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ABSTRACT
Observational studies link a persistent dipole of autumn and winter snow cover anomalies over the Tibetan
Plateau (TP) and Mongolia with winter Pacific–North American (PNA)-like atmospheric variations. This
study investigates atmospheric responses to such snow forcings using multiple ensemble transient integrations
of the CAM4 and CLM4.0 models. Model boundary conditions are based on climatological sea ice extent and
sea surface temperature, and satellite observations of snow cover extent (SCE) and snow water equivalent
(SWE) over the TP and Mongolia from October to March in 1997/98 (heavy TP and light Mongolia snow) and
1984/85 (light TP and heavy Mongolia snow), with model-derived SCE and SWE elsewhere. In various forcing
experiments, the ensemble-mean difference between simulations with these two extreme snow states identifies local, distant, concurrent, and delayed climatic responses. The main atmospheric responses to a dipole of
high TP and low Mongolia SCE persisting from October to March (versus the opposite extreme) are strong TP
surface cooling, warming in the surrounding China and Mongolia region, and a winter positive PNA-like
response. The localized response is maintained by persistent diabatic cooling or heating, and the remote PNA
response results mainly from the increased horizontal eastward propagation of stationary Rossby wave energy
due to persistent TP snow forcing and also a winter transient eddy feedback mechanism. With a less persistent
dipole anomaly in autumn or winter only, local responses are similar depending on the specific anomalies, but
the winter PNA-like response is nearly absent or noticeably reduced.

1. Introduction
Previous studies indicate that extensive and persistent
snow cover anomalies not only affect local atmospheric
conditions, but also influence large-scale atmospheric
variability. Observational studies (e.g., Cohen and
Entekhabi 1999; Saito et al. 2001) have linked autumn
positive snow cover extent (SCE) anomalies in Siberia
with following winter negative Arctic Oscillation (AO)
and North Atlantic Oscillation (NAO) (Thompson
and Wallace 1998) variations. This relationship has
been confirmed through numerical modeling (e.g.,
Gong et al. 2002, 2003, 2004; Fletcher et al. 2009; Smith
et al. 2010; Allen and Zender 2010). The link between
Corresponding author: Prof. Qigang Wu, qigangwu@nju.edu.cn

autumn Siberian SCE and the AO/NAO involves a
troposphere–stratosphere coupling mechanism in both
space and time (Cohen et al. 2007; Smith et al. 2010,
2011; Cohen et al. 2014). The extensive Siberian SCE
in October generates a persistent Rossby wave train
vertically propagating into the stratosphere (Cohen
et al. 2007; Hardiman et al. 2008). By December, the
Siberian high is enhanced sufficiently that the Rossby
wave train linearly interferes constructively with the
Northern Hemisphere (NH) climatological stationary
wave, which weakens the stratospheric polar vortex
(Smith et al. 2010, 2011) and often causes a stratospheric warming event. The stratospheric warming
causes anomalies propagating into the troposphere
typically in January and February, resembling a negative
AO/NAO, and favoring severe cold outbreaks into
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eastern North America and western Europe (Cohen
et al. 2007, 2014). Statistical seasonal models have produced improved winter forecasts in regions where the
influence of AO/NAO is strong by including autumn
Siberia snow cover as a leading indicator (Cohen and
Fletcher 2007; Cohen and Jones 2011).
There is also some observational and modeling evidence that autumn and/or winter Eurasian snow cover
influences large-scale atmospheric circulation over Asia
and the North Pacific. A deepened Aleutian low is associated with extension of winter–spring Eurasian snow
cover in early modeling studies (Walsh and Ross 1988;
Yasunari et al. 1991; Walland and Simmonds 1996).
Extensive East Asian snow cover in winter is associated
with a stronger East Asian jet and also negative height
anomalies over the North Pacific in observations (Clark
and Serreze 2000). In a recent numerical modeling study
using satellite-based Eurasian SCE from 1979 to 2000
(Orsolini and Kvamstø 2009), variability in autumn–
early winter snow cover extent over eastern Eurasia
causes circulation anomalies over the North Pacific and
the North Atlantic in winter through the development of
the Aleutian–Icelandic low seesaw teleconnection, a
Pacific–North American (PNA)-like pattern with a
strong eastward extension toward Europe (Honda and
Nakamura 2001; Orsolini et al. 2008). Our previous
study (Wu et al. 2011) identifies a characteristic dipole of
persistent autumn to early winter positive SCE anomalies in the Tibetan Plateau (TP) and negative anomalies
in Mongolia linked to a cold ocean–warm land (COWL)
pattern, a winter hemispheric-scale variability (Broccoli
et al. 1998; Wu and Straus 2004a,b) with both PNA and
east Atlantic (EA) teleconnection features (Wallace
and Gutzler 1981). Similarly, another empirical study by
Lin and Wu (2011) also suggests that enhanced autumn
TP SCE may induce a positive winter PNA pattern that
provides a new predictability source for North American winter temperature. Mote and Kutney (2012)
conduct a principal component (PC) analysis of autumn
Eurasian snow cover frequency and find that the fifth PC
(PC5) involves snow cover in the TP and northeastern
China and is positively correlated with the PNA index,
with positive autumn snow cover anomalies across the
eastern TP associated with higher temperatures in the
Great Basin and eastern Canada.
Overall, most of the cited studies above suggest that
autumn and/or winter East Asian snow cover anomalies
(in particular over the TP region) can have significant
climate impacts over North America and Europe by
inducing large changes in downstream atmospheric circulation features such as the PNA pattern, the Aleutian
low, or the east Atlantic teleconnection over the North
Atlantic–European sector. The main purpose of this
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study is to model atmospheric responses to satellitebased joint or separate TP and Mongolia snow forcing in
autumn and winter to explain observational findings in
Wu et al. (2011), Lin and Wu (2011), and Mote and
Kutney (2012). We investigate how the NH atmospheric
response to TP and Mongolia SCE anomalies grows and
is maintained from autumn to winter. Storm track
feedbacks are suggested as possible mechanisms for the
PNA response to East Asian snow anomalies in observational studies (Clark and Serreze 2000; Wu et al.
2011). We examine dynamic aspects of the atmospheric
response to TP and Mongolia SCE anomalies in this
modeling study. The paper is organized as follows.
Section 2 describes model experiments including data
sources, section 3 presents results including sensitivity
analyses, and section 4 summarizes conclusions.

2. Modeling experiments and analysis methods
Idealized model experiments are forced with realistic
TP and Mongolia snow cover obtained from two observational datasets with a common period from November 1978 to May 2007. The first dataset is the
Northern Hemisphere Equal-Area Scalable Earth
(EASE)-Grid 2.0 weekly snow cover and sea ice extent,
version 4 (Brodzik and Armstrong 2013, updated 2014),
derived from several visible-band satellite instruments.
SCE and sea ice extent (SIE) are simply binary variables
of the presence or absence of snow cover in a land cell or
sea ice .15% in an ocean cell. Weekly SCE in a grid box
is the percentage of all pixels with snow cover. The
second dataset used is global monthly EASE-Grid snow
water equivalent climatology, version 1 (Armstrong
et al. 2005), which contains monthly average snow water
equivalent (SWE) derived from several microwave
instruments.
Figures 1 and 2 show two (from the 29 available)
autumn–winter (October–March) periods chosen for
model forcing, including 1997/98 with persistent high
SCE and SWE over the TP (referred to as ‘‘extensive
snow’’ or SNOW97), and 1984/85 with persistent low
SCE and SWE (‘‘limited snow’’ or SNOW84). Both
figures show dipoles of generally opposite and persistent
anomalies over the TP and Mongolia regions from
October to March, as seen in 1997/98 minus 1984/85
difference maps (right panels of Figs. 1 and 2). The
dipole-like snow anomalies are a characteristic autumn
and winter variation in East Asia. Over ‘‘core’’ areas
of each region, SCE (SWE) differences are greater
than 40% (50 mm) in December–March (DJFM). By
applying a lagged maximum covariance analysis (MCA)
to monthly satellite-derived SCE and NCEP reanalysis
data, Wu et al. (2011) show that the dipole-like snow
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FIG. 1. Historical monthly SCE (%) from October to March in (left) 1997/98 and (center) 1984/85 (left color bar)
and (right) their difference (right color bar). The black outlines in the top-left panel show the TP block (bottom;
258–408N, 708–1058E) and the Mongolia block (top; 408–558N, 808–1158E).

forcing is linked to hemispheric PNA-like atmospheric
variations in winter (their Fig. 3).
These two years are also chosen because of their relatively large anomalies. Table 1 summarizes normalized
monthly area-averaged SCE and SWE over the TP and
Mongolia regions from October to March in 1984/85 and
1997/98. Climate averages and other statistics are areal
averages over the regions defined in Fig. 1 but include only

grid boxes with monthly climatological SCE . 5% or
SWE . 5 mm to avoid artificially inflated normalized
anomalies in areas where snow is almost always light.
In the TP region, averages of seasonal climatological
SCE (SWE) are 26% (14.50 mm) in October–November
(ON) and 32% (24.42 mm) in DJFM, and in Mongolia are
39% (14.90 mm) in ON and 74% (64.60 mm) in DJFM.
Because SCE ranges from 0% and 100% and SWE must
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FIG. 2. As in Fig. 1, but for monthly SWE (mm).

be $0 mm, both variables are not normally distributed,
especially in the TP based on histograms (not shown), and
since standard deviations are calculated here with the
usual formula, normalized anomalies are only subjectively interpreted below. Based on October–March SWE
anomalies in Table 1, the year 1997/98 has very heavy TP
snow and moderately light Mongolia snow, and 1984/85
has slightly below average TP snow and moderately heavy
Mongolia snow. The 1997/98 minus 1984/85 SCE and SWE
differences are sufficiently strong to investigate possible

impacts of the TP and Mongolia snow anomalies on the
hemispheric circulation. Since 1997/98 was an extreme El
Niño period, there is some concern that the snowfall extremes may have been associated with ENSO. We find that
the correlation between the Niño-3.4 index and the TP and
Mongolia SCE and SWE anomalies considered above is
no more than 0.4–0.5, indicating that ENSO has little
consistent effect on the TP and Mongolia snowfall.
To simulate the climatic effects of prescribed changes
in terrestrial snow cover, we have conducted simulations

Unauthenticated | Downloaded 01/09/23 12:28 PM UTC

1 DECEMBER 2017

9439

LIU ET AL.

TABLE 1. Summary of normalized monthly area-averaged SCE and SWE anomalies (monthly area-averaged SCE and SWE anomalies
divided by the corresponding standard deviations) over the TP and Mongolia regions in 1997/98 and 1984/85, and the 1997/98 minus 1984/
85 difference (DIFF). The right column is the average of the October–March values. Each area-averaged anomaly is calculated using grid
points with climatological values of SCE . 0.05 (or 5%) or SWE . 5 mm. Boldface numbers indicate absolute values $1.70.

SCE

TP

Mongolia

SWE

TP

Mongolia

1984/85
1997/98
DIFF
1984/85
1997/98
DIFF
1984/85
1997/98
DIFF
1984/85
1997/98
DIFF

Oct

Nov

Dec

Jan

Feb

Mar

Avg

20.86
1.47
2.32
0.16
21.27
21.42
0.11
0.54
0.43
1.82
20.99
22.81

21.06
2.61
3.67
0.56
0.07
20.49
20.64
1.84
2.48
1.86
21.17
23.03

20.95
1.96
2.91
1.05
21.47
22.52
21.15
2.38
3.53
1.99
21.65
23.64

20.68
0.86
1.53
0.84
20.54
21.38
20.70
2.58
3.28
1.28
21.60
22.88

21.06
0.98
2.05
1.53
20.60
22.13
20.30
2.61
2.91
1.28
22.13
23.42

21.03
2.47
3.50
2.46
22.03
24.49
21.18
2.52
3.70
1.70
21.93
23.63

20.94
1.72
2.66
1.10
20.97
22.07
20.64
2.08
2.72
1.66
21.58
23.24

using the National Center for Atmospheric Research
(NCAR) Community Atmosphere Model, version 4
(CAM4), coupled to the Community Land Model, version 4.0 (CLM4.0), where the climatological sea surface
temperature (SST) and sea ice concentration (SIC)
are specified. CAM4 (Neale et al. 2013) and CLM4.0
(Oleson et al. 2010) have a horizontal resolution of
2.88 latitude and 2.88 longitude (T42 spectral truncation). As listed in Table 2, five experiments containing
two simulations (SNOW97 and SNOW84), with 110
ensemble runs in each simulation, are performed to
identify atmospheric responses to extensive and limited
snow winters. We find that a significant PNA signal is
simulated when the ensemble has at least 70–90 members, and the ensemble runs are fairly fast. Every model
run covers 1 October–31 March (in model experiments,
December is sometimes grouped with autumn and
sometimes with winter), and the 110 runs in an ensemble
are initialized with the CAM4 atmospheric state on
1 October of different years from a previous long CAM4
and CLM4.0 control run. In the control run and all
forced runs, CAM4 inputs of SST and SIC are repeating
climatological annual cycles. SNOW97 or SNOW84

values of SCE and SWE replace model values in the TP
and Mongolia blocks shown by black outlines in top-left
panels of Figs. 1 and 2 (the TP block is 258–408N, 708–
1058E, and the Mongolia block is 408–558N, 808–1158E,
totaling ;3.9% of the NH area), while model-derived
SCE and SWE are used elsewhere. The five experiments
are SNOW_total (snow anomalies prescribed in both
TP and Mongolia, and all months October–March),
SNOW_OND [anomalies prescribed only October–
December (OND) and model-derived snow conditions
used from January to March], SNOW_DJFM (anomalies prescribed DJFM and model-derived snow conditions used from October to November), SNOW_TP
(anomalies prescribed only in the TP from October to
March while model-derived snow conditions are used
over Mongolia), and SNOW_Mongolia (anomalies prescribed only in Mongolia from October to March while
model-derived snow conditions are used over the TP).
Each simulation uses the same 110 initializations, so each
SNOW97 and SNOW84 ensemble pair starts with identical atmospheric fields and the ensembles then diverge
gradually as a result of the different imposed snow
boundary conditions.

TABLE 2. Overview of model experiments. The first column assigns the name of each experiment. Each experiment includes two
separate simulations with the snow forcing region in the second column (TP only, Mongolia only, or both regions; all other grid boxes use
model-derived forcing), with the specified months when this forcing is applied in the third and fourth columns (SNOW97 and SNOW84).
In the last column, each experiment performs 110 SNOW97 and 110 SNOW84 ensemble runs. Each of the 110 ensemble runs is initialized
with the first 1 October time step from a different year of a long control run, and simulates through the next March.
Experiments

Snow forcing

SNOW97

SNOW84

No. of ensemble runs

SNOW_total
SNOW_OND
SNOW_DJFM
SNOW_TP
SNOW_Mongolia

TP and Mongolia
TP and Mongolia
TP and Mongolia
TP
Mongolia

Oct 1997–Mar 1998
Oct 1997–Dec 1997
Dec 1997–Mar 1998
Oct 1997–Mar 1998
Oct 1997–Mar 1998

Oct 1984–Mar 1985
Oct 1984–Dec 1984
Dec 1984–Mar 1985
Oct 1984–Mar 1985
Oct 1984–Mar 1985

110
110
110
110
110

Unauthenticated | Downloaded 01/09/23 12:28 PM UTC

9440

JOURNAL OF CLIMATE

At each time step CAM4 and CLM4.0 operate normally, with one exception. Snow falls or melts as usual,
which affects atmospheric latent heat, surface albedo,
and soil moisture. However, the computed snow state
(SCE and SWE) in the area specified in Table 2 is replaced by our prescribed SNOW97 or SNOW84 values
(interpolated to each model time step using weekly SCE
and monthly SWE), so energy and water are not
explicitly conserved. The total climate response is the
ensemble mean difference between extreme snow perturbation states, or SNOW97 minus SNOW84, and statistical significance is evaluated by the Student’s t test of
the difference between ensemble means.

3. Results
a. Transient and seasonal mean climate responses
The increased (or deficient) SCE and SWE forcing
first affects the atmosphere by changing surface energy
fluxes. Figure 3 shows modeled monthly ensemble mean
responses to the SNOW_total forcing in the surface radiative and turbulent fluxes from October to March. The
dominant effect is to increase the surface albedo over
the TP region (not shown), which is consistent with
previous studies (Gong et al. 2003; Fletcher et al. 2009;
Alexander et al. 2010) and persistently decreases net
surface shortwave radiation by .50 W m22 in the TP
region (Fig. 3, left), whereas net surface shortwave radiation gradually increases over Mongolia in winter.
Reduced or increased surface shortwave absorption
causes corresponding reduced or increased emitted
longwave radiation in the same area (Fig. 3, left center),
but longwave flux anomalies are only 20%–30% as large
as the shortwave anomalies. Turbulent flux reductions
from the surface of about 40 W m22 of sensible and latent heat approximately balance the shortwave deficit
(Fig. 3, right center and right), with sensible heat fluxes
generally exceeding latent heat fluxes as a result of
prescribed moderately dry climatological conditions
surrounding the TP and Mongolia regions.
Figures 4 and 5 show the development of ensemble
mean sea level pressure (SLP) and 500-hPa geopotential
height (Z500) responses in 15-day averages from October to March. As expected, the first 15-day period
shows a higher TP and lower Mongolian SLP response
with essentially random and small SLP responses elsewhere and weak Z500 responses everywhere. The local
SLP response gradually amplifies to a relatively constant
7 hPa above average over the TP from November to
March. In Z500, there is no consistent local (TP or
Mongolia) response, but there is a moderately consistent
barotropic positive Z500 (and especially SLP) anomaly
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over Europe from November to January. The most
consistent remote response is a barotropic negative SLP
and Z500 anomaly over the North Pacific, varying in
location and amplitude but with a center that is usually
statistically significant from December through March.
Because nonlocal responses are more consistent
starting in December, Fig. 6 compares the autumn (ON)
and winter (DJFM) responses in SLP, Z500, and surface
air temperature (SAT). During autumn (Figs. 6a–c),
SLP responses are significant only in the vicinity of the
TP–Mongolia snow forcing and over the Beaufort Sea,
while Z500 has weak patterns with few significant responses. SAT shows significant cooling over the TP
and warming over the surrounding region. In winter
(Figs. 6d–f), significant SLP and Z500 responses extend
beyond the TP and Mongolia forcing region throughout
much of the NH, with a large positive Z500 anomaly
from northeastern Eurasia eastward into northwestern
North America and westward to Europe, and large
negative anomalies from East Asia across the North
Pacific (maximum anomaly 230 m). While significant
winter SAT responses are found over northeastern
Russia and the North Pacific, few SAT responses exceed
60.58C except in and close to the TP–Mongolia forcing
region. Note in Figs. 6c,f that there are sharp gradients of
the ON and DJFM mean SAT responses to the stepwise
change in snow conditions between the TP and
Mongolia.
Figures 4–6 qualitatively demonstrate that realistic
TP–Mongolia snow forcing covering ,4% of the NH
can substantially modulate the winter atmospheric circulation over the Pacific and North America. When an
empirical orthogonal function (EOF) analysis is applied
to the DJFM mean Z500 for the North Pacific extratropics (208–858N, 1208W–1208E) based on the CAM4
control simulation, Fig. 7 shows that the first EOF
(EOF1) resembles the PNA pattern and the second
EOF (EOF2) resembles the west Pacific teleconnection
(WP; Wallace and Gutzler 1981) pattern, and EOF1 and
EOF2 explain approximately 55% of the total Z500
variance. The Z500 response to observed realistic TP
and Mongolia snow forcing in Fig. 6e strongly resembles
EOF1 with correlation 0.77 but also weakly resembles
EOF2 with correlation 0.39. Comparing the Z500
anomaly difference of the ‘‘date line dipole’’ (highlatitude positive center anomaly minus subtropical
negative center anomaly) resulting from specified TP–
Mongolia snow forcing (Fig. 6e) with similar centers
representing plus or minus one standard deviation of
PNA or WP patterns (Figs. 7a,b), the snow forcing response is about two-thirds as large as those defined PNA
or WP anomaly differences, with only minor differences
in locations of those positive and negative centers
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FIG. 3. Monthly responses (W m22) of (left)–(right) net shortwave radiation, net longwave radiation, sensible turbulent heat flux, and
latent turbulent heat flux. Each response is the ensemble mean difference between the two simulations, or SNOW97 minus SNOW84 (i.e.,
extensive TP snow minus limited TP snow) in the SNOW_total experiment. Statistical significance of the mean difference between these
two 110-member ensembles is determined using the Student’s t test (black dots indicate .95% statistical confidence level).

(however, Z500 anomalies outside the date line dipole
are much less similar to PNA or WP patterns). This
finding is consistent with our previous observational
study suggesting that a positive snow anomaly in the TP

and a negative anomaly in Mongolia can lead to a positive PNA response (Wu et al. 2011).
The average SCE differences over the TP in DJFM
between SNOW97 and SNOW84 are about 40% (Fig. 1,
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FIG. 4. Ensemble-mean SLP responses (SNOW_total experiment; SNOW97 minus SNOW84 ensemble average difference) for 15-day
averages over the course of the integration (the date above each panel is day 1 of the 15-day period). The contour interval is 0.5 hPa, with
solid (dashed) contours denoting positive (negative) values, and zero contours are omitted. Shading denotes values significant at the 95%
confidence level based on the two-sided Student’s t test.

right), and the largest North Pacific Z500 anomaly in
response to the dipole-like TP and Mongolia snow
forcing is about 230 m (Fig. 6e). In the MCA of satellitebased snow cover anomalies throughout Eurasia in Wu
et al. (2011, see their Fig. 3), the maximum snow cover
anomaly in Eurasia is about 15%–20% over the TP
with lags 22, 21, and 11 (months relative to January),
and the largest associated North Pacific Z500 anomaly
response in DJF also averages about 235 m. This
suggests that this study simulates PNA-like responses
that are a little smaller than the corresponding atmospheric signals in the MCA in Wu et al. (2011), but
this study does not simulate their east Atlantic teleconnection signal. Since the MCA maximizes the covariance, their maximum Z500 atmospheric response

may be overestimated. The difference between simulated and observed signals may also be due to the fact
that the ensemble averaging process filters out most
natural internal variability simulated by individual
runs.

b. Dynamic mechanism of the PNA response in
winter
Investigations of effects of eastern Asia or Siberia
snow cover anomalies, especially in autumn or early
winter, suggest that initial local radiative and thermodynamic responses influence transient weather systems
that characteristically perturb large-scale circulation
features, such as the stratospheric vortex or AO, to act
as a positive feedback that tends to prolong the snow
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FIG. 5. As in Fig. 4, but for Z500 responses with a 5-m contour interval.

anomalies (e.g., Clark and Serreze 2000; Gong et al.
2003; Cohen et al. 2007; Fletcher et al. 2009). To study
this hypothesis, vectors in Figs. 8a,f illustrate the seasonal mean response of horizontal components of
300-hPa stationary wave activity flux (WAF) as defined
in Plumb (1985). A 10-day low-pass filter is applied to
Z300 before the horizontal geostrophic velocities are
calculated. Wave propagation is clearly shown eastward
from the TP across the Pacific into North America in
autumn and winter, indicating that anomalously high TP
snow cover enhances climatological horizontal stationary WAF. This verifies that a major source of the NH
winter mean stationary wave activity is the TP region
(Plumb 1985). As with other responses such as shown in
Fig. 6, the North Pacific WAF is most intense and extensive in winter. In accordance with the WAF definition, the source of the strong WAF in the region of the
North Pacific midlatitude jet and storm track, and the

associated winter 300-hPa geopotential height (Z300)
and Z500 responses (plotted as contours in Figs. 8f
and 6e, respectively), appears to be interaction with
transient eddies.
Figure 8h shows DJFM ensemble-averaged changes
in eddy kinetic energy (EKE), or storm track changes
due to snow forcing. EKE is defined as deviations of the
300-hPa horizontal wind speed (u02 1 y 02 )/2 associated
with 2–8-day filtered fluctuations, where u and y are
zonal and meridional wind components, respectively,
the overbar is the time average, and primes denote deviations from the corresponding time mean quantities.
Snow forcing shifts the midlatitude storm track south
over East Asia and the North Pacific, which correspondingly shifts storm activity. This change in the storm
track is not merely a southward shift; in Fig. 8g, it reflects
an enhanced subtropical jet and weakened polar jet due
to a strong dynamical connection between the Pacific
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FIG. 6. Seasonal responses (SNOW_total experiment; SNOW97 minus SNOW84 ensemble average difference) of (a),(d) SLP (hPa;
contour interval of 0.5 hPa, zero contour omitted, and negative contours dashed), (b),(e) Z500 (m; contour interval of 5 m, zero contour
omitted, and negative contours dashed), and (c),(f) SAT (K; shaded), for specified months: (top) 2-month mean of ON and (bottom)
4-month mean of DJFM. Shaded areas in (a),(b) and dotted areas in (c) denote values significant at the 95% confidence level based on the
two-sided Student’s t test.

zonal flow and the synoptic eddies (Lau 1988; Ren et al.
2008, 2010). The simulated Pacific response pattern in
Fig. 8h is very similar to the second Pacific eigenvector
of the observed storm track in Fig. 2b of Lau (1988),
which dynamically contributes to PNA variation in
winter (Lau 1988).
Figure 8i shows extended horizontal Eliassen–Palm
(E-P) vectors, defined as [(y02 2 u02 )/2, 2u0 y 0 ] (Trenberth
1986). The transient eddies in the E-P vectors act to
accelerate (decrease) the winter mean flow where the
arrows in Fig. 8i are divergent (convergent), such as in
the enhanced (weakened) storm track region equatorward (poleward) of approximately 408N in the North
Pacific. Quantitative impacts of the above eddy forcings
on the mean flow at the 300-hPa level are further calculated by the geopotential height tendency method
outlined in Lau [1988, his Eqs. (1) and (2)]. Where p is
defined as convergence of the vorticity flux of transient
eddies, the geopotential height tendency ›z/›t is proportional to the inverse Laplacian of p:

›z f 22
5 = p
›t g
p[

and



1
› 1 ›
1 ›2 0 0
2
cos
u
2
uy
a2 cosu ›u cosu ›u
cosu ›l2
1
›2
cosu(u02 2 y 02 ) ,
1 2
a cos2 ›l›u

(1)

(2)

where a is Earth’s radius, f is the Coriolis parameter, g is
the gravitational acceleration, l is latitude, and u is longitude. Figure 8j shows that transient eddies induce a
strong decreasing geopotential height tendency at 300 hPa
across the North Pacific, coinciding with strong negative
Z300 and Z500 anomaly centers (contours in Figs. 8f and
6e, respectively). Similarly, each other geopotential height
tendency center with two or more contours in Fig. 8f coincides approximately with Z300 and Z500 anomaly
centers of the same sign. In general, the growth and
maintenance of the large-scale PNA-like circulation response in winter to TP and Mongolia snow anomalies
involves feedback by synoptic transient eddies.
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FIG. 7. The spatial structure of the first two EOFs of the seasonal DJFM Z500 anomalies
over the North Pacific region (208–858N, 1208W–1208E). This is the same as the regression of
the Z500 field on the standardized principal component time series of the leading two EOF
modes. Regression coefficients are drawn every 5 m, negative contours are dashed, and the
zero contour is omitted.

In autumn (ON), Figs. 8c–e show large but mostly
insignificant simulated responses of EKE and E-P vectors over the North Pacific, and resulting insignificant
changes of Z300 tendencies. In Figs. 8a,b, the transient
eddy feedback is weak and dynamical contributions to
responses in Z300 and 300-hPa horizontal velocity
(U300) are small.

c. Sensitivity of prescribed snow forcing
Although results in the SNOW_total experiment
(Figs. 4–6) confirm that TP–Mongolia snow cover anomalies can generate a PNA-like atmospheric circulation
response (Wu et al. 2011), it is not clear whether this is a
delayed response to autumn snow forcing or a simultaneous response to winter snow forcing. We perform the
second and third experiments listed in Table 2 to investigate the relative roles of TP–Mongolia snow forcing
in autumn–early winter (SNOW_OND experiment,
forcing in months October–December) or in winter
(SNOW_DJFM experiment, forcing in months DJFM);
note that snow forcing is prescribed in December in both
experiments. Model-derived snow SCE and SWE are
used in the months without anomalous snow forcing,
or JFM in SNOW_OND and ON in SNOW_DJFM.
Through December, in SNOW_OND the surface energy
flux response and atmospheric SLP and Z500 responses
are identical to SNOW_total responses shown in the top
three rows of Fig. 3 and in the first six panels of Figs. 4 and
5. However, in DJFM (Figs. 9a–c) significant responses for
SLP and SAT are only simulated over the TP–Mongolia
snow forcing areas, and there are few or no significant
SLP, Z500, or SAT responses over the North Pacific and

Arctic. In contrast, in SNOW_DJFM (Figs. 9d–f), the
DJFM seasonal Z500 response has significant negative
anomalies from East Asia to the Pacific (maximum
anomaly 215 m). Therefore, autumn–early winter TP–
Mongolia snow forcing alone does not produce a significant PNA-like winter response, but persistent winter
TP–Mongolia snow forcing can generate a robust winter
atmospheric response over the Pacific.
In SNOW_DJFM, significant EKE and E-P vector
responses are simulated in the North Pacific in February
and March, but not in December and January (not
shown) since the storm track changes and their feedbacks on the mean flow require a certain amount of time
to take place. As demonstrated in section 3b, the PNA
and stationary WAF responses in winter to TP and
Mongolia snow anomalies are significantly enhanced by
strong transient eddy feedback. Figure 10 indicates less
significant responses in SNOW_DJFM (compared to
SNOW_total in Fig. 8) of EKE and E-P vectors over
East Asia and the North Pacific, and a corresponding
weak Z300 tendency response, forced by winter (DJFM)
TP and Mongolia snow anomalies. These results suggest
that the winter PNA feature (Fig. 6e) in SNOW_total
is a cumulative response to transient eddy feedbacks
from autumn to winter. Although the ON storm track
response over the North Pacific is not significant
(Fig. 8c), it may be important for a significant DJFM
storm response over the North Pacific (Fig. 8h) and the
associated transient eddy feedback in the SNOW_total
experiment. Overall, the most significant PNA response
requires persistent TP–Mongolia snow forcing from
October to March, as in SNOW_total.
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FIG. 8. Ensemble-mean (a)–(e) ON and (f)–(j) DJFM seasonal responses to SNOW_total experiment forcing in
(a),(f) fields of WAF (vectors; reference vector is 5 m2 s22) and overplotted Z300 anomaly contours (contour interval is
5 m), (b),(g) change in U300 (m s21; contour interval is 0.5 m s21), (c),(h) EKE (m2 s22; contour interval is 1 m2s22),
(d),(i) horizontal extended transient E-P vectors (reference vector is 5 m2 s22), and (e),(j) Z300 tendencies (m s21;
contour interval is 0.5 3 1025 m s21). Shaded areas denote values significant at the 95% confidence level based on the
two-sided Student’s t test. Gray shaded areas in (a) and (f) have significant responses of 300-hPa zonal and/or meridional WAF. Negative contours are dashed; zero contour is omitted in all panels except (e) and (j).
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FIG. 9. As in Fig. 6, but for the variables including the definition of each response as the SNOW97 minus SNOW84 ensemble average
difference from the specified experiment. In (a)–(c), the DJFM average is shown from the SNOW_OND experiment, meaning that the
responses are delayed effects after the TP and Mongolia snow forcing is turned off. In (d)–(f), the DJFM average is shown from the
SNOW_DJFM experiment, meaning that the responses develop after the TP and Mongolia snow forcing is turned on at the beginning of
December.

Through lagged linear regression analysis, Wu et al.
(2011, their Figs. 3b and 4) suggest that autumn–early
winter snow cover anomalies in either or both of the TP
and Mongolia centers exert a strong influence on the
winter atmosphere, but with differences including a
weak North Pacific response when regression is performed on only Mongolia snow anomalies. It is thus of
interest to see how much TP and Mongolia snow forcing
contribute separately to the atmospheric circulation
responses in SNOW_total. We perform the last two
experiments listed in Table 2 with SNOW97 and
SNOW84 forcing from October to March, but prescribed forcing is restricted to the TP region in the
SNOW_TP experiment and Mongolia in the SNOW_
Mongolia experiment. Although no significant ON
seasonal SLP and Z500 responses over the North
Pacific are simulated in the SNOW_total experiment
(Figs. 6a,b), in the SNOW_TP experiments (Figs. 11a,b)
isolated but significant ON seasonal SLP and Z500 responses over the North Pacific and NH high latitudes are
simulated. In SNOW_Mongolia (Figs. 12a,b), the ON

mean responses show significant negative (positive) SLP
and Z500 anomalies over the North Pacific (western
North America). These results show that snow forcing
over both the TP and Mongolia areas produce small but
significant negative responses over the North Pacific and
North America, in contrast to no significant responses
over these regions in the SNOW_total experiment. In
Figs. 13a and 14a, significant ON seasonal responses of
300-hPa stationary WAF to snow forcing over TP or
Mongolia alone are also found over NH high latitudes
outside of the TP or Mongolia areas, especially from the
North Pacific into western North America. In those
panels, the SNOW_TP and SNOW_Mongolia experiments show northeastward and northwestward wave
propagation over the North Pacific, respectively, compared to the insignificant WAF response in the same
region in Fig. 8a in the SNOW_total experiment. This
suggests that these stationary responses to the combined
TP–Mongolia snow forcing dipole are nonlinear. In
Figs. 13c–e and 14c–e, the SNOW_TP and SNOW_
Mongolia experiments simulate mostly opposite responses
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FIG. 10. As in Fig. 8f–j, but for DJFM seasonal responses to snow forcing in SNOW_DJFM experiment of (a) WAF and Z300, (b) U300,
(c) EKE, (d) horizontal extended transient E-P vectors, and (e) Z300 tendencies.

of transient eddies in EKE, E-P vectors, and Z300
tendencies. However, the SNOW_TP experiment generates stronger eddy field responses than the SNOW_
Mongolia experiment over the North Pacific, North
America, and North Atlantic, and weaker responses
over Eurasia.
Figures 11d–f and 12d–f show the DJFM mean responses in SNOW_TP and SNOW_Mongolia, which can
be compared with DJFM SNOW_total responses in
Figs. 6d–f. SNOW_TP (Figs. 11d–f) simulates a significant SLP response over the TP, and a Z500 and SAT
anomaly pattern that resembles the SNOW_total response, including almost the same SLP and Z500 magnitudes over the North Pacific and North America.
Figures 12d–f show that SNOW_Mongolia simulates a
significant negative SLP response in the Mongolia region, but only weak and insignificant Z500 responses
from East Asia to North America, and the Z500 response over the North Pacific resembles EOF2 in Fig. 6b.
This indicates that the TP snow anomaly plays a major
role in forcing the PNA-like response in SNOW_total.

This is further supported in Figs. 13f–j and 8f–j, which
show similar significant DJFM responses in SNOW_TP
and SNOW_total experiments in the North Pacific and for
most variables (especially 300-hPa WAF and U300) in
some surrounding areas. The relation of the snow anomalies in Mongolia to the WP is supported in Fig. 14h by the
significant EKE reduction through most of the North
Pacific (Lau 1988) and in Fig. 14j by the dipole-like Z300
tendencies in the North Pacific.

4. Conclusions
Observational studies have indicated statistically significant correlations between TP snow cover and winter
PNA-mode indices (Wu et al. 2011; Lin and Wu 2011;
Mote and Kutney 2012). Two October–March autumn
and winter periods are chosen for model forcing with
extensive persistent and large SCE and SWE anomaly
dipoles in the TP and Mongolia, specifically 1997/98
(very heavy TP snow and moderately light Mongolia
snow) and 1984/85 (slightly below average TP and
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FIG. 11. As in Fig. 6, but for the SNOW_TP experiment.

moderately heavy Mongolia snow). Through a series of
large-ensemble GCM simulations of autumn–winter
responses to realistic, observation-based snow forcings
over the TP and Mongolia, our study first demonstrates
that a characteristic dipole of autumn and winter positive TP and negative Mongolia snow anomalies leads
to a high and low SLP dipole over those anomalies, and a
remote equivalent barotropic PNA response in winter.
Therefore, the TP–Mongolia region is one of the most
important components of Eurasian snow forcing variability because of its midlatitude location and high altitude. Second, we prove that the localized response is
maintained by thermal cooling and heating, and the
PNA responses result mainly from the eastward propagation of Rossby wave energy forced by TP snow
forcing and winter transient eddy feedbacks. Third, we
show evidence supporting the idea that this PNA response in winter is mostly a simultaneous response to
winter snow forcing rather than a delayed response to
autumn snow forcing. Additional experiments (not
shown) indicate that persistent forcing lasting two
months (January–February and February–March) or
three months (January–March) in winter can also

generate a significant negative Z500 response over East
Asia and the North Pacific (maximum anomaly 220 m).
However, a persistent autumn–winter snow forcing
induces a stronger PNA response than winter-only snow
forcing, suggesting that TP–Mongolia snow forcing in
autumn and winter has a cumulative impact that enhances the winter PNA atmospheric response. Finally,
the separate TP and Mongolia snow forcing experiments
indicate that a persistent autumn–winter TP snow
anomaly plays the dominant role in forcing a significant
PNA-like response in winter.
Together with previous research (Clark and Serreze
2000; Walland and Simmonds 1996; Orsolini and
Kvamstø 2009; Wu et al. 2011; Lin and Wu 2011; Mote
and Kutney 2012), our study provides further consistent
modeling evidence of impacts of anomalous Eurasian
snow conditions on the winter atmospheric circulation
over the Pacific and North American regions. The specific mechanisms involved in triggering remote PNAlike and WP-like responses by a persistent autumn
and winter pattern of opposite snow anomalies over
TP–Mongolia should be further investigated for possible improvements to winter East Asian and North
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FIG. 12. As in Fig. 6, but for the SNOW_Mongolia experiment.

American seasonal forecasting, and for understanding
climate variability over East Asia and the North Pacific
on interannual and longer time scales.
As a leading mode of winter atmospheric circulation,
the PNA teleconnection has been extensively investigated in association with the El Niño–Southern Oscillation (ENSO) phenomenon (e.g., Horel and Wallace
1981), and involves a poleward-propagating Rossby
wave train excited by tropical convection (Hoskins and
Karoly 1981; Simmons 1982; Sardeshmukh and Hoskins
1988; Branstator 1985a,b; Jin and Hoskins 1995). Our
observational and modeling results demonstrate that the
PNA pattern can also involve an eastward-propagating
Rossby wave excited by TP snow cover anomalies. Excitation of PNA-like responses to diverse surface forcing
(including snow) is found in many different studies. A
common mechanism is that the development of this
teleconnection pattern is amplified by high-frequency
transient eddy feedbacks, as shown in previous studies
(e.g., Lau 1988; Feldstein 2002; Franzke and Feldstein
2005) and our modeling study. In other studies, transient
eddy feedbacks were not shown to be a dominant mechanism of the winter AO response to autumn Siberian

snow anomalies (Gong et al. 2004; Smith et al. 2010; Smith
and Kushner 2012). However, similar linear interference
might also play an important role in explaining the response to TP and Mongolia snow anomalies. Anomalously high (low) TP snow cover from autumn to winter
enhances (weakens) climatological horizontal stationary
WAF over East Asia and North Pacific, and favors a
positive (negative) PNA response.
Even with the very large TP and Mongolia snowfall
differences between 1997/98 and 1984/85 in our simulations, the PNA-like response is comparable to the
observed atmospheric signal in Wu et al. (2011). Current
climate models simulate reduced interannual variability
compared to observed SCE (Derksen and Brown 2012;
Brutel-Vuilmet et al. 2013). The CAM4–CLM4.0 control run with repeating climatological annual cycles of
SST and SICs in our study and the Community Climate
System Model, version 4 (CCSM4), coupled preindustrial control simulation (Gent et al. 2011) both
simulate standard deviations of SCE over the TP and
Mongolia areas about half as large as those computed
from observations, with similar variability for SWE over
both regions in ON and DJFM seasons. This indicates

Unauthenticated | Downloaded 01/09/23 12:28 PM UTC

1 DECEMBER 2017

9451

LIU ET AL.

FIG. 13. As in Fig. 8, but for the SNOW_TP experiment.
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FIG. 14. As in Fig. 8, but for snow forcing in the SNOW_Mongolia experiment.
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that the unmodified CAM4 simulations where modelderived SCE and SWE are used may underestimate the
atmospheric responses to a dipole of observed high TP
and low Mongolia SCE forcing in Fig. 1.
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