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Abstract: Oscillations in global modes of variability (MoV) form global teleconnections that affect
regional climate variability and modify the potential for severe and damaging weather conditions.
Understanding the link between certain MoVs and regional climate can improve the ability to more
accurately predict environmental conditions that impact human life and health. In this study, we
explore the connection between different MoVs, including the Arctic Oscillation (AO), Eurasian tel-
econnection, Indian Ocean Dipole (IOD), North Atlantic Oscillation (NAO), and El Nifio Southern
Oscillation (Nino34), with winter and summer climate in the High Mountain Asia (HMA) region,
including geopotential height at 250 hPa (z250), 2-m air temperature (T2M), total precipitation
(PRECTOT), and fractional snow cover area (fSCA). Relationships are explored for the same
monthly period between the MoVs and the climate variables, and also using a lagged correlation
analysis to investigate whether any relationship exists at different time lags. We find that T2M has
a negative correlation with the Eurasian teleconnection in the Inner Tibetan Plateau and Central
China in both winter and summer and a positive correlation in Western China in summer. PREC-
TOT has a positive correlation with all MoV in most regions in winter, especially with the IOD, and
anegative correlation in summer, especially with the Eurasian teleconnection. Snow cover in winter
is positively correlated with most indices throughout many regions in HMA, likely due to winter-
time precipitation also being positively correlated with most indices. Generally, the AO and NAO
show similar correlation patterns with all climate variables, especially in the winter, possibly due
to their oscillations being so similar. Furthermore, the AO and NAO are shown to be less significant
in explaining the variation in HMA climate compared to other MoVs such as the Eurasian telecon-
nection. Overall, our results identify different time-windows and specific regions within HMA that
exhibit high correlation between climate and MoVs, which might offer additional predictability of
the MoVs as well as of climate and weather patterns in HMA and throughout the globe.

Keywords: teleconnections; High Mountain Asia; modes of variability; geopotential height; tem-
perature; precipitation; snow cover.

1. Introduction

1.1. The importance of High Mountain Asia

High Mountain Asia (HMA) is considered to be Earth’s third pole and one of its main
‘water towers’ [1]. HMA has been hypothesized to influence global weather patterns
through its impact on teleconnections [2]. Global modes of variability (MoV) have shown
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to influence weather and climate for HMA and the surrounding region. For instance, [3]
and [4] demonstrated the importance of the Eurasian teleconnection in driving the plane-
tary-scale Rossby-wave propagation that causes the intraseasonal variability over central
Asia and the northern part of India. Other studies investigated climate variations over
HMA by the impact of the Indian Ocean Dipole (IOD) and El Nifio Southern Oscillation
(Nino34) [5-8], the North Atlantic Oscillation (NAO) [9,10], the Central Indian Ocean
mode [11], and the boreal summer intraseasonal oscillation [12,13]. The influence of global
MoV on weather patterns within the HMA region has not been thoroughly investigated
historically, but such studies are becoming more common [2, 12-16].

1.2. Previous Studies on MoVs and HMA

Studies that investigated relationships between MoV and climate patterns in HMA
include Jiang et al., (2014) [12] and Hatsuzuka et al., (2017) [13], who looked at the north-
ward propagation of the boreal summer intraseasonal oscillation which originates in the
northern Indian Ocean and tends to dissipate near the foot of Himalayas, and brings high
humidity along the southern slope of the Himalayas and Tibetan Plateau, leading to en-
hanced precipitation events. Yu and Zhou (2004) [14] examined the impacts of winter-
NAO on cooling trends over subtropical Eurasia and found a high correlation in March
between positive NAO values and lower temperatures within HMA. Lii et al., (2008) [15]
investigated the Arctic Oscillation (AO) and the autumn/winter snow depth over the Ti-
betan Plateau and found there is high positive correlation in winter and a high negative
correlation in autumn months. Jiang et al., (2019) [16] explored the impacts of the IOD and
Nino34 on snow depth over the Tibetan Plateau, and found there is high positive correla-
tions in December, especially during certain years. Specifically, this study found that in
winter of 1997-1998 there was a simultaneous increase in the IOD and the Nino34 indices
as well as a corresponding increase in snow depth, indicating that the IOD and the Nino34
may have more impact on snow depth over the Tibetan Plateau when they are both anom-
alously positive. Wu and Qian (2003) [17] investigated the relation between the Tibetan
winter snow and the Asian summer monsoon and rainfall and found that in low snow
years there is high rainfall over south and southeast Asia, and in heavy snow years the
opposite occurs.

1.3. Simultaneous investigation of multiple MoV's and climate variables in HMA

Although various studies have been conducted to explore relationships between
MoV and climate or weather in HMA, there are no studies to the best of our knowledge
that simultaneously investigate the relationships between different MoV and all the cli-
mate variables included in our study, such as temperature, precipitation, and snow. We
hypothesize that it is important to investigate these three variables simultaneously since
temperature and precipitation can directly impact snow, therefore these variables are
linked in the climate system. In this study we aim to explore five MoV that have been
hypothesized to influence weather and climate regimes over HMA, and their relation-
ships with four climate variables in the region. These MoV include the AO, the Eurasian
teleconnection, the IOD, the NAO, and the Nino34. The hydrometeorologically important
climate variables to be explored in this study include geopotential height at 250 hPa (z250),
2-m air temperature (T2M), total precipitation (PRECTOT), and fractional snow cover area
(fSCA). We calculate first-order correlations between each of the MoV and each of the
climate variables, to identify regional relationships (e.g., [16]) and potential predictability
of weather and climate patterns of the variables of interest (e.g., [18]).

The questions addressed in this study are: 1) what regions have a statistically signif-
icant relationship between climate variables and MoVs? 2) What are the implications of
any relationships found for both scientific understanding as well as for predictability on
a weather, seasonal, or climate timescale? The investigation is completed for winter (De-
cember, January, February, or DJF) and summer seasons (June, July, August, or JJA) since
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these seasons are important for snow cover extent in HMA and the Indian Summer Mon- 96
soon. To address these questions, it is important to investigate how the large-scale atmos- 97
pheric patterns, as expressed through the geopotential height anomalies at 250 hPa, or 98
2250, affect the impact of MoV on weather and climate in HMA. Therefore, the z250 data 99
is obtained for a much larger domain than the HMA region, because it is hypothesized 100
that any apparent large-scale patterns that can impact the HMA region can be much far- 101
ther away (potentially 1,000’s of km). 102
The paper is set up as follows: Section 2 will discuss the HMA region and the mate- 103
rials and the methods used to conduct this analysis, Section 3 will present an overview of 104
the correlation results, Section 4 will provide a discussion on the main findings and their 105
implications for the broader community, and Section 5 will summarize our conclusions. 106

2. Materials and Methods 107

The data in this study describing the MoV are obtained from the National Oceanic 108

and Atmospheric Administration (NOAA) Earth System Research Laboratory 109
(ESRL) Physical Sciences Laboratory, and the data for the climate variables are obtained 110
from the Modern-Era Retrospective analysis for Research and Applications, version 2 111
(MERRA-2; [19]). The next sections explain these data sets in more detail. The abbrevia- 112
tions used in this study are explained in Table 1. 113
114
Abbreviation Name
MoV Mode of Variability
HMA High Mountain Asia
AO Arctic Oscillation
Eurasian Eurasian Teleconnection
IOD Indian Ocean Dipole
NAO North Atlantic Oscillation
Nino34 El Nifio Southern Oscillation
z250 Geopotential Height at 250 hPa
T2M 2-m Air Temperature
PRECTOT Total Precipitation
fSCA Fractional Snow Cover Area
Table 1. Abbreviations used in this study. Note: The total precipitation variable listed here is 'PRECTOT’, but as indicated in the 115
text, the variable from MERRA-2 that is used to represent total precipitation is the corrected version, or ' PRECTOTCORR’. 116
2.1. Modes of Variability 117

MoV can affect global and regional climates on different spatial and temporal scales, 118
have important impacts on human activities and ecosystems, and are a useful tool for 119
simplifying the understanding of the climate system [20]. This section briefly describes 120
each of the five MoV investigated here. The monthly data used to represent the AO, Eur- 121
asian teleconnection, IOD, NAO, and Nino34 are obtained directly from the NOAA ESRL 122
database (http://psl.noaa.gov/) for the period January 1981-December 2020. The five time- 123
lines are shown in Figure 1. 124

The AO is an oscillation of atmospheric pressure between the Arctic and the mid- 125
latitudes of the North Pacific and North Atlantic. The AO is an important mode of climate 126
variability for the Northern Hemisphere [21], because when the AO is strongly positive,a 127
strong mid-latitude jet stream steers storms northward, reducing cold air outbreaks in the 128
mid-latitudes, which can include the HMA region. The Eurasian teleconnection is one of =~ 129
the major MoV in the Northern Hemisphere winter and features a mid-tropospheric, 130
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west—east-oriented wave train over Eurasia [22]. This pattern may be the most important 131
mid-tropospheric teleconnection pattern to the interannual variations of the East Asian 132
winter monsoon [23]. The IOD, also known as the Indian Nifio, is an irregular oscillation 133
of sea surface temperatures in which the western Indian Ocean becomes alternately 134
warmer (positive phase) and then colder (negative phase) than the eastern part of the 135
ocean. The IOD affects the strength of monsoons over the Indian subcontinent [24]. The 136
NAO is a close relative of the AO [21] and is commonly defined as a weather phenomenon 137
over the North Atlantic Ocean of fluctuations in the difference of atmospheric pressure at 138
sea level between the Icelandic Low and the Azores High. It has been suggested that the 139
NAO influences the strength and direction of westerly winds and location of storm tracks 140
across the North Atlantic [25]. The Nino34 (also commonly known as ENSO) is an episodic 141
departure from expected sea surface temperatures in the equatorial Pacific Ocean [20]. 142
These warmer or cooler than normal ocean temperatures can affect weather patterns 143
around the world by influencing high- and low-pressure systems, winds, and precipita- 144
tion. Nino34 is the largest source of interannual climate variability on a global scale and 145
arises from interactions between the ocean and atmosphere in the tropical pacific [20] and 146
may bring much needed moisture to a region while causing extremes of too much or too 147
little water in others. 148

2.2. Region of focus 149

There are two regions of analysis in this study, a larger domain that covers 60W-120E 150
and 55-90N (Figures 2 and 3), and a smaller domain that covers 65E-105E and 20N-45N 151
(Figures 4-9). The larger domain is used to examine spatial correlations between MoV and 152
the z250 data, to investigate how the large-scale atmospheric patterns affect the MoV’s 153
impact on weather and climate in HMA, because these large-scale patterns impact the 154
HMA region from potentially 1,000’s of km away. The smaller domain is used to examine 155
spatial correlations between MoV and HMA climate variables, such as temperature, pre- 156
cipitation, and snow cover. We refer to HMA as the region that includes parts of China, 157
Afghanistan, Pakistan, Nepal, India, Bangladesh, Myanmar, Kazakhstan, and Tajikistan 158
and stretches across several mountain ranges, including the Himalayas, Hindu Kush, Ka- 159
rakoram, and Inner Tibetan Plateau. 160
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Figure 1. Global Modes of Variability (MoV) investigated in this study, shown on a monthly timescale. The years explored for each 162
index spans from January 1981-December 2020. 163
2.3. MERRA-2 164

MERRA-2 is the dataset used for investigating the climate variables in this study. 165
MERRA-2 is NASA’s most recent global atmospheric reanalysis product [19,26]. We ob- 166
tain information from MERRA-2 on four variables for the period January 1981-December 167
2020. The first variable we obtain from MERRA-2 is the geopotential height at 250 hPa 168
(H250 from the “Single-Level Diagnostics” collection; GMAO 2015a), referred to as z250 169
for the remainder of this paper. The second variable from MERRA-2 is 2-m air tempera- 170
ture (T2M from the “Single-Level Diagnostics” collection [27]). The third variable from 171
MERRA-2 is total precipitation (PRECTOT from the “Surface Flux Diagnostics” collection; 172
[28]), however MERRA-2 uses observation-based precipitation data as forcing for the land 173
surface parameterization [29], and the precipitation forcing data derived from this ap- 174
proach is archived as the output variable called PRECTOTCORR, which is available as 175
part of the “Surface Flux Diagnostics”’ collection [28]). For our analysis, we use the PREC- 176
TOTCORR variable, and refer to it as PRECTOT for the remainder of the paper. The final 177
variable from MERRA-2 is snow cover area fraction (FRSNO from the “Land Surface Di- 178
agnostics” collection and called fSCA for the remainder of this paper; [30]). It is important 179
to note that the spatial resolution of the MERRA-2 data (~0.5 degrees) can be sufficient to 180
capture medium-to-large scale features but is not adequate to resolve fine-scale features 181
that can be present in the complex topography of the HMA region. Yet, we choose 182
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MERRA-2 as the data set to investigate the climate variables because it provides spatially 183
and temporally consistent information that other forms of data may not provide (e.g., see 184
Massoud et al., 2023 [18] on data coverage for the HMA region). 185

2.4. Correlation tests 186

The relationship between the MoV and the climate data examined in this study are 187
first calculated as the correlation of the long-term vector of each mode of climate variabil- 188
ity (monthly data from January 1981-December 2020, as shown in Figure 1) with the time 189
vector in each grid cell of the climate variables of interest. Correlations are estimated using 190
the ‘corr’ function in MATLAB (www.mathworks.com/help/stats/corr.html [31]). In Fig- 191
ures 2 and 3, the anomalies of the z250 data are estimated to calculate this correlation, 192
where the anomalies are estimated by removing the monthly climatology (i.e., the long- 193
term mean value for each calendar month throughout the length of the available data rec- 194
ord). For the remainder of the results, grids with less than 90% confidence (estimated 195
through the “corr’ function p-value output) are masked out in these figures, so that the 196
shown colors in Figures 2-9 only display regions that are significantly correlated. In these 197
figures, red indicates a positive correlation and blue depicts negative correlation. 198

To investigate if there are any time lags that show a higher level of correlation be- 199
tween the MoV and the climate data, we also apply a time-shift on the data and test for 200
lagged cross-correlations between the MoV at time t and the climate variables at time t+lag 201
(and t-Iag), where lag is the number of months that are shifted for the correlation analysis. 202
For example, this can explain how well the IOD value in December can help predict T2M 203
in June, how well the Nino34 value in July can predict PRECTOT one year later, or how 204
well the fSCA in December can help predict the Eurasian teleconnection in March. Todo 205
thiss, we use the ‘xcorr’ function in MATLAB (https://www.math- 206
works.com/help/matlab/ref/xcorr.html), which is similar to the ‘corr’ function but applies 207
a moving window for the time lag and computes a lagged cross-correlation for each time 208
window. We set a maximum time lag of 6 months to check for any lagged relationships 209
that may be present in the data. To generate a timeline for each climate variable that can 210
be used in the time-lagged cross-correlation test with the MoV data, a spatial average of 211

the whole domain is used for each climate variable at each time step. 212
3. Results 213
3.1. Correlating modes of climate variability with geopotential height (z250) 214

The results in this paper are split up by season, and we separate the correlation anal- 215
ysis for the winter (DJF) and summer (JJA) seasons. Figures 2 and 3 display the results for 216
the z250 data. In Figure 2A, information on mean wintertime z250 is shown, with high 217
latitudes (e.g., 40° N and higher) showing lower geopotential height values of less than 218
10,000 m (or 10 km), and tropical latitudes showing values close to 11,000 m (or 11 km). 219
When estimating the correlation in each grid cell to the MoV data from Figure 1, different 220
regions emerge as potentially having a significant relationship. Figure 2B shows the cor- 221
relation between the AO and z250 anomalies, and the region spanning the Arctic Ocean 222
and Greenland show a significant negative correlation (lower than -0.2 in most regions 223
and lower than -0.6 over Greenland). There is also a region that spans from the North 224
Atlantic through most of Europe (greater than 0.6 in some regions) and a region in Eastern = 225
Asia (greater than 0.4) that show a pattern of positive correlation between the AO and 226
2250 anomalies in the winter. Figure 2C shows the correlation between the Eurasian tele- 227
connection and z250 anomalies in the winter, and again the region over Europe has a pos- 228
itive correlation (greater than 0.2). There is also a broad region spanning Russia, the Mid- 229
dle East, and parts of North Africa that have a negative correlation (less than -0.4) between 230
the Eurasian teleconnection and the z250 anomalies. Figure 2D shows the correlation be- 231
tween the IOD and z250 anomalies in the winter, with all regions in the tropics having a 232
positive correlation (greater than 0.4). The relationship of wintertime NAO to z250 (Figure 233
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2E) shows a very similar pattern to that of the AO (Figure 2A), and the relationship of 234
wintertime Nino34 to z250 (Figure 2F) shows a very similar pattern to that of the IOD 235
(Figure 2D), with the only exception being in the southeast Asia region where a negative 236
correlation is found (as low as -0.4). 237

DJF : Geopotential Height (z250) and Modes of Variability

MERRA-2 - 2250 [m] x B AD-2250, ., C Eurasian-z250, .,

o ek, A6

%0 -40 20 0 20 40 60 80 100 120 * -80 -4"0 -20 0 * 20 4‘0 éﬁ V 80 :10' 150 - 60 -40  -20 0 20 40 60 80 100 120 . 238
Figure 2. Wintertime (DJF) relationship between the various MoV explored in this study and geopotential height. (a) DJF Geopo- 239
tential height at 250 hPa (z250) from MERRA-2, with units [m]. Correlation of DJF z250 with (b) the AO, (c) the Eurasian telecon- 240
nection, (d) the IOD, (e) the NAO, and (f) Nino34 at each grid cell. Grids with less than 90% confidence are masked out in these 241
figures. Red indicates a positive correlation and blue depicts negative correlation. 242

Figure 3A shows information on mean summertime z250, with high latitudes (e.g., 243
40° N and higher) again showing lower geopotential height values of just slightly over 1e4 244
m (or 10 km), and tropical latitudes shown values higher than 1.1e4 m (or 11 km). Sum- 245
mertime z250 values are consistently higher than those in the winter. When looking at the 246
correlation of summertime z250 anomalies with the MoV (Figures 3B-3F), many of the 247
relationships are very similar to those shown for the wintertime in Figure 2. For example, 248
the AO (Figure 3B) and NAO (Figure 3E) show roughly an identical pattern to their coun- 249
terparts in Figures 2B and 2E, except for a northward shift in the positive correlation seen 250
over Europe and a band of negative correlation between the NAO and z250 anomalies 251
stretching from the Atlantic through southern Europe and into central Asia (Figure 3E). 252
The relationship for the IOD (Figure 3D) is also very similar to its counterpart in Figure 2, 253
with positive values seen throughout the globe and with the extension of positive rela- 254
tionships throughout Europe and over Greenland (greater than 0.2). The relationship with 255
the Eurasian teleconnection (Figure 3C) is mostly negative throughout the domain witha 256
peak over western Russia (less than -0.6). For Nino34 (Figure 3F), the tropical latitudes 257
have a positive correlation (greater than 0.4) with various regions having negative corre- 258
lations (e.g., North Atlantic, Mediterranean Sea, Western Russia, and East Asia). 259
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Figure 3. Like Figure 2, but for the summertime (JJA) geopotential height at 250 hPa (z250).

3.2. Correlating modes of climate variability with temperature (T2M)

Figures 4 and 5 display the results for the T2M over the HMA region. In Figure 4A,
information on mean wintertime T2M data is shown, with high altitudes (e.g., mountain
ranges and Inner Tibetan Plateau) exhibiting temperatures that are below freezing and
regions with low elevation (e.g., Indian Subcontinent) having higher temperatures of up
to 295 K. When determining the correlation in each grid cell to each MoV, no noticeable
regions emerge as potentially having a significant relationship with the IOD (Figure 4D).
For the AO (Figure 4B), the Eurasian teleconnection (Figure 4C), and the NAO (Figure 4E),
there is a negative correlation with wintertime T2M (less than -0.2) in the Hindu Kush, the
mountainous regions near Afghanistan. For the Eurasian teleconnection (Figure 4C), there
is also a region of negative correlation in the Inner Tibetan Plateau and Eastern India (less
than -0.2). For Nino34 (Figure 4F), there a region of positive correlation in the northwest
portion of the domain (higher than 0.2), and a small region of negative correlation in Cen-
tral China (less than -0.2).

Figure 5A shows information on mean summertime T2M in HMA, again with high
altitudes exhibiting temperatures that are close to freezing and regions with low elevation
having temperatures higher than 300 K. The AO (Figure 5B), the IOD (Figure 5D), and
Nino34 (Figure 5F) show no significant relationship with summertime T2M in HMA.
However, the Eurasian Teleconnection (Figure 5C) shows a strong dipole, with regions
near western China having a positive correlation (greater than 0.3) and a large portion of
the Inner Tibetan Plateau and South China having a negative correlation (less than -0.4).
The NAO (Figure 5E) plot shows small regions between Afghanistan and Pakistan and in
Bangladesh that have positive correlations (greater than 0.3).
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DJF : 2-m Air Temperature (T2M) and Modes of Variability
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Figure 4. Wintertime (DJF) relationship between the various MoV explored in this study and 2-m air temperature (T2M). (a) DJF 286
T2M from MERRA-2, with units [K]. Correlation of DJF T2M with (b) the AO, (c) the Eurasian teleconnection, (d) the IOD, (e) the 287
NAO, and (f) Nino34 at each grid cell. Grids with less than 90% confidence are masked out. Red indicates a positive correlation and 288
blue depicts negative correlation. 289
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Figure 5. Like Figure 4, but for summertime (JJA) 2-m air temperature (T2M). 292
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3.3. Correlating modes of climate variability with precipitation (PRECTOT) 293

Figures 6 and 7 display the results for the PRECTOT over the HMA region. In Figure 294
6A, information on mean wintertime PRECTOT data is shown, and regions with high 295
topographic variability (e.g., Hindu Kush and Karakoram) exhibiting slightly higher pre- 296
cipitation rates of up to 5 mm/day and the remainder of the domain showing values of 297
less than 1 mm/day. When determining the correlation in each grid cell to each MoV, no 298
noticeable regions emerge as potentially having a significant relationship with the Eura- 299
sian teleconnection (Figure 6C) and Nino34 (Figure 6F), except for a few regions through- 300
out the domain that show a positive correlation (e.g., South China for Nino34). For the AO 301
(Figure 6B) and the NAO (figure 6E), the patterns are very similar, with some regions in 302
China having positive correlations (greater than 0.2) and some regions in North China 303
and in India having negative correlations (as low as -0.3). For the IOD (Figure 6D), there 304
is broad region through India and western China (and through the Himalayan Mountain 305
range) that has a positive correlation (up to 0.3). 306

DJF : Total Precipitation (PRECTOT) and Modes of Variability

" A MERRA-2 - Prec [mm/day] .

C Eurasian-Prec
-
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20
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70 7% 80 85 80 95 100 106 " 65 90 100

307
Figure 6. Wintertime (DJF) relationship between the various MoV explored in this study and total precipitation (PRECTOT). (a) 308
DJF PRECTOT from MERRA-2, with units [mm/day]. Correlation of DJF PRECTOT with (b) the AO, (c) the Eurasian teleconnec- 309
tion, (d) the IOD, (e) the NAO, and (f) Nino34 at each grid cell. Grids with less than 90% confidence are masked out. Red indicates 310
a positive correlation and blue depicts negative correlation. 311

Figure 7A shows information on mean summertime PRECTOT in HMA, with much 312
higher precipitation rates shown in the domain compared to the wintertime, mostly due 313
to the impacts of the Indian Summer Monsoon. Some regions in the Indian Subcontinent 314
experience precipitation rates higher than 10 mm/day in the summer (Figure 7A), with 315
many other parts of the domain seeing rates as high as 5 mm/day. When estimating the 316
relationship of summertime PRECTOT with the MoV, most relationships are significantly 317
negative, such as that with the Eurasian teleconnection (Figure 7C) which has a negative 318
correlation pattern in most of western China and in the Himalayas (as low as -0.4). The 319
other indices have many smaller regions with negative correlation patterns, such as the 320
NAO (Figure 7E) and Nino34 (Figure 7F). There are also small positive correlation pat- 321
terns seen for the AO (Figure 7B) in India (higher than 0.2) and for the IOD (Figure 7D) in 322
Bangladesh (higher than 0.3). 323
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Figure 7. Like Figure 6, but for summertime (JJA) total precipitation (PRECTOT). Note: The maximum value of PRECTOT in Figure

7A is just over 10 mm/day.

3.4. Correlating modes of climate variability with fractional snow cover area (fSCA)

Figures 8 and 9 display the results for the fSCA over the HMA region. In Figure 8A,
information on mean wintertime fSCA data is shown, and regions with high elevation are
shown to have noticeable fSCA values, with regions of high topographic variability (e.g.,
Hindu Kush and Karakoram) exhibiting the highest fSCA values (e.g., greater than 0.35
and in some locations up to 1). When determining the correlation in each grid cell to each
MoV, no noticeable regions emerge as having a significant relationship with the Eurasian
teleconnection (Figure 8C), except for small regions of positive correlation, e.g., northwest
part of the domain (higher than 0.2). For the other indices, many regions of positive cor-
relations are shown, such as for the IOD (Figure 8D) in the Himalayas and Central China
(higher than 0.3) and other various regions for the AO (Figure 8B), NAO (Figure 8E), and
Nino34 (Figure 8F), such as in China (higher than 0.4).

Figure 9A shows information on mean summertime fSCA in HMA, with much lower
snow cover shown in the domain compared to the wintertime, mostly due to higher tem-
peratures experienced in the summer. Some regions in the Himalayas and Inner Tibetan
Plateau experience fSCA higher than 0.02 in the summer (Figure 9A), with the remainder
of the domain seeing close to 0 snow cover area. When estimating the relationship of sum-
mertime fSCA with the MoV, no noticeable regions emerge as potentially having a signif-
icant relationship with the AO (Figure 9B) or the NAO (Figure 9E), except for the AO
which has a small region of negative correlation in the Hindu Kush region (lower than -
0.2). The Eurasian teleconnection (Figure 9C) has different regions of negative correlation
(as low as -0.2), such as in the Himalayas and the Karakoram, and a region of positive
correlation (higher than 0.2) near Central China. For the IOD (Figure 9D) and Nino34 (Fig-
ure 9F), there are some regions with positive correlation (as high as 0.3) throughout HMA,
such as the Himalayas for the IOD and the Karakoram for Nino34.
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Figure 9. Like Figure 8, but for summertime (JJA) fractional snow cover area (fSCA).
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Figure 8. Wintertime (DJF) relationship between the various MoV explored in this study and fractional snow cover area (fSCA). (a)

DJF fSCA from MERRA-2, with no units [-]. Correlation of DJF fSCA with (b) the AO, (c) the Eurasian teleconnection, (d) the IOD,
(e) the NAO, and (f) Nino34 at each grid cell. Grids with less than 90% confidence are masked out. Red indicates a positive correlation
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3.5. Time-lagged cross-correlation of MoV's with climate variables

Figure 10 shows the results from the time-lagged cross-correlation analysis of the MoVs
with the spatially averaged climate variable timelines during the winter (DJF) months.
These figures show the strength of the signal at each time-window. A peak in the nega-
tive time-lag can indicate that knowing the MoV can help predict the climate variable,
whereas a peak in the positive time-lag can indicate that knowing the climate variable
can help predict the MoV. For T2M during the winter (Figure 10 A-E), the lagged cross-
correlation with the AO, Eurasian, and Nino34 data did not show any strong correla-
tions, whereas for the IOD and the NAO there is a low-to-moderate correlation, with a
peak of ~0.15 at the 0-month mark. Similar patterns can be seen for the relationships of
the MoV with wintertime precipitation (Figure 10 F-J) and snow cover (Figure 10 K-O),
with peak correlations of ~0.2 at the 0-month mark. This positive lagged cross-correla-
tion between the IOD and NAO and the climate variables can indicate that higher T2M,
PRECTOT, and fSCA can be expected on average in the HMA region whenever the IOD
and the NAO are in the positive phases in the winter. These results reinforce those
shown in Figures 6 and 8.
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Figure 10. Winter (DJF) time-lag cross-correlation plots for each MoV and climate variable pair. The spatial means of
the climate variables were taken at each time step and used for this analysis. At a time lag of 0, the value shows the
lagged cross-correlation between the MoV and the climate variable at the same time steps (0 lag). For negative time lags,
the value shows the lagged cross-correlation between the MoV prior to the timestep of the climate variable (e.g. lagged
cross-correlation between AO at time f and T2M at time t+lag). For positive time lags, the value shows the lagged cross-
correlation between the MoV after the timestep of the climate variable (e.g. lagged cross-correlation between AO at time
t+lag and T2M at time t). The maximum time lag analyzed in this plot is 6 months.
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Figure 11 shows the results from the time-lagged cross-correlation analysis of the MoVs
with the spatially averaged climate variable timelines during the summer (JJA) months.
In the summertime (Figure 11) there seems to be more predictability than for the winter
(Figure 10). For T2M during the summer (Figure 11 A-E), the lagged cross-correlation
with the AQ, Eurasian teleconnection, and the NAO had negative relationships, whereas
the correlations with the IOD and the Nino34 had positive relationships, with peaks at
the 0-month mark of nearly -0.2 and +0.2 respectively. Very similar results can be seen
for summertime precipitation (Figure 11 F-J) and snow cover (Figure 11 K-O). This posi-
tive lagged cross-correlation between the IOD and Nino34 and the climate variables can
indicate that higher T2M, PRECTOT, and fSCA can be expected on average in the HMA
region whenever the IOD and the Nino34 are in the positive phases in the summer. The
opposite can be expected for the AO, Eurasian teleconnection, and the NAO, where
lower T2M, PRECTOT, and fSCA can be expected on average in the HMA region when-
ever these MoVs are positive in the summer. These results reinforce those shown in Fig-
ures 5, 7, and 9.
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Figure 11. Same as in Figure 10, but for summer (JJA) time-lag cross-correlation results.

4. Discussion

4.1. Implications of evident correlations between MoVs and climate in HMA

In this section, we aim to answer some of the questions regarding the search for evi-

dence that shows relationships between the considered MoVs and climate variables in
HMA. If any relationships exist, this work also searches for specific regions that exhibit
significant correlations. If this is found, we aim to explore the implications of these rela-
tionships for both scientific understanding as well as for predictability.
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To this end, there are some obvious patterns and relationships that emerge. For ex- 414
ample, Figure 4 shows the relationship between wintertime T2M and the MoVs explored 415
in this study, and the mountain ranges just north of Afghanistan, also known as the Kara- 416
koram and Hindu Kush regions, show a significant negative correlation for the AO (Fig- 417
ure 4B), the Eurasian teleconnection (Figure 4C), and the NAO (Figure 4E). This is also 418
shown for a large region in Central China and Eastern India for the Eurasian teleconnec- 419
tion. This implies that when either the AO, the Eurasian teleconnection, or the NAO are 420
in the positive phase of their oscillation, that colder temperatures can be expected in these 421
regions of HMA in the winter. As for summertime T2M, a similar finding can be seen in 422
Figure 5C, which shows a significant negative correlation with the Eurasian teleconnec- 423
tion in the Inner Tibetan Plateau and Central and Southern China, but a significant posi- 424
tive correlation in Northwest China. This finding suggests that when the Eurasian tele- 425
connection is in the positive (negative) phase of its oscillation, that colder temperatures 426
can be expected in the Inner Tibetan Plateau and Central China (Northwestern China) in 427
the summer. 428

For exploring relationships between MoV and wintertime precipitation in HMA, Fig- 429
ure 6 shows that there are some regions that have a significant positive correlation with 430
the IOD (Figure 6D), such as in India, the Himalayas, and the Inner Tibet Plateau. Further- 431
more, the remaining MoV also have a positive correlation with wintertime precipitation 432
in various regions, especially some regions within China for the AO (Figure 6B) and the 433
NAO (Figure 6E). In India, however, there is a region that shows a negative correlation 434
with the AO and the NAO. These results imply that when any of the MoV are in the pos- 435
itive phase of their oscillation, especially the IOD, that wetter conditions can be expected 436
in most of the HMA region in the winter. For summertime precipitation (Figure 7), there 437
are mostly negative correlations with the MoV, especially the Eurasian teleconnection 438
(Figure 7C). This indicates that when the MoV are in their positive phase in the summer, 439
drier conditions can be expected in different parts of HMA. The exception here is shown 440
in the Indian subcontinent, where summertime PRECTOT has a significant positive cor- 441
relation with the AO (Figure 7B) and the 10D (Figure 7D). 442

As for the relationships between MoV and wintertime fSCA in HMA, Figure 8 shows 443
evidence of similar relationships as those shown for wintertime precipitation from Figure 444
6. That is, some regions have a significant positive correlation with the IOD (Figure 8D), 445
such as in the Himalayas and the Inner Tibet Plateau, and the remaining MoV also havea 446
positive correlation with wintertime fSCA in various regions, especially some regions in 447
the Karakoram and within China for the AO (Figure 8B), Eurasian teleconnection (Figure 448
8C), the NAO (Figure 8E), and Nino34 (Figure 8F). These results highlight similar patterns 449
as wintertime precipitation, which imply that when any of the MoV are in the positive 450
phase of their oscillation, especially the IOD, that more snow cover can be expected in 451
most of the HMA region in the winter. For the summertime fSCA (Figure 9) in HMA, there 452
are rare clear relationships that emerge in our study that exhibit any patterns or significant 453
correlations, except for the Eurasian teleconnection (Figure 9C) which shows a negative 454
correlation in the Himalayas, and the IOD (Figure 9D) and Nino34 (Figure 9F) which show 455
a positive correlation in some parts of HMA, indicating there could be some predictability 456
of summertime snow cover in these regions associated with the Eurasian teleconnection, 457
the IOD, or Nino34. 458

4.2. Connecting results to previous findings and underlying physcial mechanisms 459

When the AO is strongly positive, a strong mid-latitude jet stream steers storms 460
northward, reducing cold air outbreaks in the mid-latitudes [21]. This is confirmed with 461
our results in Figure 2B and 3B, which show a northward shift of a positive correlation 462
pattern between the AO and z250 between winter and summer over Europe. Figures 4B 463
and 6B also confirm this, with regions in the northern most part of the domain showing a 464
positive correlation between the AO and wintertime temperature and negative correlation 465
with precipitation. This could be explained because the AO is characterized by non- 466
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seasonal sea-level pressure anomalies of one sign in the Arctic, balanced by anomalies of 467
opposite sign centered at about 37-45° N [21]. When the AO index is positive, surface 468
pressure is high in the polar region. This helps the middle latitude jet stream to blow 469
strongly and consistently from west to east, thus keeping cold Arctic air locked in the 470
polar region. When the AO index is negative, there tends to be low pressure in the polar 471
region, weaker zonal winds, and greater movement of frigid polar air into middle lati- 472
tudes [21]. 473

For the Eurasian teleconnection, results in Figures 5C, 7C, and 9C show a positive 474
correlation with temperatures and a negative correlation with precipitation and snow 475
cover in the summer in Western China, near the Hindu Kush and Karakoram. Therefore, 476
in this region, we find that the positive phase of the Eurasian teleconnection may cause 477
higher temperatures as well as less rainfall which results in less overall snow cover in the 478
summer. These results reinforce previous findings that state the Eurasian teleconnection 479
explains up to 20% of the interannual variance of surface temperature over East Asia, and 480
the positive phase of the Eurasian teleconnection produces less precipitation over East 481
and Central Asia [22]. 482

When the IOD is in the positive phase, sea-surface temperatures and precipitation in 483
the western Indian Ocean region are higher than normal, with a corresponding cooling of ~ 484
waters in the eastern Indian Ocean [24]. When the IOD is in the negative phase the oppo- 485
site conditions occur, with warmer water and greater precipitation in the eastern Indian 486
Ocean, and cooler and drier conditions in the west. Our results extend on this understand- 487
ing of the IOD’s impact on weather and climate in HMA, and Figures 4D, 6D, and 8D 488
indicate that when the IOD is in the positive phase there are lower temperatures as well ~ 489
as higher precipitation rates which result in higher snow cover area in HMA in the winter. 490

For the NAO, like the AQ, a positive phase can cause mid-latitude jet streams to shift 491
northward, reducing precipitation rates and decreasing cold air outbreaks which in turn 492
causes higher temperatures. Our results show that a positive NAO phase in the winter 493
can result in lower temperatures over some parts of HMA, such as the Hindu Kush region 494
(Figure 4E), and a positive phase in the summer can result in higher temperatures and 495
lower precipitation rates in this region (Figures 5E and 7E), which can lead to lower snow 4%
cover (Figure 9E) in this region. This can be explained by the fact that Westerly winds 497
blowing across the Atlantic bring moist air into Europe, and in the years when westerlies 498
are strong the summers are cooler, winters are mild, and rain is frequent [32]. If westerlies 499
are suppressed, the temperature is more extreme in summer and winter leading to heat 500
waves, deep freezes, and reduced rainfall. However, these correlations for the NAO are 501
generally higher for regions in Europe [32] compared to the results reported here for the 502
HMA region. 503

A positive Nino34, or the El Nifio phase, coincides with colder temperatures in the 504
southeast and warmer temperatures in the northwest parts of the domain in the winter 505
(Figure 4F), and can be related to warmer conditions over India and cooler conditions in 506
the Karakoram and Inner Tibetan Plateau in the summer (Figure 5F). Our results show 507
evidence that during the El Nifio phase wetter conditions can be expected in the winter 508
(Figure 6F) which can result in more snow cover (Figure 8F), and drier conditions are 509
expected in the summer (Figure 7F), yet with higher amounts of snow cover (Figure 9F), 510
which could be due to the cooler temperatures (Figure 5F), which could result in more 511
precipitation falling as snow or less overall snowmelt. Our results match those reported 512
in [2], who showed that the positive phases of Nino34 have been shown to increase pre- 513
cipitation in western Himalaya during the winter, attributed to increased convergence 514
over Southeastern Asia due to increased subsidence over the maritime continent [33,34]. 515
Furthermore, [35] explains that increased precipitation in Central Southwest Asia during 516
winter season El Nifio years is mainly attributed to a deepened trough over Central South- 517
west Asia with cyclonic circulation that enhances southwesterly flow and moist air advec- 518
tion from the Indian Ocean basin into Central Southwest Asia. 519
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In a broader context, [33] found that the interannual variability of precipitation in 520
Northwest India is influenced by the AO, the NAO, and the Nino34 modes, and reported 521
that wetter conditions are associated with the positive phase of AO/NAO and the warm 522
phase of Nino34, which match the findings in our study shown for the winter (e.g., Figure 523
6B, 6E, and 6F). Their study also reported a physical mechanism for such effect, by which 524
western disturbances are intensified over northwest India by the intensification of the 525
Asian westerly jet stream over the Middle East during the positive phase of AO/NAO and 526
shift and intensification of the Asian jet to the lower latitudes during the warm phase of 527
Nino34. Furthermore, [16] reported high correlations in December between the IOD and 528
Nino34 and snow depth, which match the results we find here for snow cover (Figures 8D 529
and 8F). 530

4.3. Potential sources of predictability 531

The results shown here do hint at relationships in the Earth’s climate system that can 532
offer some sources of predictability, and a deeper look into the results may provide addi- 533
tional details. For example, the impact of the Eurasian teleconnection is emphasized in 534
Figures 2C and 3C, which seem to provide some clue to explain the correlations of HMA 535
temperature and precipitation for both seasons. When the Eurasian teleconnection is in 536
positive phase, southwesterlies over the western side of HMA and northwesterlies over 537
the eastern side of HMA can be expected in winter (Figure 2C) and anticyclonic circulation 538
is feasible in summer (Figure 3C). This pattern can lead to warmer conditions over the 539
western side and cooler condition over the eastern side of HMA in both seasons, con- 540
sistent with Figure 4C and 5C. This pattern (i.e., Figure 2C and 3C) may not have a clear 541
effect on precipitation in winter, but the negative effect on precipitation is possible in sum- 542
mer due to the anticyclonic circulation cell, matching well with Figure 6C and 7C. 543

Another method that is implemented in this study to gain insight on predictability is = 544
the lag of the period in which the lagged cross-correlations were made (Figures 10 and 545
11). In the results shown in Figures 2-9, correlations were estimated from the same months 546
the data were obtained in (e.g., DJF AO correlated with DJF T2M, or JJA 10D with JJA 547
fSCA). These results represented spatial variability of the correlation maps, but the tem- 548
poral relationships were constrained to those in the same months. However, modes of 549
climate variability can impact weather patterns after many months or years later, or the 550
alternative can happen where the state of the climate system may impact modes of climate 551
variability many months later. For example, the development of a strong El Nifo (i.e,, 552
strongly positive Nino34 index) can be accompanied with wet or dry conditions in various 553
places of the globe several months later [20]. Or conversely, it is speculated that the state 554
of the snow cover extent in HMA can affect the formation of MoVs by accelerating or 555
delaying their oscillations and their magnitudes. For instance, it has been shown that the 556
amount of Tibetan winter snow can impact the Asian summer monsoon and rainfall, 557
where in low snow years there is high rainfall over south and southeast Asia, and in heavy 558
snow years the opposite occurs [17]. Hence, the time-lagged cross-correlation analysis 559
shown in Figures 10 and 11 can provide some details regarding predictability on different 560
time scales. 561

Although these time-lagged cross-correlations considered different temporal win- 562
dows of correlation, the spatial characteristics of that analysis was restricted to cover the 563
spatially averaged dynamics of the climate variables seen for the whole HMA domain. So 564
future studies can utilize time lags in the investigation of the lagged cross-correlations 565
between different MoV and climate in HMA for specific regions of HMA. This more de- 566
fined spatiotemporal analysis may shed some light on predictability of climate variables 567
many months ahead of time and for specific regions within HMA and can potentially offer 568
some clues on the different sources of predictability that exist in Earth’s climate system, 569
especially pertaining to the HMA region. For example, the Eurasian teleconnection hasa 570
well-defined relationship with wintertime temperature and precipitation in specific re- 571
gions, and there is a clear signal in the relationship between the IOD and wintertime 572
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precipitation and snow cover in specific regions of HMA. Information from these specific 573
regions can be extracted for a more refined test using the lag-correlation analysis exam- 574
ined in this study, and a higher level of predictability can potentially be identified that 575
relates these MoV to the climate variables at precise time lags and for specific locations. 576

4.4. Caveats of current study 577

The dynamics investigated in the data here can allow us to understand how telecon- 578
nections in the Earth system affect climate variables throughout the globe on the monthly 579
time scale, which allows us to probe the limits of predictability that can be relevant for 580
525 forecasting. Future studies can look at how teleconnections in the Earth system affect 581
climate variables throughout the globe on different time scales, such as days or years, 582
which can be beneficial for weather forecasting or climate studies, respectively. Further- 583
more, future investigations can consider different climate variables that may have an im- 584
pact on conditions characteristic to or associated with specific weather events, such as 585
humidity and soil moisture for droughts and heat waves, or wind speed and direction 586
associated with winter storms. 587

Spatially, the results presented here cover the broad HMA region. Figures 2-9 show 588
correlation results spatially, which allows one to understand the relationship between 589
MoVs and climate variables for each grid cell. However, Figures 10 and 11 shows lagged 590
cross-correlation results for spatially averaged climate variable dynamics. It is assumed 591
that considering more local regions for the lagged cross-correlation analysis in Figures 10 592
and 11 may generate stronger signals that show more robust relationships between the 593
MoVs and climate variables in specific domains within HMA. 594

An important factor in our study is the use of MERRA-2 data, which has been shown 595
to have potential biases in temperature, precipitation, and snow cover for HMA [36,37,18]. 59
We hypothesize that using other reanalysis data in this investigation, such as ERA5, 597
would result in similar findings [38]. However, other data sources, such as model data or 598
information from remote sensing can still present their own issues like resolution and data 599
consistency and completeness. The benefit of using MERRA-2 is that it offers a systematic 600
and consistent source of information for the climate variables investigated in this study. 601
Future work on this topic can incorporate different streams of data to have a more thor- 602
ough investigation into each climate variable and its relationship with the different MoV 603
in this study. 604

Another caveat in this study relates to the regions within HMA that have persistent 605
as well as ephemeral snow cover. Variability in fSCA will only be in the ephemeral re- 606
gions, which for the most part won’t have snow in JJA. Therefore, much of the results in 607
Figures 8-9 are subject to this caveat, and any relationships of fSCA with MoV may be 608
diminished because of this lack of variability in fSCA. However, the first-order correla- 609
tions of fSCA with the MoV considered here are still presented and discussed in this paper 610
for completeness. An alternative to using snow cover information (fSCA) could be to use 611
Snow Water Equivalent (SWE), however from investigations done outside of this paper 612
we found that the correlations of fSCA and SWE with different MoVs were nearly identi- 613
cal. For this reason, we chose to use the fSCA variable. 614

Lastly, an important caveat in this study is the assumption that there has not been 615
any temporal changes or trends in the strength of the MoV or in the dynamics of the cli- 616
mate data. In other words, this study assumes that the long-term MoV dynamics and their 617
impact on subsequent climate variables are stationary. There might not be enough years 618
in the data to thoroughly test for this assumption. Therefore, the results presented in this 619
paper implicitly assume stationarity in time for the MoV and the climate data. 620

5. Conclusions 621

This study explored the relationships between various modes of climate variability 622
and climate variables in the HMA region for the winter and summer seasons. We found 623
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that the correlation patterns between the MoV and z250 remain mostly unchanged be- 624

tween winter and summer for most climate variables considered. 625
5.1. Summary of results for individual climate variables 626
- MoVs and Temperature: 627

Between the MoV and T2M, we found that when either the AO, the Eurasian teleconnec- 628
tion, or the NAO are in the positive phase of their oscillation, that colder temperatures can 629
be expected in the Karakoram and Hindu Kush regions in the winter. Furthermore, when 630
the Eurasian teleconnection is in the positive (negative) phase of its oscillation, that colder 631
temperatures can be expected in the Inner Tibetan Plateau and Central China (Northwest- 632
ern China) in the summer. 633
- MoVs and Precipitation: 634
Between the MoV and PRECTOT, we found that when any of the MoV are in the positive 635
phase of their oscillation, especially the IOD, that wetter conditions can be expected in 636
most of the HMA region (except for the Indian subcontinent) in the winter. For summer- 637
time precipitation, we found that when the MoV are in their positive phase in the summer, 638
drier conditions can be expected in different parts of HMA (again except for the Indian 639
subcontinent). 640
- MoVs and Snow cover: 641
Between the MoV and fSCA, like precipitation, we found that when any of the MoV are 642
in the positive phase of their oscillation, especially the IOD, that more snow cover can be 643
expected in most of the HMA region in the winter. As for summertime fSCA, no clear 644
relationships emerge in our study that exhibit any patterns or significant correlations, ex- 645
cept for some predictability of summertime snow cover in the Himalayas and Karakoram 646

associated with the Eurasian teleconnection, the IOD, or Nino34. 647
5.2. Summary of results for individual MoVs 648
- Arctic Oscillation (AO): 649

We also showed that the AO and NAO generally show very similar correlation patterns 650
for all climate variables, especially in the winter. More specifically, we found that when 651
the AO is strongly positive, there is a northward shift of a positive correlation pattern 652
between the AO and z250 between winter and summer over Europe, and a positive cor- 653
relation between the AO and wintertime temperature and negative correlation with pre- 654
cipitation. 655
- North Atlantic Oscillation (NAO): 656
As for the NAO, a positive NAO phase in the winter can result in lower temperatures over 657
some parts of HMA, such as the Hindu Kush region, and a positive phase in the summer 658
can result in higher temperatures and lower precipitation rates, which can lead to lower 659
snow cover in this region. 660
- Eurasian teleconnection: 661
We found that the positive phase of the Eurasian teleconnection may cause higher tem- 662
peratures as well as less rainfall which results in less overall snow cover in the summer. 663
Furthermore, the positive phase of the Eurasian teleconnection may cause lower temper- 664
atures in the winter. 665
- Indian Ocean Dipole (I0OD): 666
For the IOD, we found that when the IOD is in the positive phase there are lower temper- 667
atures as well as higher precipitation rates which result in higher snow cover areain HMA 668
in the winter. 669
- El Nifio Southern Oscillation (Nino34) 670
Lastly, we found that a positive Nino34, or the El Nifio phase, coincides with colder tem- 671
peratures in the southeast and warmer temperatures in the northwest parts of the domain, 672
and can be related to warmer conditions over India and cooler conditions in the Karako- 673
ram and Inner Tibetan Plateau in the summer. During the El Nifo phase, wetter 674
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conditions can be expected in the winter which can result in more snow cover, and drier 675
conditions are expected in the summer, yet with higher amounts of snow cover, which 676
could be due to the cooler temperatures. 677

5.3. Closing thoughts 678

We also investigated the effect of time-lag on the cross-correlation, since MoVs can 679
impact weather patterns after many months later, or alternatively, the state of the climate 680
system may impact MoVs many months later. Our discussion aimed to explore some of 681
the physical mechanisms that explain the results reported here and tried to connect our 682
findings to the broader literature. Our results helped highlight specific regions within 683
HMA or specific time-windows that experience a correlation between climate and differ- 684
ent modes of variability and shed light on future areas of research that can uncover fun- 685
damental scientific understanding of these phenomena with the aim of potentially finding 686
different sources of predictability in the Earth system. 687
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