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Abstract
Horizontal thermal advection plays an especially prominent role in affecting winter climate over continental interiors, where 
both climatological conditions and extreme weather are strongly regulated by transport of remote air masses. Interior North 
America is one such region, and it experiences occasional cold-air outbreaks (CAOs) that may be related to amplified Arc-
tic warming. Despite the known importance of dynamics in shaping the winter climate of this sector and the potential for 
climate change to modify heat transport, limited attention has been paid to the regional impact of thermal advection. Here, 
we use a reanalysis product and output from the Community Earth System Model’s Large Ensemble to quantify the roles of 
zonal and meridional temperature advection over the central United States during winter, both in the late twentieth and late 
twenty-first centuries. We frame our findings as a “tug-of-war” between opposing influences of the two advection components 
and between these dynamical forcings vs. thermodynamic changes under greenhouse warming. During both historical and 
future periods, zonal temperature advection is stronger than meridional advection east of the Rockies. The model simulates 
a future weakening of both zonal and meridional temperature advection, such that westerly flow provides less warming and 
northerly flow less cooling. On the most extreme cold days, meridional cold-air advection is more important than zonal 
warm-air advection. CAOs in the future feature stronger northerly flow but less extreme temperatures (even relative to the 
warmer climate), indicating the importance of other mechanisms such as snow cover and sea ice changes.

Keywords  Thermal advection · Extreme temperatures · Future projection · CESM large ensemble · North America · Arctic 
amplification

1  Introduction

Extratropical continental interiors are characterized by 
high wintertime temperature variability on interannual and 
intraseasonal timescales (de Vries et al. 2012; Holmes et al. 
2016). Low terrestrial heat capacity, episodic snow cover, 

and vigorous atmospheric circulation patterns during this 
season promote large swings in temperature compared with 
the more moderate fluctuations in mid-latitude oceans. Heat 
transport by horizontal advection is known to be a major 
contributor to these thermal variations, yet few studies have 
quantified the role of thermal advection in affecting the mean 
wintertime climate of extratropical land masses.

In addition, wintertime extreme temperature events 
occasionally influence large regions of the populous mid-
latitudes. Extreme cold events have attracted widespread 
attention after a recent series of Cold Air Outbreaks (CAOs) 
hit the US (Walsh et al. 2001; Cohen et al. 2014; Cellitti 
et al. 2006; Smith and Sheridan 2018), such as the ones 
during the winters of 2009/10, 2010/2011, 2013/14 (Wang 
et al. 2010; Hartmann 2015; Lee et al. 2015; Marinaro et al. 
2015; Screen et al. 2015), 2017/18, and 2018/19. All of these 
CAOs produced significant societal impacts. For example, 
the early 2014 North American event affected much of 
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Canada and the United States, resulting in record low tem-
peratures at numerous locations east of the Rockies and lead-
ing to the closure of schools and businesses (Screen et al. 
2015). Since 2000 over the land area from 20°N to 50°N, 
the number of icing days and the percentage of cold winter 
months have been increasing, and the coldest daily mini-
mum temperature is decreasing (Cohen et al. 2014). Using 
a severe winter weather index, Cohen et al. (2018) conclude 
that severe CAOs and heavy snowfalls have occurred more 
frequently in the eastern US during 1990–2016. Extreme 
warm events during winter receive less attention than CAOs, 
yet warm spells also have significant ecological and eco-
nomic impacts. Extreme warmth in late winter causes veg-
etation to leaf out earlier, but subsequent freezing tempera-
tures can lead to the dieback of young growth (Polgar and 
Primack 2011). In this paper, both extreme cold and warm 
events in winter are analyzed.

It is still under debate whether severe winters in mid-
dle latitudes can be attributed to enhanced Arctic warming, 
tropical influences, natural variability, or a combination of 
some or all of these factors. For example, some studies sug-
gest that prolonged cold spells in mid-latitudes will increase 
as sea ice loss continues (Honda et al. 2009; Petoukhov and 
Semenov 2010; Francis and Vavrus 2012; Liu et al. 2012; 
Tang et al. 2013; Cohen et al. 2018), while others indicate 
the opposite (Barnes 2013; Barnes et al. 2014; Screen and 
Simmonds 2013; Screen 2014; Wallace et al. 2014; Screen 
et al. 2015; Ayarzagüena and Screen 2016). These inconsist-
encies reflect the likely existence of competing “tug-of-war” 
effects. The first tug-of-war involves the Arctic and tropics 
(Barnes and Polvani 2015; Francis 2017). Global warming 
is amplified in the Arctic (Serreze et al. 2009), where Arc-
tic sea ice is melting dramatically (Vaughan et al. 2013) 
and the near-surface air temperature is increasing at a pace 
two-to-three times the global average (Francis 2017; Screen 
2017a, b)—a phenomenon known as Arctic Amplification 
(AA, Serreze et al. 2009; Cohen et al. 2014). It has been 
suggested that the reduced meridional temperature gradient 
in the lower troposphere favors a deceleration of midlati-
tude zonal winds aloft, and possibly a meridional stretch-
ing of Rossby waves, which can increase the frequency of 
blocking events and extreme weather events (Francis and 
Vavrus 2012). Concurrently, projected global warming is 
also amplified over the tropical upper troposphere (Barnes 
and Polvani 2015)—although this warming is larger than 
the satellite observations and reanalysis indicate (Fu et al. 
2011; Seidel et al. 2012; Sohn et al. 2016)—which would 
strengthen the meridional temperature gradient in upper lev-
els, accelerate the sub-tropical jet stream, and may decrease 
atmospheric waviness (Vavrus et al. 2017). Although some 
evidence suggests that AA prevails in this regional tug-of-
war and has led to a wavier circulation since the early 1990s 
(Feldstein and Lee 2014; Francis and Vavrus 2015; Cohen 

2016), there is still no clear mechanism for how this dynamic 
change has affected extreme cold events.

The second tug-of-war competition occurs between 
dynamic and thermodynamic changes in middle latitudes 
as the climate warms. The dynamic effect refers to the ten-
dency for AA to promote a more meandering atmospheric 
circulation and thus stronger northerly winds during win-
ter in some regions, which results in more cold Arctic air 
transported southward and can produce more extreme cold 
weather. In contrast, the thermodynamic effect refers to the 
fact that AA causes northerly winds to transport moderated 
Arctic air masses southward and thus produce less extreme 
cold weather. The opposing impacts of the dynamic and 
thermodynamic influences was noted by Screen (2017a, b), 
who found that the expected European winter cooling due 
to a negative North Atlantic Oscillation response to Arctic 
sea ice loss is canceled by the enhanced upstream warming 
of the Arctic.

In this paper, we focus on the second tug-of-war. Through 
investigating the roles of zonal and meridional temperature 
advection in mean and extreme winter climate conditions 
over interior North America, both in the recent past (late 
twentieth century) and the future (late twenty-first century), 
the thermodynamic and dynamic roles can be decomposed. 
This study represents the first attempt to systematically 
quantify the contributions of zonal and meridional tempera-
ture advection to mean and extreme winter conditions. The 
data and methods are introduced in Sect. 2. The observed 
and simulated recent climatology of horizontal temperature 
advection are compared in Sect. 3. Future changes in the cli-
matology of horizontal temperature advection are described 
in Sect. 4, and in Sect. 5, the role of horizontal temperature 
advection on extreme winter days and its future changes are 
investigated. The conclusions and further discussion are pre-
sented in Sect. 6.

2 � Data and methods

2.1 � Data

We utilize daily mean data from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) Re-Analysis 
Interim (ERA-Interim) dataset with horizontal resolution of 
0.7° × 0.7° during the period 1979–2016 (Dee et al. 2011). 
The results of the ERA-Interim data are used to validate the 
simulated historical horizontal temperature advection.

To investigate recent horizontal temperature advection 
and its future changes, we analyze output from the Com-
munity Earth System Model Large Ensemble (CESM-LE; 
Kay et al. 2015). The CESM-LE is a large ensemble run 
with a fully coupled global model that uses the CESM1 
Community Atmospheric Model version 5 (CAM5) as its 
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atmospheric component. We analyze the simulated histori-
cal and projected Representative Concentration Pathway 
8.5 (RCP8.5) atmospheric data from 40 realizations of the 
CESM-LE. Each ensemble member uses observed historical 
forcing from 1920 to 2005 and RCP8.5 forcing from 2006 
to 2100. The ensemble members differ from each other by 
only small round-off level variations in their atmospheric 
initial conditions. To compare with the horizontal tempera-
ture advection in reanalysis data, the same time period is 
analyzed by bridging the simulated historical (1979–2005) 
and projected (2006–2016) outputs together in CESM-LE. 
To further study the simulated future changes in temperature 
advection, the late twentieth century (1971–2000) and late 
twenty-first century (2071–2100) are compared over North 
America (20°N–75°N, 160°W–50°W). The daily wintertime 
(December, January, and February) air temperature and 
zonal and meridional wind fields are used to calculate hori-
zontal temperature advection at 850 hPa, which is the only 
lower-tropospheric level in CESM-LE where the required 
daily output was saved.

2.2 � The climatology of horizontal temperature 
advection

The horizontal temperature advection includes two parts: 
zonal ( −U �T

�x
 ) and meridional ( −V �T

�y
 ) temperature advection, 

where T  , U , and V  represent air temperature, zonal, and 
meridional wind, respectively. The common time period 
1979–2016 is analyzed when comparing the reanalysis and 
simulated horizontal temperature advection climatology, 
although the horizontal temperature advection during this 
period and 1970–2000 is almost the same. To indicate the 
time period, the subscripts “his” or “rcp” are added. For 
example, −Uhis

�This

�x
 and −Vrcp

�Trcp

�y
 represent historical zonal 

temperature advection and projected meridional temperature 
advection, respectively.

The climatology of horizontal temperature advection 
( termA ) in each time period is represented with an overbar. 

For instance, −Uhis

�This

�x
 and −Vrcp

�Trcp

�y
 represent the climatol-

ogy of historical zonal temperature advection and the clima-
tology of projected meridional temperature advection, 
respectively. The climatology of temperature advection 
( termA ) can be further broken down into two terms by 
decomposing each variable into its climatology ( ̄  ) and the 
anomaly from its climatology ( ′):

(1)This = This + T
�

his

(2)Uhis = Uhis + U
�

his

Substituting (1) and (2) into −Uhis

�This

�x
 yields:

Because T ′

his
 and U′

his
 are equal to 0, the last 2 terms on 

the right-hand-side (RHS) of (3) are also 0.
The same decomposition of historical meridional temper-

ature advection and projected zonal and meridional advec-
tion creates the following set of equations (Eqs.):

We call the first term ( termB ) on the RHS of Eq. (4) the 
pure climatology term, since it represents advection of the 
climatological temperature gradient by the climatological 
wind. The second term ( termC ) is the nonlinear term, which 
represents advection of the anomalous temperature gradient 
by the anomalous wind relative to its climatology.

2.3 � The change in horizontal temperature 
advection

The change of horizontal temperature advection between 
the late twenty-first and late twentieth centuries ( diffA ) is 
defined as termArcp − termAhis . Then,

(3)

−Uhis

�This

�x
= −

(
Uhis + U

�

his

)�
(
This + T

�

his

)

�x

= −Uhis

�This

�x
− U

�

his

�T
�

his

�x
− Uhis

�T
�

his

�x
− U

�

his

�This

�x

= −Uhis

�This

�x
− U

�

his

�T
�

his

�x
− Uhis

�T
�

his

�x
− U

�

his

�This

�x

(4)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�
−Uhis

�This

�x

�
=

�
−Uhis

�This

�x

�
+

⎧
⎪⎨⎪⎩
−U

�

his

�T
�

his

�x

⎫
⎪⎬⎪⎭

�
−Vhis

�This

�y

�
=

�
−Vhis

�This

�y

�
+

⎧⎪⎨⎪⎩
−V

�

his

�T
�

his

�y

⎫⎪⎬⎪⎭
�

−Urcp

�Trcp

�x

�
=

�
−Urcp

�Trcp

�x

�
+

⎧⎪⎨⎪⎩
−U

�

rcp

�T
�

rcp

�x

⎫⎪⎬⎪⎭
�

−Vrcp

�Trcp

�y

�
=

�
−Vrcp

�Trcp

�y

�
+

⎧⎪⎨⎪⎩
−V

�

rcp

�T
�

rcp

�y

⎫⎪⎬⎪⎭
termA = termB + termC
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w h e r e ,  ΔU = Urcp − Uhis  ,  ΔV = Vrcp − Vhis  ,  a n d 
ΔT = Trcp − This.

We call the first three terms on the RHS of Eq. (5) the 
dynamic term ( diffB1 ), thermodynamic term ( diffB2 ), and 
higher-order term ( diffB3 ), and the sum of the last 2 terms 
the nonlinear term ( diffC ). The dynamic term ( diffB1 ) repre-
sents the temperature advection change caused by a change 
in wind. The thermodynamic term ( diffB2 ) represents the 
temperature advection change caused by a change in the tem-
perature gradient. The higher-order term ( diffB3 ) indicates 
the temperature advection change caused by both a change in 
wind and temperature gradient, which is usually one order of 
magnitude smaller than diffB1 and diffB2 . The sum of diffB1 , 
diffB2 and diffB3 equals termBrcp − termBhis.

To measure the importance of each component to the total 
change of advection, the percentage contribution from each 
term is calculated by dividing diffA on both sides of Eq. (5),

(5)

⎧
⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

�
−Urcp

�Trcp

�x
−

�
−Uhis

�This

�x

��
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�
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�This

�x

�
+

�
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�ΔT

�x

�
+

�
−ΔU

�ΔT

�x

�
+

⎧
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−U

�
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�T
�
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�x
−
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−U

�
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�T
�
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�
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�
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⎧
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�
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�T
�
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−

⎛
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�

his

�T
�

his

�y

⎞
⎟⎟⎠

⎫
⎪⎬⎪⎭

diffA = diffB1 + diffB2 + diffB3 + diffC

(6)1 =
diffB1

diffA
+

diffB2

diffA
+

diffB3

diffA
+

diffC

diffA

2.4 � The change in horizontal temperature 
advection on extreme days

Our analysis of extreme days targets the central US (CUS: 
30°N–50°N, 100°W–85°W), a relatively homogeneous region 
that avoids topographic complications (Fig. S1), exhibits large 
wintertime temperature variability (Fig. S2), and has experi-
enced many CAOs (Walsh et al. 2001; Vavrus et al. 2017). 
We sort the area-averaged CUS 2-m daily air temperature 
( T2m ) during winter into 20 bins, ranging from the coldest 
to warmest 5% of all days. Extreme days are defined here 
as the 5% coldest and 5% warmest days in the historical 
and future time periods. For each bin there are 5400 cases 
( 30years × 90winter days × 40ensemble members × 5%).

The climatology of zonal temperature advection can 
therefore be written as:

where i indicates the bin number, and nbin is the total num-
ber of bins (20). []i indicates the mean over the ith bin. For 
each bin the horizontal temperature advection can be decom-
posed into four terms:

(7)−Uhis

�This

�x
=

nbin∑
i=1

[
−Uhis

�This

�x

]

i

(8)
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termAi = termB + termDi + termEi + termCi
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For each bin, the temperature advection consists of the 
pure climatology term ( termB ), which is the same termB as 
in Eq. (4), the temperature advection of the climatological 
temperature gradient by wind anomalies in the bin ( termDi ), 
the temperature advection of anomalous temperature gradi-
ent in the bin by the climatological wind ( termEi ), and the 
nonlinear term in the bin ( termCi ). The average of all the 
bins in Eq. (8) equals the corresponding terms in Eq. (4):

A student t-test is applied to determine significant 
changes (p value < 0.05) in each grid point. The difference 

(9)

nbin∑
i=1

termAi = termA

nbin∑
i=1

termCi = termC

nbin∑
i=1

termDi =

nbin∑
i=1

termEi = 0

in the seasonal average of all 40 ensemble members between 
the historical and projected periods is first calculated. The 
t-value is then determined, based on the variance among 
ensemble members within each of the two time periods. 
The same procedure is applied for extreme days, except that 
the means and variances on extreme days are used. For the 
wind fields, if either the zonal or meridional wind compo-
nent change is significant, then the future wind velocity is 
considered to be significantly different from the historical 
period.

3 � The observed and simulated climatology 
of horizontal temperature advection

In this section, the climatology of the total zonal and merid-
ional temperature advection ( termA ) and its two compo-
nents—pure climatology term ( termB ) and nonlinear term 
( termC)—from Eq. (4) are compared between CESM-LE 
and ERA-Interim.

Fig. 2   Climatology of wintertime (DJF) total zonal and meridional 
temperature advection (a, b; termA in equation set 4) and their two 
components: the pure climatology term (c, d; termB in equation set 

4) and nonlinear term (e, f; termC in equation set 4) in CESM-LE 
(unit: K/year) during the late twentieth century (1971–2000). Area 
higher than 1500 m is masked
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During winter, ERA-Interim indicates that the lower-level 
(850 hPa) mean zonal temperature advection warms the air 
between the Rocky Mountains and the Appalachian Moun-
tains (Fig. 1a), while mean meridional temperature advection 
cools it (Fig. 1b). Zonal and meridional temperature advec-
tion thus oppose each other, but the zonal component is a bit 
stronger, such that the total effect is a modest but widespread 
warming over the interior of North America (Fig. 1c). The 
simulated zonal, meridional, and total temperature advection 
climatology in CESM-LE (Fig. 1d–f) largely reproduces the 
patterns of ERA-Interim (Fig. 1a–c). Spatial correlations 
of zonal, meridional, and total advection between CESM-
LE and ERA-Interim over North America are high (0.83, 
0.80, and 0.77, respectively). During winter, the lower-level 
atmosphere is generally warmer over oceans than over land, 
and the majority of North America experiences westerly 
winds on average. Thus, mild Pacific air is carried eastward 
over the Rockies, where it is further warmed by compression 
on the leeward side, and then warms the interior of North 
America. In regions near the Rockies (e.g., the Mackenzie 
River Basin), the amount of downslope adiabatic heating is 
comparable to the magnitude of horizontal advection (Szeto 
2008). The strong downslope winds occurring in the lee-side 
of the Rockies are generally a local phenomenon, which do 
not extend to the Plains (Brinkmann 1974). The decreased 
warming from the Rockies to the east also indicates a weak-
ening adiabatic heating effect, but determining the relative 
contributions of adiabatic heating and land-sea temperature 
contrast is beyond the scope of this study. Meanwhile, since 
the Arctic is generally colder than middle latitudes, the pre-
vailing northerly winds bring cold Arctic air southward into 
the CUS, causing meridional temperature advection to cool 
the area to the east of the Rockies. Both components cool 
the East Coast.

To investigate the strength of dynamic and thermody-
namic terms in the “tug-of-war”, we decompose the total 
zonal and meridional temperature advection term ( termA ) 
in both ERA-Interim (not shown) and CESM-LE into two 
terms: the pure climatology term ( termB , Fig. 2c, d) and 
the nonlinear term ( termC , Fig. 2e, f), as shown in Eqs. (4). 
The CESM-LE can also reproduce the spatial pattern of 
the two components of the total zonal and meridional tem-
perature advection, with spatial correlation 0.83 (zonal) 
and 0.89 (meridional) for the pure climatology terms and 
0.79 (zonal) and 0.81 (meridional) for the nonlinear terms, 
compared with ERA-Interim. Thus, the CESM-LE output is 
deemed suitable to investigate the role of horizontal temper-
ature advection in regulating wintertime climate and extreme 
events over North America. From this point forward, only 
CESM-LE results are shown.

The spatial pattern of mean zonal temperature advec-
tion (Fig. 2a) is dominated by the pure climatology term 
(Fig. 2c), with a spatial correlation of 0.87 over North 

America. During winter, prevailing westerly winds affect 
most of the North American continent (Fig. 3c), and the 
spatial pattern of the pure climatology term of zonal tem-
perature advection is determined by the zonal temperature 
gradient (Fig. 3g). The sign of the nonlinear term is gener-
ally consistent with the total zonal temperature advection, 
but with a considerably smaller magnitude (Fig. 2e).

The spatial pattern of meridional temperature advection 
climatology (Fig. 2b) is also dominated by the pure clima-
tology term (Fig. 2d), with a spatial correlation of 0.75 over 
North America. The pure climatology term is determined 
mainly by the mean meridional wind (Fig. 3e), which is 
southerly over the Pacific region, northerly over the central 
continent, and southerly to the east of the North America, 
corresponding to the mean ridge–trough–ridge geopoten-
tial height distribution. Because the temperature distribu-
tion features cold air to the north and warm air to the south, 
the meridional temperature gradient is negative everywhere 
except near the mountain region (Fig. 3i). Therefore, the 
pure climatology term warms the North Pacific Ocean by 
transporting warm air from low latitudes and cools the North 
American continent by bringing cold Arctic air southward.

4 � Future changes in horizontal temperature 
advection from CESM‑LE

The change in temperature advection ( diffA ) can be repre-
sented by the change in the pure climatology term ( diffB ) 
plus the change in the nonlinear term ( diffC) . As shown in 
Eq. (5), the change in diffB can be further decomposed into 
a dynamic term ( diffB1 ), thermodynamic term ( diffB2 ), and 
higher-order term ( diffB3 ) to quantify the contribution of 
dynamic and thermodynamic changes.

Under the influence of increasing greenhouse gas con-
centrations, the air temperature increases everywhere but 
not uniformly, such that air over land generally warms more 
than air over adjacent oceans, and high latitudes warm more 
than low latitudes (Fig. 3b). Therefore, the change in zonal 
temperature gradient is positive to the east of the Rockies 
(Fig. 3h), i.e. less zonal temperature contrast, while the 
meridional temperature gradient weakens over northern 
North America (Fig. 3j). The future change in zonal wind 
consists of a weaker wind to the north and stronger wind to 
the south (Fig. 3d). Over North America east of the Rockies, 
the zonal wind weakens nearly everywhere (Fig. 3d). The 
northerly wind weakens (less northerly flow) along the east 
side of the Rockies and slightly strengthens (more northerly 
flow) or changes little in much of eastern North America 
(Fig. 3f).

In the future, zonal temperature advection decreases over 
land across central Canada (Fig. 4a), indicating that it warms 
the land less compared to the historical period. Among all 
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Fig. 3   Historical climatology (1971–2000) and future changes 
(2071–2100 vs 1971–2000) in 850 hPa a, b air temperature (°C), c, 
d zonal wind (m/s), e, f meridional wind (m/s), g, h zonal tempera-
ture gradient (3 × 107 Km−1), and i, j meridional temperature gradient 

(3 × 107 Km−1). Area higher than 1500 m is masked. Only differences 
which are significant at the 95% confidence level from a Student’s 
t-test are shown
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its components, the thermodynamic term contributes the 
most (Fig. 4g), indicating that the advection does not warm 
the land as effectively as before, due to the weakened zonal 
temperature gradient. The dynamic term also has some con-
tribution to the total advection change, but its main impact 
is limited to the west side of central Canada (Fig. 4d). That 
is due to the weakened westerly wind there, which trans-
ports less warm air over the continental interior (Fig. 3d). 
Both thermodynamic and dynamic terms change in the same 
direction and act to cool most of central North America east 
of the Rockies (Fig. 4d, g), while the East Coast tends to be 
warmed. To illustrate which term is most important across 
the domain, we use Eq. (6) to compute the percentage that 
each term contributes to zonal and meridional advection, 
and color each grid point by the term that makes the larg-
est contribution (Fig. 5). It is obvious that in the interior of 

North America, the thermodynamic and dynamic terms are 
the two most important contributors in both the zonal and 
meridional directions, although the nonlinear term is domi-
nant in some places, especially for meridional advection.

The meridional temperature advection becomes less neg-
ative over central Canada, indicating it cools the land less 
in the future (Fig. 4b). The thermodynamic term dominates 
the anomalous warming over central Canada (Figs. 4h, 5b), 
indicating that although the mean northerly wind still brings 
cold Arctic air southward in the future, Arctic air masses 
become warmer, and thus northerly winds across central 
Canada transport milder Arctic air southward and cool the 
land less. By contrast, the dynamic term changes mainly 
along the east side of the Rockies (Fig. 4e), where the north-
erly wind weakens in the future (Fig. 3f) and brings less 
cold Arctic air southward. The dynamic and thermodynamic 

Fig. 5   The most important term 
for future changes in a zonal 
and b meridional temperature 
advection at each grid point. 
Area higher than 1500 m is 
masked

(a)

(b)
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terms change in the same direction, such that both of them 
tend to further warm the area to the east of the Rockies in 
the future.

In summary, during the historical period, zonal tem-
perature advection warms most of North America east of 
the Rockies, while meridional temperature advection cools 
this region by transporting cold Arctic air southward, such 
that the net effect is a slight warming. In the future, both 
zonal and meridional temperature advection weaken over 
this region, meaning that zonal (meridional) temperature 
advection warms (cools) the land less. For both zonal and 
meridional advection changes, the thermodynamic term 
is generally the most important (Fig. 5), while the higher-
order and nonlinear terms (Figures not shown) are gener-
ally smaller than the dynamic and thermodynamic terms. 
For both zonal and meridional temperature advection, the 
dynamic and thermodynamic terms generally change the 
same direction. The net change in zonal plus meridional 
change is only slightly negative over most of the interior of 
North America (Fig. 4c), indicating the changes of zonal and 
meridional temperature advection nearly offset each other.

5 � Mean horizontal temperature advection 
and its future changes on extreme days

The role of horizontal advection and its terms on extreme 
winter days (5% coldest and 5% warmest, Fig. 6) are further 
investigated in this section. Before investigating the pro-
jected advection terms, the simulated historical terms are 
compared with reanalysis. The simulated terms on extreme 
days (Figs. 7 and 8) largely reproduce those in ERA-Interim 
reanalysis data (Fig. S3 and S4). To avoid the confounding 
influence of general future warming, extreme days are iden-
tified relative to the climate in each time period, following 
Ayarzagüena and Screen (2016), such that both the histori-
cal and future 30-year periods contain the same number of 
extreme days.

The target study region for extreme events is the CUS 
(Fig. S1), due to its large temperature variability and occa-
sional CAOs (Walsh et al. 2001; Cellitti et al. 2006; Gao 
et al. 2015; Cohen et al. 2018). To put extreme cold and 
warm days into context, the T2 m departures of each bin 
from the historical climatology are shown in Fig. 6, with 
temperature anomalies systematically changing from nega-
tive to positive. The cold or warm anomalies peak in the 
targeted CUS region and decay gradually to the surround-
ings. The corresponding spatial patterns for the future 
(2071–2100) look similar (not shown).

On the extreme cold days, almost the entire continental 
interior is enveloped by extremely cold air (Fig. 6a), and 
meridional temperature advection plays a vital role in cool-
ing the CUS (Fig. 7b), while the zonal temperature advection 

generally warms this region (Fig. 7a). These advection com-
ponents on extreme cold days ( termA1 , Fig. 7a, b) can be 
further decomposed into four terms: dynamic term ( termD1 , 
Fig. 7c, d), thermodynamic term ( termE1 , Fig. 7e, f), non-
linear term ( termC1 , Fig. 7g, h), and pure climatology term 
( termB , Fig. 2c, d). Since the pure climatology term is the 
same across all the bins, it does not help distinguish extreme 
cold and warm days, so we only focus on the other three 
terms. Among these, the meridional dynamic term (Fig. 7d) 
contributes the most to extreme cold over the CUS because 
on these days, the atmospheric circulation is anomalously 
wavy and thus the northerly wind component strengthens 
over the CUS (Fig. 9). This stronger wind flow brings Arctic 
air masses as far south as the Gulf of Mexico, such that the 
dynamic term cools a large region from central Canada to 
southeastern North America (Fig. 7d). Meanwhile, the weak-
ened westerly wind on extreme cold days (Figure not shown) 
brings less warm air eastward, causing the zonal dynamic 
term to also cool the area but much less strongly (Fig. 7c). 
The second most important cooling influence is from the 
meridional nonlinear term, especially over the southeast US 
(Fig. 7h), due to the combination of a strengthened northerly 
wind and an enhanced meridional temperature gradient over 
the southeast US when a polar air mass is directly upwind.

On extremely warm winter days in the CUS during the 
historical period, very warm air covers the eastern two-thirds 
of the continent (Fig. 6t). In contrast to extreme cold days, 
when zonal and meridional temperature advection oppose 
each other, these two advection components work together 
to generally warm the CUS on the warmest days (Fig. 8a, b). 
The meridional component contributes most, while the zonal 
component mainly stems from the pure climatology term 
(Fig. 2c), which is the same across all bins. The meridional 
dynamic term ( termD20 , Fig. 8d) is the most important on 
extremely warm days, due to a strong southerly wind trans-
porting warm air from the Gulf of Mexico (Fig. 9e).

In the future simulation, the coldest days are not as bit-
ter as in the recent climate (Fig. 10a, d), even relative to 
the warmer mean climate, with one warming center over 
Hudson Bay and one to the southwest of the Great Lakes 
(Fig. 10g). The warming effect around and downstream of 
the Great Lakes comes mainly from the meridional nonlinear 
term (Fig. 12k) and zonal and meridional thermodynamic 
terms (Fig. 12g, h). The enhanced northerly flow over the 
CUS (Fig. 10i) causes the meridional dynamic term, which 
plays a vital role in generating extreme cold days, to become 
stronger and to cool the region even more (Fig. 12e). This 
cooling effect, however, is largely offset by the warming 
effect from the thermodynamic term (Fig. 12h). Overall, 
the total change in horizontal advection on extremely cold 
days over the CUS is minimal (Fig. 12c) and therefore can-
not explain the temperature moderation over this region 
in the future. An alternative factor is the impact of future 
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reductions in snow cover and sea ice on the atmosphere 
(Vavrus 2007; Gao et al. 2015). The projected snow cover 
fraction significantly decreases on extreme cold days over 
mid-latitude North America as the snow margin retreats 
northward (Fig. 13b). The much lower albedo and lower 
insulation capacity of bare land versus snow cover helps the 

land surface warm more in the future, consistent with the 
weakened troughing anomaly over interior North America 
on the coldest days (Fig. 10h). Likewise, the shrinking sea 
ice cover in Hudson Bay (Fig. 13a; Hochheim and Barber 
2014) corresponds to the warming center directly above it 
(Fig. 10g). On the warmest days, in contrast, neither the 

Fig. 7   Temperature advection and its components on extreme CUS 
wintertime cold days during late twentieth century (1971–2000) in 
CESM-LE (unit: K/year). Zonal (a, c, e, g) and meridional (b, d, f, h) 
temperature advection (a, b, termA1 in Eq. 8) and their components: 

dynamic term (c, d, termD1 in Eq.  8), thermodynamic term (e–f, 
termE1 in Eq.  8), and nonlinear term (g, h, termC1 in Eq.  8). Area 
higher than 1500 m is masked
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temperature anomalies nor the atmosphere circulation 
changes as much in the future as on the coldest days over 
the CUS (Fig. 11g–i).

In summary, on extreme cold and warm days in the CUS, 
the meridional dynamic term ( termDi ) is the most impor-
tant (Figs. 7d, 8d). In the future, air temperature anomalies 
on the coldest days change more (weaken) than they do on 

the warmest days (Figs. 10g, 11g). Another “tug-of-war” 
therefore appears to exist on extreme cold days in the future 
between enhanced dynamic advection aloft favoring more 
cooling and surface-based thermal forcing from reduced 
snow and sea ice cover favoring warmer Arctic air masses 
that result in less severe cooling in the CUS.

Fig. 8   Same as Fig. 7 but for the 5% warmest winter days
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6 � Discussion and conclusions

This study builds on previous work investigating future 
changes during wintertime over North America and the 
associated influence of Arctic Amplification on mean and 
extreme conditions. Our analysis of thermal advection over 
the continent east of the Rockies enables a more quanti-
tative assessment of the synoptic-scale physical processes 
than many previous studies on this topic. We have identi-
fied several findings that enrich our understanding of North 
American winter climate in the present and future, including 
multiple competing mechanisms and the importance of zonal 
temperature advection.

•	 CESM realistically simulates the patterns and magni-
tudes of both zonal and meridional temperature advec-
tion during winter in the contemporary climate (Fig. 1). 
The total thermal advection in both directions is dictated 
mainly by the “pure climatology term” (i.e., advection 
by the mean wind across the climatological temperature 
gradient) (Fig. 2).

•	 Our study quantifies competing influences on changing 
temperatures involving meridional versus zonal thermal 
advection. On average, zonal advection warms the land 
in the CUS more than meridional advection cools this 

region in the present-day (and future) climate (Fig. 2a, b). 
The projected weakening of both terms suggests that the 
future mean winter climate over central North America 
will be affected not only by the well-known upstream 
warming influence from AA but also by the less-rec-
ognized and opposing reduction in zonal heat transport 
from air masses originating over the Pacific Ocean and 
adiabatically warmed by the Rockies (Fig. 4a, b). In 
fact, over most of interior North America, the simulated 
future cooling influence from weakened zonal advection 
slightly exceeds the warming effect caused by a reduction 
in meridional cold-air advection (Fig. 4c). The changes in 
both types of advection are primarily caused by a slack-
ened horizontal temperature gradient (Figs. 3h, j, 4g, h) 
and secondarily by a weaker wind speed (Figs. 3d, f, 4d, 
e).

•	 Our study also addresses another possible influence 
on future mean temperature changes: the competition 
between upstream warming of Arctic air masses versus 
a more meridional circulation hypothesized to accom-
pany AA, which could enhance the climatological north-
erly or southerly winds aloft over most of eastern North 
America. Interestingly, CESM does not produce stronger 
northerly flow in the mean future climate over most of 
the continent and, in fact, simulates a southerly wind 

Fig. 9   Spatial pattern of 850  hPa meridional wind (a, c, e) and 
500 hPa geopotential height (b, d, f) of climatology (a, b), 5% coldest 
days (c, d), and 5% warmest days (e, f) during the late twentieth cen-

tury (1971–2000) in CESM-LE. Area higher than 1500 m is masked 
in 850 hPa Meridional wind field
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anomaly in an elongated swath to the east of the Rocky 
Mountains (Fig. 3f). As a consequence, the total mean 
meridional advection change is dominated by upstream 
Arctic warming and is strongly positive across most of 
Canada and much of the northern US and Appalachians, 
while generally being weakly negative over the southern 
US (Fig. 4b).

•	 On extreme winter days over the CUS, the role of ther-
mal advection differs somewhat from the average con-
ditions described above and also differs between very 
cold and very warm days. During extreme cold events 
affecting the midsection of the US, meridional cold-air 
advection dominates most of the continent and reaches 
far southward to the Gulf of Mexico (Fig. 7b), while 

zonal warm-air advection covers much of the interior 
of North America (Fig. 7a). Unlike the general changes 
described above, the enhanced cold-air advection on very 
cold days is driven primarily by the meridional dynamic 
term (stronger northerly winds; Fig. 7d) and second-
arily by the nonlinear term (Fig. 7h), which is largely 
responsible for the far southern extent of the negative 
temperature advection anomalies. The nonlinear term is 
also important for zonal thermal advection, which serves 
as a substantial mitigating influence by warming the US 
midsection on extremely cold days (Fig. 7g). By contrast, 
on extremely warm winter days, both zonal and meridi-
onal components produce warm-air advection over most 
of the US midsection (Fig. 8a, b), primarily due to the 

Fig. 12   Future changes (1971–2000 vs 2071–2100) in temperature 
advection and its components on extreme CUS wintertime cold days 
in CESM-LE. (unit: K/year). Zonal (a, d, g, j), meridional (b, e, h, 
k), and total (c, f, i, l) temperature advection. TermA (a–c) and its 

components: dynamic term (d–f), thermodynamic term (g–i), and 
nonlinear term (j–l). Area higher than 1500 m is masked. Only dif-
ferences which are significant at the 95% confidence level from a Stu-
dent’s t-test are shown
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heating effect of southerly winds (Fig. 8d) that are par-
tially offset by cooling from the nonlinear term (Fig. 8h).

•	 Extreme cold in the future over the CUS is projected to 
become less severe than in the recent climate, even rela-
tive to the higher mean future temperature (Fig. 10g), 
despite a stronger northerly flow on the coldest days 
(Fig.  10i) that generates greater cold-air advection 
(Fig. 12e). A likely explanation for this paradox is the 
reduction in sea ice and snow cover in the future (Fig. 13) 
associated with AA. Warmer arctic air masses counter 
the enhanced advective cooling and appear to weaken the 
anomalous trough in eastern North America that is rep-
resentative of the extreme cold (Fig. 10h). This interplay 
constitutes yet another tug-of-war involving dynamical 
changes that favor even colder conditions during future 
CAOs versus surface-based, upwind thermodynamic 
changes that are responsible for less extreme cold. On 
the warmest winter days in the future, when snow cover 
changes play less of a role, the relative (to each 30-year 
climatology) temperature anomalies in the CUS do not 
differ much from those in the recent climate, and the cir-
culation differences are also less pronounced than on the 
coldest days (Fig. 11). The impact on future CAOs from 
dynamical changes related to thermal advection versus 
surface-based changes, such as snow cover and sea ice, 
is a topic ripe for further research.
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