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Continental Geometry’s Role in Shaping Wintertime Temperature Variance
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ABSTRACT: The factors controlling the present-day pattern of temperature variance are poorly understood. In particu-
lar, it is unclear why the variance of wintertime near-surface temperatures on daily and synoptic time scales is roughly twice
as high over North America as over Eurasia. In this study, continental geometry’s role in shaping regional wintertime tem-
perature variance is investigated using idealized climate model simulations run with midlatitude continents of different
shapes. An isolated, rectangular midlatitude continent suggests that in the absence of other geographic features, the highest
temperature variance will be located in the northwest of the continent, roughly collocated with the region of largest meridi-
onal temperature gradients, and just north of the maximum near-surface wind speeds. Simulations with other geometries,
mimicking key features of North America and Eurasia, investigate the impacts of continental length and width, sloping
coastlines, and inland bodies of water on regional temperature variance. The largest effect comes from tapering the north-
west corner of the continent, similar to Eurasia, which substantially reduces the maximum temperature variance. Narrower
continents have smaller temperature variance in isolation, implying that the high variances over North America must be due
to the nonlocal influence of stationary waves. Support for this hypothesis is provided by simulations with two midlatitude con-
tinents, which show how continental geometry and stationary waves can combine to shape regional temperature variance.

SIGNIFICANCE STATEMENT: Wintertime temperature variance over North America is roughly twice as high as
over Eurasia, but the reasons for this are unknown. Here we use idealized climate model simulations to investigate how
continental geometry shapes regional temperature variance. We find that the smaller variance over Eurasia is largely due
to the tapering of its northwest coast, which weakens temperature gradients in the continental interior. Our simulations
also suggest that in isolation a narrow continent, like North America, should have weak temperature variance, implying
that stationary waves are responsible for the high variance over North America. Understanding the controls on regional
temperature variance is important for interpreting present-day winter climates and how these will change in the future.

KEYWORDS: Atmospheric circulation; Atmosphere-land interaction; Regional effects; Surface temperature;
Subseasonal variability

1. Introduction 2018, 2020), motivated in part by the growing recognition that
changes in temperature variance and temperature extremes in
future warm climates may be just as impactful as changes in
mean temperature. Another area of focus has been the impacts
of the Arctic Amplification of warming and of Arctic sea ice
loss on midlatitude weather (Cohen et al. 2014; Screen 2014;
Schneider et al. 2015; Hoskins and Woollings 2015; Barnes and
Polvani 2015; Screen et al. 2018; Screen and Blackport 2019;
Blackport et al. 2019), while Tamarin-Brodsky et al. (2019,
2020) examined the relationships between regional warming
patterns and changes in temperature distributions more gener-
ally. Recently, Zhang et al. (2022) used the conditional mean
framework of Linz et al. (2020) to quantify the relative contri-
bution of horizontal temperature advection, as opposed to
other physical processes such as diabatic heating and radiation,
to the shapes of daily temperature distributions in reanalysis
data. But none of these studies have addressed the dynami-
cal mechanisms that cause the temperature variance in one
region to differ from the variance in another region at the
same latitude.

In winter, daily and synoptic temperature variability at
midlatitudes are largely determined by horizontal advec-
tion (Zhang et al. 2022), in contrast to summer when other
Corresponding author: Nicholas Lutsko, nlutsko@ucsd.edu processes, such as convection and land-atmosphere interactions,

In winter, the weather over North America is much more
variable than the weather over Eurasia: depending on the pre-
cise regions that are averaged over, the variance of wintertime
near-surface temperatures on daily and synoptic time scales is
roughly twice as high over North America as it is over Eurasia
(Fig. 1, Table 1). So, while the coldest temperatures in the
Northern Hemisphere tend to be found in northern Siberia,
central Canada and the Great Plains region just east of the
Rockies experience the largest daily and weekly temperature
swings of anywhere on Earth.

The factors responsible for the difference in temperature
variance between the two continents are poorly understood.
Several recent studies have investigated what controls the var-
iance and higher-order moments of temperature distributions
in zonally symmetric climates (e.g., Schneider et al. 2015;
Garfinkel and Harnik 2017; Holmes et al. 2016; Linz et al.
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FIG. 1. (a) Variance of December—February (DJF) 850-hPa daily temperatures for the period 1979-2020, calculated
using data taken from the ERAS dataset. Locations where topography intrudes through 850 hPa are masked in gray.
(b) As in (a), but data are filtered using a fourth-order Butterworth filter to only retain power at synoptic time scales,

defined here as 3-15 days.

also contribute to synoptic variability (e.g., Fischer and
Schiér 2009; Vargas Zeppetello and Battisti 2020). The im-
portance of horizontal advection has led to the suggestion
that wintertime temperature variability is closely related to
mean horizontal temperature gradients, particularly meridi-
onal temperature gradients, so that
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where T is temperature, L, is a characteristic mixing length
in the meridional (y) direction, L, is a characteristic mixing
length in the zonal (x) direction, the overbars denote averages
over appropriate spatial and temporal scales, and primes de-
note departures from these averages (note that we use Carte-
sian coordinates for simplicity, but all variables should be
taken to be on the sphere). The second approximate equality
assumes that meridional temperature gradients are much
larger than zonal temperature gradients, which is generally
true for Earth’s climate. The assumptions underlying Eq. (1)
are discussed further in section 2b, below. The large variance
of wintertime temperatures over North America is associated

with both strong meridional temperature gradients (Lutsko
et al. 2019) and high meridional wind variances (i.e., large ef-
fective mixing lengths; see Simpson et al. 2020), but what causes
these high values is still unclear.

The link between temperature variance and temperature
gradients suggests that the Northern Hemisphere winter sta-
tionary wave field plays an important role in setting the pat-
tern of regional temperature variance (note that by enhancing
the generation of baroclinic eddies, large temperature gra-
dients also lead to high eddy kinetic energy and by extension,
high wind variance). But stationary waves only determine the
near-surface response to wave sources, such as topography
and diabatic heating, sufficiently downstream of the sources
for the external Rossby mode to emerge from the continuum
of waves that are excited (Held et al. 1985). Closer to the
source, the response is more complicated. Thus, while under-
standing what sets the boreal winter stationary wave pattern is
an important step toward explaining the pattern of wintertime
temperature variance (see, e.g., Held et al. 2002; Garfinkel
et al. 2020), the two questions are not equivalent.

One important factor governing Northern Hemisphere tem-
perature distributions is orography. Theoretical arguments and

TABLE 1. List of model experiments, maximum winter daily 850-hPa temperature variance, and reanalysis values.

Max temperature

Expt name Description variance (K?)

Control Covers 30°-70°N, 100°-235°E 83

Narrow Covers 30°-70°N, 100°-160°E 61

Long Covers 0°-70°N, 100°-235°E 78

Slanted As in Control, but southeast corner at 30°N, 220°E and northeast 70
corner at 70°N, 250°E,

Tapered As in Control, but northwest corner at 45°N, 100°E and additional 65
corner at 70°N, 160°E

GOM As in Control, but gulf inland to 40°N, 150°E and 40°N, 180°E 88

Inland Sea As in Control, but inland sea with corners at 35°N, 130°E;45°N, 130°E; 78

35°N, 160°E; and 45°N, 160°E

2 Continents (wide and narrow) Wide covers 30°-70°N, 0°~120°E 69

Narrow covers 30°~70°N, 220°-300°E 77

2 Continents + Tapering (wide Wide is as in 2 Continents, but has corners at 45°N, 0°E and 70°N, 60°E 61

and narrow) Narrow is as in 2 Continents 65

ERAS5 (Eurasia and North America) Eurasia 44

North America 86
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idealized climate model simulations suggest that temperature
variance should be enhanced immediately downstream and re-
duced immediately upstream of mountain ranges (Lutsko et al.
2019). Hence, the Rockies, on the west coast of North America,
enhance North American temperature variance, while the
Tibetan Plateau, the Himalayas, and the Mongolian Mountains,
on the east coast of Eurasia, damp Eurasian temperature vari-
ance. However, comprehensive climate model simulations in
which these mountain ranges were flattened demonstrated that
orography only explains about 25% of the difference in temper-
ature variance between the two continents (Lutsko et al. 2019),
leaving the majority still unexplained.

Eurasia and North America have many other distinctive
geographic features which could affect their near-surface tem-
perature variance. Eurasia is much wider than North America,
so warm ocean air does not penetrate as far into the continen-
tal interior (McKinnon et al. 2013). As another example, the
east coast of North America slopes northeast-southwest, which
affects the North Atlantic storm track (Brayshaw et al. 2009)
and could influence temperature variability along the North
American east coast. These features, and others, may be impor-
tant for regional temperature variance, but so far their effects
have not been systematically investigated.

In this study, we take a step toward a better understanding
of regional temperature variance by examining the role of
continental geometry. We do this using simulations with an
idealized general circulation model (GCM) designed to mimic
the key geographic features of North America and Eurasia
(see section 2a for descriptions of the model and experiments).
The model uses a slab ocean and “land” is represented by re-
duced mixed-layer depths, allowing us to focus on the role of
land-ocean differences in heat capacity. We leave the additional
complexity of land surface processes for future work.

We begin the presentation of our results by describing the
winter climate of a generic, rectangular midlatitude continent
(section 3). To our knowledge, this case has not been de-
scribed before, and it represents a kind of “null hypothesis”
for continental temperature distributions at midlatitudes in
the absence of notable geographic features. Next, we examine
temperature variability in a set of simulations that mimic key
features of Eurasia and North America (section 4), before ex-
ploring how the results change in a hemisphere with two con-
tinents, instead of a single isolated continent (section 5).
Regional differences in mixing lengths are not thought to be a
key part of regional differences in temperature variance, but
in section 6 we discuss factors setting the effective mixing
lengths in the simulations. We end with conclusions in section 7.

2. Methods
a. ldealized climate model and experiments

The GCM numerically solves the primitive equations on
the sphere and is forced by a gray radiation scheme (Frierson
et al. 2006). The GCM is coupled to a slab ocean, with no
representation of ocean dynamics or sea ice, and the model
uses the simplified Betts—Miller (SBM) convection scheme
of Frierson (2007). All experiments were conducted using
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a convective relaxation time scale Tggp of 2 h and a reference
relative humidity RHggy = 0.7, and the boundary layer scheme
is the one used by O’Gorman and Schneider (2008).

The GCM was integrated at T85 truncation (corresponding
to a resolution of roughly 1.4° X 1.4° on a Gaussian grid) with
40 vertical levels, starting from a state with uniform SSTs. A
mixed-layer depth of 20 m was used to represent ocean surfa-
ces, and a reduced depth of 0.05 m was used to represent
“land.” All simulations were performed with a full seasonal
cycle of insolation, and were conducted for 16 years, with the
first year discarded as spinup. The interannual variability of
temperature variance is large in these simulations (10%-20%
of the climatological variance), and we have run some simula-
tions for longer to ensure the qualitative robustness of our
findings.

“Winter” is defined as the 90 days during which the Northern
Hemisphere receives the least insolation, and we present results
from nine simulations, shown in Fig. 2 and listed in Table 1.

b. Stationary eddy temperature and temperature
variance budgets

To help interpret the simulations, we will analyze the sta-
tionary eddy temperature and temperature variance budgets
at 850 hPa. The steady-state stationary eddy temperature bud-
get at a given atmospheric level can be written as

B *

¥ - VT) + 52;) LV GT) + |0ll| = BT - DT,

@

where v is the near-surface horizontal wind vector; w is the
vertical pressure velocity; V is the two-dimensional gradient
or divergence in x and y; p is pressure; F(T") and D(T") are
sources and sinks of eddy temperatures, respectively; the as-
terisks denote a zonal anomaly; the overbars now denote time
averages; and the primes are now deviations from the time
averages. In winter climates, the first term on the left-hand
side is the most important advective term, and can be decom-
posed into three components:

F-VI)' = [v]-VI" + v -V[T] + vo.vTr ,
mean flow advection eddy advection nonlinear eddy advection

®)

where square brackets denote zonal averages.

The steady-state temperature variance budget at a given
level is obtained by taking the budget for temporal tempera-
ture anomalies (7"”), multiplying by 7", and time averaging:

v -V(T?2) +VT - VT +v - V(T'’2) ~ F(T'?) — D(T"?),
4

where F(T'*) and D(T"?) are sources and sinks of tempera-
ture variance, respectively. We assume that in winter near-
surface temperature variance is primarily generated by hori-
zontal advection, so that the vertical terms can be ignored
(i.e., convection is negligible).
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FIG. 2. Land geometries used in the nine simulations with the moist GCM. See Table 1 for details of each configuration.

Equation (1) in the introduction is obtained from a Taylor
expansion of 7" (Schneider et al. 2015), but it can also be de-
rived directly from the temperature variance budget. Implicitly,
Eq. (1) assumes that the second term on the left hand side
(T’ - VT) dominates the variance budget, with the mean
flow term [v - V(77%/2)] and the nonlinear term [v' - V(77%/2)]
assumed small. As shown by Linz et al. (2020) and Zhang
et al. (2022), the non-advective terms of temperature vari-
ance can be approximated as relaxation to an equilibrium
temperature field:

_ T/2
VT +v - V(T'%2) ~ — .

eq

v-V(T?2) +vT ., (3

where 7. is a restoration time scale. If transient eddy heat trans-
port is taken to be diffusive (Kushner and Held 1998), then

_ _ 12
vl ~—-DVT = —— VT,
T
m

where L is a characteristic mixing length and 7,, is a character-
istic mixing time scale. Hence,
- 12
vT - VT ~ —=(VT),
m
and for a steady state the temperature variance budget can be
approximated as

2

2
L (VT)? ~ -

m eq
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which is similar to Eq. (1), but introduces two time scales: 7,
the time scale on which local temperature anomalies are re-
stored by radiation and other processes, and the diffusive 7,,,.
We emphasize again that the assumptions which lead to Eq. (6)
are most applicable to the winter midlatitudes, and this equa-
tion is less relevant to other regions and seasons.

As shown by Caballero and Hanley (2012), the lower tropo-
spheric eddies which transport moisture (and heat) are almost
stationary with respect to the background flow, so 7,, can be
taken to be a linear eddy damping coefficient, like friction
(see also Ferrari and Nikurashin 2010). Mixing lengths can
then be written in terms of 7,, and the eddy kinetic energy
(EKE) as L =1, VEKE, which makes the connection be-
tween friction and temperature variance clearer:

T7%~1,,1,EKE(VT)". @)

Equation (7) can be used to explain why temperature vari-
ance is typically higher over land than over oceans: the ther-
mal inertia of the ocean means that turbulent surface energy
fluxes quickly damp atmospheric temperature fluctuations,
whereas over land the surface quickly equilibrates to the at-
mospheric temperature, so the equilibration time scale is pri-
marily determined by radiative processes rather than faster
acting turbulent processes. This implies a larger 7. value over
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FIG. 3. (a) Variance of wintertime 850-hPa daily temperature in the Control simulation (colored contours) and
850-hPa winds (arrows). (b) Mean wintertime zonal 850-hPa temperature anomalies in the same simulation. (c) Mean
wintertime squared zonal 850-hPa temperature gradients in the same simulation. (d) Mean wintertime squared merid-
ional 850-hPa temperature gradients in the same simulation. (¢) Mean wintertime zonal surface pressure (colored
contours) and 850-hPa zonal wind anomalies (arrows) in the same simulation.

land than over ocean and, via Eq. (7), higher temperature vari-
ance there. By not accounting for the two relevant time scales,
Eq. (1) cannot explain the larger temperature variances over
land.

3. Winter climate of an isolated midlatitude continent

The Control simulation consists of an isolated, rectangular
midlatitude continent (Fig. 2a). The highest daily near-surface
(850 hPa) winter temperature variance is located in the north-
west of the continent (Fig. 3a), with a maximum value of 84 K2,
and the variance decreases moving to the east and to the south,
with the weakest temperature variance found along the south
coast of the continent.

The high temperature variance in the northwest of the conti-
nent is just north of the maximum near-surface winds (arrows
in Fig. 3a), and roughly collocated with the region of largest me-
ridional temperature gradients (Fig. 3d). These large gradients
reflect the relatively warm temperatures in the southwest of the
continent, compared to the much colder southeast (Fig. 3b).
Since temperatures are relatively uniform in the northern half
of the continent, d7/dy is larger on the west coast than on the
east coast of the continent. The largest zonal temperature gra-
dients are on the east and west coasts, at the boundaries be-
tween relatively warm ocean air and relatively cold continental
air (Fig. 3c). That the maximum temperature variance is slightly
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west of the largest meridional temperature gradient, and more
localized zonally, suggests that the enhanced zonal temperature
gradients along the west coast contribute to the temperature
variance maximum, though variations in 7.4, 7,,, and EKE also
play a role. We return to these in section 6.

The temperature pattern over the continent is set up in part
by the mean flow advecting warm ocean air over the continent
and in part by a strong, continental-scale anticyclone which is
excited by the cold surface temperatures over the eastern part
of the continent (Fig. 3e). Both act to warm the continent,
compensating on a regional level for the strong cooling due to
the land’s small heat capacity. To quantify the relative contri-
butions of the mean and stationary eddy flows to the tempera-
ture anomalies, we have decomposed the horizontal advection
term in the stationary eddy temperature budget using Eq. (3).
Figure 4a shows that mean flow advection is the largest contrib-
utor to the temperature pattern, warming the southern half of
the continent, particularly the southwest. At higher latitudes
the mean flow is weak and does not penetrate into the continen-
tal interior, which stays relatively cool. The anticyclone contrib-
utes to the temperature variance pattern by bringing relatively
warm ocean air across the south coast of the continent, further
warming the southwest, and then advecting this warm air to-
ward the northeast of the continent, reducing the meridional
temperature gradient in the east (Fig. 4b). The anticyclone also
advects cold air to the southeast. Both the mean advection and
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FIG. 4. (a) Contribution of the mean advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Control exper-
iment. (b) Contribution of the eddy advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Control experi-
ment. (c) Contribution of the nonlinear eddy advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Control

experiment.

the eddy advection terms cool the region off the continent’s
east coast by bringing relatively cold continental air over the
western part of the ocean basin. The nonlinear eddy advection
term is weak (Fig. 4c).

The importance of the zonal-mean wind for the tempera-
ture pattern suggests that the mean flow may be important for
generating temperature variance. This would violate the frame-
work underlying Egs. (1) and (7), which assumes that tempera-
ture variance is primarily driven by transient eddies acting on
mean temperature gradients. To assess the mean flow’s contri-
bution to the temperature variance, we have calculated the hor-
izontal advection terms in the temperature variance budget
[left-hand side of Eq. (4)]. Figure 5 confirms that transient ed-
dies are the main factor determining regional temperature vari-
ance, as v'T” - VT is by far the largest advective term (Fig. 5b).
The mean flow contribution is weak, and mostly confined to the
west coast of the continent (Fig. 5a), while the nonlinear contri-
bution of transient eddies acting on temperature fluctuations
damps temperature variance in the northwest somewhat
(Fig. 5c). Hence, while the mean flow is essential for setting
up the strong temperature gradients, it is not a major driver
of temperature variance.

This Control case is the starting point for understanding the
variance of wintertime temperatures over midlatitude conti-
nents and suggests that, in the absence of other geographic
features (complex geometry, orography, etc.), a temperature
variance maximum will be found in the northwest of a conti-
nent, just poleward of the maximum near surface winds.
Variations in mean temperature are mostly due to mean

flow advection, but the continental-scale anticyclone also
contributes to the large temperature gradients in the western
part of the continent. The variance itself is primarily due to
transient eddies interacting with the seasonal-mean tempera-
ture gradients, and not due to the mean flow acting on temper-
ature fluctuations.

4. The effects of continental geometry
a. Varying continent size

We now explore how the continent’s climate is affected by
changing its size and shape. We start by considering two cases
which investigate continent size: a continent that is narrower in
longitude and a continent that is longer in latitude (Figs. 2b,c).

The climate of the narrower continent, extending 60° in
longitude rather than 135°, is similar to the Control case, ex-
cept that the temperature anomalies over the continent are
smaller (Fig. 6). The temperature gradients are correspond-
ingly weaker, as is the temperature variance—the maximum
daily variance in this case is 61 K* (Table 1, Fig. 6a). The
smaller temperature anomalies are not surprising, as the
narrower continent allows the mean flow to better smooth
out the land-sea temperature contrast (Fig. 7a; note that the
magnitude of this effect depends on the relative heat capaci-
ties of the land and ocean).

In the simulation with a long continent, extending to the
equator (Fig. 2¢), the anticyclone is stronger and centered far-
ther south than in the Control case (Fig. 6j). The anticyclone
also extends farther over the ocean to the northeast of the
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FIG. 5. Contributions of the three horizontal advection terms in Eq. (4) to the temperature variance budget in the Control simulation.
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FIG. 6. (a) Variance of wintertime 850-hPa daily temperature in the Narrow simulation. (b) As in (a), but for the
Long simulation. (c) Mean wintertime zonal 850-hPa temperature anomalies in the Narrow simulation. (d) As in (c),
but for the Long simulation. (¢) Mean wintertime squared zonal 850-hPa temperature gradients in the Narrow simula-
tion. (f) As in (e), but for the Long simulation. (g) Mean wintertime squared meridional 850-hPa temperature gra-
dients in the Narrow simulation. (h) As in (g,) but for the Long simulation. (i) Mean wintertime zonal surface pressure
(colored contours) and 850-hPa wind anomalies (arrows) in the Narrow simulation. (j) As in (i), but for the Long

simulation.
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FIG. 7. (a) Contribution of the mean advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Narrow experi-
ment. (b) Contribution of the eddy advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Narrow experi-
ment. (c) Contribution of the nonlinear eddy advection term in Eq. (3) to the winter 850-hPa zonal temperature anomalies in the Narrow
experiment. (d) As in (a), but for the Long experiment. (e¢) As in (b), but for the Long experiment. (f) As in (c), but for the Long

experiment.

continent, while a cyclone sits over the rest of the midlatitude
ocean. But the temperature gradients and variance over the
continent are similar in midlatitudes, with a maximum daily
temperature variance of 78 K2, reflecting similar patterns of
temperature advection (bottom row of Fig. 7). There is an ad-
ditional region of enhanced temperature gradients in the
southeast of the continent (Fig. 6h), though the gradients are
weaker than in midlatitudes, and are maintained by the anti-
cyclone, which brings cold northern air southward into the
deep tropics (Fig. 7d). These large subtropical temperature
gradients do not result in large temperature variances because
eddy activity in the subtropics is weak (see section 6).

b. Sloping coastlines

The importance of mean-flow advection for shaping re-
gional temperature distributions in the control simulation sug-
gests that the shapes of the coastlines may be important for
temperature variance. As mentioned above, Brayshaw et al.
(2009) showed that the southwest-northeast slope of the
North American east coast affects winter storm activity. We
have run two experiments to explore this factor, motivated by
the coastlines of North America and Eurasia. In the “Slanted”
simulation (Fig. 2d), the east coast of the continent slants
southwest to northeast, as it does for North America, while in
the “Tapered” simulation the northwest border of the conti-
nent tapers so that the continent is shorter on its west coast
than on its east coast (Fig. 2e). This mimics the tapering of
Eurasia—the northern border of Eurasia is much farther south
in western Europe than it is in central and east Asia.

In the Slanted experiment the maximum temperature gra-
dients and variance are weaker than in the Control simulation
(70 K2, Fig. 8a), though the difference is not statistically signif-
icant. In many ways, the Slanted case is similar to the Control
case, with an anticyclone centered over the east of the continent
and relatively uniform temperatures in the north (Figs. 8c,i).

The reason for the smaller variance is that the slanting coastline
interferes with the anticyclone, weakening it and leading to
smaller temperature gradients (because the eddy advection
term in Eq. (3) is weaker; see Fig. 9b). The maximum surface
pressure anomaly in this case is 9.7 hPa, compared to 11.0 hPa
in the Control case, and the maximum meridional temperature
gradient decreases from 1.17 to 1.04 K (100 km) !

The temperature variance is even weaker in the Tapered
experiment, with a statistically significant decrease to a maxi-
mum of 65 K? (Fig. 8b). The winter climate of this case again
retains many of the same basic features as the control experi-
ment (Figs. 8d.j), but the southwest of the continent is now
bordered by relatively warm ocean air to the north, reducing
the strong temperature gradients which are seen in the north-
west of the Control simulation (Fig. 8h). Instead, the largest
temperature gradients are farther inland, and are relatively
weak. Thus, cutting off the northwest corner of a continent
substantially decreases the maximum temperature variance
by eliminating the strong temperature gradients which would
otherwise be present in the northwest.

c¢. Bodies of water

Finally, we present two experiments designed to investigate
the role of bodies of water in shaping temperature distributions
(Fig. 10). The “Gulf of Mexico” (GOM) case has a large bay in
the southern coast of the continent (Fig. 2f), similar to the rela-
tively warm Gulf of Mexico waters south of North America,
and the “Inland Sea” case has a large inland body of water in
the western part of the continent (Fig. 2g), mimicking the large
bodies of water in western Eurasia: the Mediterranean, Black,
and Caspian Seas.

The winter climates of both simulations are generally simi-
lar to the Control, though the maximum temperature variance
is slightly higher in the GOM case (88 K?) and lower in the
Inland Sea case (78 K?). The bodies of water do produce local
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FI1G. 8. Asin Fig. 6, but for the (left) Slanted and (right) Tapered cases.

Longitude

enhancements of temperature gradients and variance directly While a large enough body of water would substantially al-
north of them (Figs. 10g,h), and in the Inland Sea case the maxi- ter the pattern of temperature variance over a continent,
mum meridional temperature gradients are on the sea’s north  these simulations suggest that inland bodies of water are not a
coast, but the highest temperature variance is still seen in the major factor in setting today’s pattern of winter temperature

northwest of both continents. We return to this case in section 6.  variance.
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FIG. 9. Asin Fig. 7, but for the (left) Slanted and (right) Tapered cases.

d. Comparing the simulations with observations

Comparing the results of this section with the observed pat-
tern of temperature variance in Fig. 1 shows some similarities,
but also important differences. The highest temperature vari-
ance over North America is located in the northwest part of
the continent,' as seen in most of the experiments, while in
Eurasia the highest variance is located north of the major
orography in Central Asia (Tibet, the Himalayas, and the
Mongolian mountains). In Lutsko et al. (2019), the maximum
variance moved southward when the orography was flattened
in GCM simulations, but stayed in Central Asia. This is con-
sistent with the Tapered experiment in which the temperature
variance is weak in “western Eurasia” because the tapering of
the northern boundary of the continent eliminates the strong
meridional temperature gradients which would otherwise be
setup in the northwest of the continent. Orography further
damps the variance over Eurasia.

The most notable inconsistency between our experiments
and the observations is that according to the Narrow simulation
the temperature variance should be weaker over the narrower
North American continent than over the wider Eurasian
continent—the reverse of what is observed. In fact, the Slanted
experiment suggests that North America’s sloping coastline may
further damp temperature variance. So while the simulations
presented above can explain the general patterns of temperature
variance over the two continents, they cannot explain the rela-
tive magnitudes of the variance. To understand this better, in
the next section we present experiments with two continents,
which reveal how continental geometry interacts with stationary
waves to determine regional temperature distributions.

5. Temperature variance over two continents

The addition of another continent generates stationary
waves which impact temperature gradients and temperature

! The highest variance is in the lee of the Rockies, but still in the
northwest quadrant of the continent.
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variance, modifying the picture from the single-continent sim-
ulations. We first discuss a case with two midlatitude conti-
nents, of approximately the same widths as North America
and Eurasia (80° and 120° in longitude, respectively; see Fig. 2h).
In this case the narrower continent has substantially higher tem-
perature variance than the wider continent (maximum of 77 K>
compared to 69 K2, Table 1, Fig. 11a), as well as stronger temper-
ature gradients (Figs. 1le,g), resembling what is observed in
Earth’s Northern Hemisphere much more than the Narrow sim-
ulation presented in section 4a. Examining the temperature
anomalies and flow fields shows that the combined presence of
the two continents leads to weaker surface pressure anomalies
compared to a single continent (Fig. 11i), because the greater
land area in this case cools the entire Northern Hemisphere (not
shown), and leads to weaker anticyclones compared to the single
continent cases. The narrower “North American” continent does
not produce a significant stationary wave response away from
the continent, while the surface pressure anomaly over the larger
“Eurasian” continent is strong enough to excite a stationary
wave that extends over the “Pacific,” with a cyclone off the west
coast of the narrower continent and anomalously warm tempera-
tures in the “east Pacific.” The cyclone interacts with the anticy-
clone over the eastern part of the narrower continent to produce
strong southwesterly flow over the narrow continent, while the
warm temperatures off the narrower continent’s west coast also
lead to enhanced mean flow temperature advection (top row of
Fig. 12). Together, these produce large temperature gradients
over the narrow continent. By contrast, the weaker stationary
wave generated by the narrow continent leads to weaker eddy
temperature advection and to weaker mean flow advection,
which acts on relatively cold temperatures over the “Atlantic.”
While the 2 Continent case produces a substantial difference
in the temperature variance of the continents that is qualita-
tively consistent with the observations, we noted in the previous
section that the climate of the Tapered simulation was similar in
some respects to that of Eurasia, and that Eurasia’s tapered
northwest coast could partly explain why temperature variance
is so low over the continent. As such, we present a final simulation
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FI1G. 10. As in Fig. 6, but for the (left) GOM and (right) Inland Sea cases.

in which the north coast of the wider continent is tapered, similar ~ narrower continent decreasing to 65 K> and over the wider
to the tapering of Eurasia’s northwest coast (Fig. 2i). continent to 61 K2 The reason for this is that the tapering

Tapering weakens the difference in temperature variance  weakens the stationary wave over the wider continent, and,
between the two continents, with the maximum over the hence, also the southwesterly flow over the narrow continent

ught to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Unauthenticated | Downloaded 05/06/24 10:00 PM UTC



8060 JOURNAL OF CLIMATE VOLUME 35

90 a) Two continents — 5ms™! b) Two continents + tapering — 5ms™!
. E 05
N
70 ©
[} >
el
3 g
£ 50 >
- -~
© = o =1 ©
-1 30 RS — 55 e —— g 5
S S e R Tt R e T 30 &
s 5
0 [FEEEEE s e R R = e 10
) d)
%
IS
2
[}
S @©
2 g
= o 3
S ©
— 30 o
()]
Qo
1S
(9]
|_

-6

0 T T T T T T T T T T T T T T

e) f)

90 1.5
&
PN

J J ~

v 60
o 1.08
] —
= Z

=

© <
- 30 -
o~
P
O'5|l~|><
|

0 T T T T T T T T T T T T T T

g) h)

90 1.5
—_
o~

v 60 1 X
T |- / =
=] o
E - S
© V
-1 30 =
o~
r0.5 7>
SR
i) — 2ms™! — 2ms™!
90 E
..... N
> ETEETEE 1 o £
a oo R B s o < —
< s TS~ R e = v tata

604" 7. , N IR | ) O i e N S L5 g

g Lo UREEERN (T N T, R | 2
R N I Rt ot N WS [N N ©
o WREY N TS A NS N Lo o
) LIBERRARHET . AP e A PP N [ . fud
© R RN 7~ . L. s/t 4 t A box o~ 14 e VP RN ,//‘ 5
J3p A NSl s /S aaly 7 AN L Sy ;v s NS =y /NN 0
VAR Y F N NN 7 7 7 SN LD | _5 0
,/u‘\‘,w// PN ———— = s s oo odnee—s T, ~~ 0~ — Q
RS S E Ld - heee L LN St N s s o e 5

[P S  D= S W Lo S Z ol ) ok e @ nns gl e o =
PR S, D 2 o o~ o Ny e s e c 3 A4 _10t
0 y . (11114'.,, y SN L ’ P . P 3

0 60 120 180 240 300 360 0 60 120 180 240 300 360

Longitude Longitude

FIG. 11. As in Fig. 6, but for (left) the simulation with two continents and (right) the simulation with two continents
and tapering.

(Figs. 11d,j). The zonal temperature anomalies over the temperature advection is also weaker. Thus, the tapering
“east Pacific” are smaller, so the zonal temperature anoma- of the wider continent produces smaller temperature gra-
lies advected by the mean flow are cooler, and the mean dients over the narrower continent, and weaker tempera-
flow advection is weaker (cf. Figs. 12d and 12a). The eddy ture variance.
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FIG. 12. As in Fig. 7, but for (top) the simulation with two continents and (bottom) the simulation with two continents and tapering.

Nevertheless, we believe this case is instructive for under-
standing the observed pattern of temperature variance. The
stationary wave patterns in Figs. 11c and 11d are very differ-
ent from the observed Northern Hemisphere winter station-
ary wave pattern, as important wave sources, such as Asian
orography and diabatic heating over the west Pacific are miss-
ing from the simulations. These would alter the simulated sta-
tionary wave field, and would mostly affect temperatures over
North America rather than over Eurasia. Hence, the rela-
tively low temperature variance over Eurasia can be thought
of as a primarily local effect, caused by the tapering of the
northwest coast of Europe, whereas the enhanced tempera-
ture variance over North America is a nonlocal effect, driven
by a stationary wave pattern that produces enhanced temper-
ature gradients over North America.

6. Effective mixing lengths and eddy kinetic energy

The above discussion has primarily focused on temperature
gradients as driving regional differences in temperature vari-
ance, as these have previously been identified as the primary
control on midlatitude temperature variance (e.g., Schneider
et al. 2015). We confirm that this is the case here in Fig. 13,
which plots the maximum temperature variance against the
maximum squared meridional temperature gradients across
the simulations (circular markers). The points generally clus-
ter around a straight line (+* = 0.77), though there are some
hints of nonlinearity for the two cases with the largest vari-
ance (the Control and GOM cases). Similar results are ob-
tained by plotting the maximum temperature variance against
the maximum value of (T/dy)* + (9T/0x)* (crosses in same
figure, * = 0.71), and the slopes give effective mixing lengths
of 677 and 658 km, respectively. Hence, variations in tempera-
ture gradients are the main driver of variations in temperature
variance across the simulations.

More evidence for the importance of temperature gradients
comes from the left panels of Fig. 14, which show the eddy
kinetic energy (Fig. 14a) and the squared temperature gradients
[(8T/ay)* + (9T/ox)?, Fig. 14c] in the Control simulation. In

the Control simulation, the EKE is largest at midlatitudes,
between roughly 40° and 60°N, and is maximal over the conti-
nent. This is consistent with the large temperature gradients
over the continent, which drive stronger eddy activity (e.g.,
through larger Eady growth rates). While there is an EKE
maximum roughly collocated with the maximum tempera-
ture variance, the EKE is high throughout the continent,
and there are maxima with similar magnitudes in the eastern
part of the continent. So the EKE alone cannot explain the
strong temperature variance in the northwest. The EKE
map can explain why extending the length of the continent
to lower latitudes does not produce large subtropical tem-
perature variance maxima (section 4a), as the values are
very small south of about 30°N.

The squared temperature gradients resemble the tempera-
ture variance much more closely (Fig. 14c), particularly the
strong east-west gradient. This confirms again that to first
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FIG. 13. Maximum 850-hPa temperature variance vs maximum
squared temperature gradients [either (97/0y)? (round markers) or
(0T/ay)* + (9T/ox)* (crosses)] for the various simulations. Separate
values are plotted for each continent in the 2 continent simulations.
The lines show fits to the data using reduced major axis regression.
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FIG. 14. (a) Wintertime 850-hPa eddy kinetic energy (blue shading) and daily temperature variance (red contours,
contour interval = 9 K?) in the Control simulation. (b) As in (a), but for the Inland Sea simulation. (c) Wintertime
near-surface 850-hPa squared temperature gradients [(97/dy)* + (97/0x)?] (blue shading) and daily temperature vari-
ance (red contours, same contour interval) in the Control simulation. (d) As in (c), but for the Inland Sea simulation.

order temperature gradients govern the pattern of tempera-
ture variance in these simulations. The two time scales identi-
fied in section 2b (7.q and 7,,) could also play roles in setting
the spatial patterns of temperature variance, but estimating
them is beyond the scope of this study. We note that the
land-sea difference in heat capacity likely causes 7.4 to be
larger over the continents, and in section 2b it was argued that
7,, should be related to surface friction or surface roughness,
which is constant throughout the domain. So we expect that 7.4
contributes to the temperature variance pattern, but not 7,,,.

The panels on the right of Fig. 14 show the EKE and
squared temperature gradients for the Inland Sea simulation,
which is the case in which EKE variations seem to play the
largest role in determining regional temperature variance.
There are large temperature gradients in the northwest of the
continent and also to the northwest of the inland sea. In fact,
the largest temperature gradients are on the sea’s north coast.
Both of these regions of strong temperature gradients pro-
duce temperature variance maxima, but the strongest vari-
ance is in the northwest of the continent. This seems to be
because the EKE is slightly larger there, though variations in
T OT Teq could also play roles in keeping the maximum tem-
perature variance in the northwest of the continent.

7. Conclusions

In this study, we have investigated how continental geome-
try affects near-surface temperature variance over midlatitude
continents. We began by discussing a Control simulation,
which shows that in the case of an isolated, rectangular mid-
latitude continent, temperature variance maxima are found in
the northwest of continents, poleward of the maximum near
surface winds and collocated with the maximum horizontal
temperature gradients. These strong temperature gradients
are mostly due to mean-flow advection, but a continental-scale
winter anticyclone also contributes to the high temperature
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variance in the northwest. To our knowledge, this case has not
been discussed before, and is a starting point for what temper-
ature variance should look like over midlatitude continents.

Building on the Control experiment, we have run a variety
of cases designed to mimic key aspects of the geographies of
North America and Eurasia. These simulations have provided
several insights into how continental geometry shapes regional
temperature variance:

e In isolation, narrower continents have weaker temperature
variance maxima, because mean flow advection smooths
out land-sea temperature contrasts. By contrast, the length
of a continent in latitude does not affect temperature vari-
ance at midlatitudes, though it can produce weak tempera-
ture variance maxima in the subtropics. Subtropical tem-
perature variance is generally weak because of the low
EKE there.

e The shapes of the eastern and western coastlines are impor-
tant factors governing temperature variance. A sloping east
coast weakens the continental anticyclone, which advects
less warm air over the southwest of the continent, reducing
the maximum temperature gradients and temperature vari-
ance. The west coast has an even stronger effect, as a tapered
northwestern coast (similar to the tapering of Eurasia) elimi-
nates the strong temperature gradients in the northwest of
the continent, greatly damping temperature variance.
Inland bodies of water, like the Gulf of Mexico, and inland
seas, like the Mediterranean, Black and Caspian Seas, can
lead to local maxima in temperature variance, but for the
cases we considered the maximum temperature variance is
still in the northwest of the continent, and is relatively in-
sensitive to bodies of water.

While these simulations can explain some of the features of
observed temperature distributions, there is a key discrep-
ancy: the Narrow simulation suggests that temperature variance
should be weaker over North America than over Eurasia, not
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larger. To resolve this difference, we have run simulations with
two continents: one wider and one narrower, mimicking Eurasia
and North America, respectively. In this case, the temperature
variance is larger over the narrower continent, because the sta-
tionary wave excited by the wider continent warms the “Pacific,”
enhancing mean flow advection of heat over the narrow conti-
nent and strengthening its temperature gradients. We have at-
tempted to add an extra degree of realism to this configuration
by tapering the northwest coast of the wider continent, similar
to the tapering of western Eurasia. The tapering reduces the
temperature variance over the wider continent, but also
weakens the stationary wave excited by the continent, weak-
ening the temperature gradients and variance over the nar-
rower continent.

Together, these results suggest that the tapering of north-
western Eurasia plays a key role in damping temperature vari-
ance over the continent. Combined with the findings of Lutsko
et al. (2019), the weak wintertime temperature variance over
Eurasia can be largely explained by the local effects of a ta-
pered northwest coast and the presence of large mountain
ranges in central and east Asia (Tibet, the Himalayas, and
the Mongolian mountains), which damp upstream tempera-
ture variance. Conversely, the high temperature variance over
North America must be due to nonlocal effects (i.e., stationary
waves); on its own, a narrow continent would be expected to
have low temperature variance. Explaining the high tempera-
ture variance over North America thus requires a full picture
of the wintertime stationary wave pattern over the Pacific.
Garfinkel et al. (2020) recently showed that the observed sta-
tionary wave pattern is a nonlinear combination of land-sea
contrasts, horizontal heat fluxes in the ocean and topography.
In fact, over the northeast Pacific and western North America,
the sum of the responses to each forcing is opposite to that
when all three are imposed simultaneously due to nonlinear
interactions among the forcings. So it would be difficult to re-
produce the high variance over North America without includ-
ing all of the major wave sources in east Asia, the west Pacific,
and North America.

Changes in effective mixing lengths appear to play a small
role in determining the differences in variance between the
various simulations, though explaining the regional struc-
ture of the time scales in Eq. (7) is difficult, and left for
future work. Brayshaw et al. (2009) noted that increased
surface roughness over land reduces EKE, and in our frame-
work would also lead to a smaller 7,,. The lack of surface
roughness differences and of a realistic land model are im-
portant limitations to the present work.

As a final note, although our primary motivation has been
explaining the present-day pattern of temperature variance,
our results may also be helpful for interpreting the patterns
of temperature variance in past climates, when Earth’s
continents had very different geographies. In particular, the
single-continent simulations may provide a starting point
for studying continental temperature distributions during
periods when Earth’s surface featured a supercontinent, such
as Pangaea (336-175 Mya) and Gondwana (550-336 Mya)
(Palin and Santosh 2021).
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