TP.

CONCLUSION AND DISCUSSION

In this paper, we examine the interannual variability of TP
snowfall in early winter and its underlying physical mechanisms
based on observational and NCEP reanalysis data, and the
mechanisms of respective and combined IOD and ENSO effects
on TP snowfall are investigated using the CAM5 model.

The interannual oscillation indicated by the first EOF mode
of TP snowfall in early winter shows good uniformity regionally,
which is closely related to the SEA-like pattern from the North
Atlantic to East Asian at mid and high latitudes. The TP region
is characterized by negative geopotential height anomalies at
200 hPa, the vertical ascending motion at 400 hPa, and the
negative temperature anomalies. Cyclonic circulation anomalies
around the TP region intensified southwesterly moisture flow
into the TP from the Arabians Sea and Bay of Bengal. All
these circulation anomalies provide the favorable thermal and
dynamical conditions for more snowfall over the TP.

Either the respective effect of IOD and ENSO, or their
combined effect can motivate negative geopotential anomalies
and cyclone water vapor flow in the surrounding area of TP.
We note that the positive IOD could excite the obvious SEA-like
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FIGURE 7 | The SST anomalous forcing scheme in model experiments. (A) SST forcing added in both western Indian ocean and tropical Pacific ocean, (B) SST
forcing added only in the western Indian ocean, (C) SST forcing added only in the tropical Pacific ocean.

pattern, southerly moisture supply and vertical ascending motion
over the TP. Therefore, IOD plays a leading role in producing
uniform pattern of TP snowfall. While the respective effect of
positive ENSO is weak and wouldn’t enhance the IOD’s effect on
the early winter snowfall related atmospheric pattern over the TP
and its surrounding region.

We have utilized the CAMS5 model (the Community
Atmosphere Model version 5) to reproduce the observed
circulation anomalies related to the positive IOD and ENSO,
which can explain their combined and respective effects on
the TP snowfall in early winter. One control experiment
and three sensitivity experiments by the CAM5 model were
implemented to further verify the different roles of IOD and
ENSO in motivating the SEA-like pattern and uniformed
snowfall pattern over the TP. The differences in the influence
of SSTA on the early winter snowfall over the TP are shown
in the control and sensitivity runs. The simulated results
further confirmed that the CAMS5 model can depict the positive

IOD and the remote effect of ENSO in motivating the SEA-
like circulation pattern, especially verifying that positive IOD
can significantly enhance the moisture supply from the low-
latitude region and cause sufficient snowfall over the TP. As
demonstrated by Jiang et al. (2019), convection anomalies over
the western Indian Ocean associated with IOD could generate
a barotropic Rossby wave that propagates northeastward along
the South Asian wave guide. This Rossby wave induces an
anomalous cyclonic circulation across the northern India, which
transports more moisture to the TP from the tropics, providing
a favorable condition for heavy snowfall and deepening of
snow depth over the TP region. Sardeshmukh and Hoskins
(1988), using a vorticity model, demonstrated that a divergence
center over the tropical western Indian Ocean can directly
generate the mid-latitude stationary Rossby waves with negative
geopotential height anomalies north of India. More recently,
Barlow et al. (2007) put an additional deep diabatic heating
over the eastern Indian Ocean around the eastern pole of
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FIGURE 9 | As in Figure 8, but for 500-hPa horizontal wind anomaly field (m s~'). Bold vectors indicate that the values exceeding the 95% confidence level.

IOD in winter. Therefore, the Rossby waves along the wave It is also noted that there is an uncertainty in the CAMS5 model
guide in the early winter of pure IOD years may be caused in climate simulation, especially for the middle- and high-latitude
by the IOD-related convection anomalies over the tropical  regions, which may lead to a certain bias in the simulated results
Indian Ocean. presented in this study relative to the observation.
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