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ABSTRACT: The nonnormality of temperature probability distributions and the physics that drive it are important due
to their relationships to the frequency of extreme warm and cold events. Here we use a conditional mean framework to
explore how horizontal temperature advection and other physical processes work together to control the shape of daily
temperature distributions during 1979–2019 in the ERA5 dataset for both JJA and DJF. We demonstrate that the tempera-
ture distribution in the middle and high latitudes can largely be linearly explained by the conditional mean horizontal tem-
perature advection with the simple treatment of other processes as a Newtonian relaxation with a spatially variant
relaxation time scale and equilibrium temperature. We analyze the role of different transient and stationary components of
the horizontal temperature advection in affecting the shape of temperature distributions. The anomalous advection of the
stationary temperature gradient has a dominant effect in in� uencing temperature variance, while both that term and the
covariance between anomalous wind and anomalous temperature have signi� cant effects on temperature skewness. While
this simple method works well over most of the ocean, the advection–temperature relationship is more complicated over
land. We classify land regions with different advection–temperature relationships under our framework, and � nd that for
both seasons the aforementioned linear relationship can explain� 30% of land area, and can explain either the lower or
the upper half of temperature distributions in an additional � 30% of land area. Identifying the regions where temperature
advection explains shapes of temperature distributions well will help us gain more con� dence in understanding the future
change of temperature distributions and extreme events.

KEYWORDS: Advection; Atmospheric circulation; Dynamics; Climate change; Climate classi � cation/regimes;
Temperature

1. Introduction

Although climate change is described in terms of global
mean warming (e.g., 2°C), its impacts depend on the local
changes to both the mean temperature and the temperature
distribution. Recent observations (McKinnon et al. 2016;
Rhines et al. 2017) and simulations (Tamarin-Brodsky et al.
2019, 2020) point out that temperature distributions are
changing with global warming. The probability distribution
function (PDF) of temperature is important for the frequency
of weather extremes and their response to climate change
(Huybers et al. 2014; Loikith and Neelin 2015; Ruff and Neelin
2012). Although in some cases the changes in global tempera-
ture extremes are well explained by a simple shift of the mean
value (Rhines and Huybers 2013), the potential role of different
moments of temperature PDFs on extreme events has recently

garnered greater attention (Alexander and Perkins 2013; Gar-
� nkel and Harnik 2017; Gao et al. 2015; Schneider et al. 2015).

Due to the severe impact of extreme temperature events on
society and their potential change of frequency (Loikith and
Neelin 2019; Wang et al. 2017; Sheridan and Lee 2018), espe-
cially for the increasing probability for anomalous heat events
during summer in a warming climate (Perkins 2015), under-
standing of the physics behind the shape of temperature PDF
needs to be improved (Hoskins and Woollings 2015). To that
end, recent work has approached this question from a variety
of perspectives.Gar� nkel and Harnik (2017) demonstrated the
role of horizontal temperature advection in generating non-
Gaussianity in a simple Lagrangian model. Consistent with
their � nding, Linz et al. (2018) showed that similar skewness
could be generated in a globally 2D idealized model where
temperature is advected as a passive tracer stirred by stochastic
Rossby waves. Employing a Lagrangian feature tracking algo-
rithm, Tamarin-Brodsky et al. (2019) explored the effect of
warm and cold anomalies in shaping temperature PDFs and
explored how different physical processes related to these
anomalous weather systems in� uence temperature variability
in the Southern Hemisphere. The Lagrangian perspective has
been further applied to study Northern Hemisphere tempera-
ture variability in Tamarin-Brodsky et al. (2020) and a simple
theory on how temperature variance and skewness changes
are generated dynamically from mean temperature gradient
changes was developed.
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As advances have been made in linking regional and global
temperature PDFs to large-scale meteorological patterns
(Grotjahn et al. 2015; Loikith and Neelin 2019; Nakamura
and Huang 2018) and the associated horizontal temperature
advection as discussed above, some studies identi� ed a variety
of factors controlling certain tails of temperature PDFs. For
example, in recent heatwave studies focusing on the warm tail
of temperature PDFs (Bieli et al. 2015; Buzan and Huber
2020; Horton et al. 2016; Quinting and Reeder 2017;
Zschenderlein et al. 2019), heatwaves in different regions
have been attributed to a combination of horizontal tempera-
ture advection, radiation, surface heat � uxes, moist heat pro-
cess, and subsidence. A wide spectrum of mechanisms—for
example, soil moisture feedbacks (Seneviratne et al. 2010),
quasi-resonant ampli� cation of planetary waves (Petoukhov
et al. 2013), large-scale orography (Lutsko et al. 2019), and
Arctic warming ( Barnes and Screen 2015; Coumou et al.
2015, 2018; Screen 2014)—also have the potential to in� uence
temperature PDFs and their future change.

Due to the variety of controlling factors, local-level knowl-
edge of the physical processes responsible for setting the
shape of the temperature PDF remains unclear. In other
words, how do different physical mechanisms quantitatively
affect a certain percentile of the temperature PDF at a certain
location? To answer this question,Linz et al. (2020) put for-
ward a conditional mean framework quantifying the balance
between large-scale temperature advection and all other pro-
cesses in setting the shape of the temperature PDF. They
demonstrated the effectiveness of the framework in examin-
ing and explaining the changing shapes of temperature PDFs
in the midlatitudes in an idealized aquaplanet model and
found that in midlatitudes the shape of temperature PDFs
could largely be explained by horizontal temperature advec-
tion while parameterizing all the other processes with a simple
Newtonian relaxation. Essentially, horizontal temperature
advection acts to amplify perturbations from the mean while
other processes act to damp perturbations from the mean.
The Eulerian essence of this conditional mean framework
also enables ready decomposition of the global horizontal
advection � eld into stationary and transient terms, so as to
resolve how different components of temperature gradient
and circulation pattern explain temperature PDFs as a func-
tion of temperature percentiles. While this framework leads
to interesting results with an idealized model, it is natural to
ask,“ What happens in the real world?” . After all, the extreme
events on land may have wider impacts than the ocean situa-
tion simulated in the idealized aquaplanet model, and differ-
ent processes, like land–atmosphere interactions, zonally
asymmetric land regions, and large-scale orography, will give
more complexity to the physical processes controlling the
shape of temperature PDFs. As such, it is unclear whether
there are any regions that could be simply explained by hori-
zontal temperature advection.

In this paper, we employ the same conditional mean frame-
work as in Linz et al. (2020) to investigate how well the sim-
pli � ed linear relationship between horizontal temperature
advection and the shape of the daily temperature PDF holds
in the ERA5 data. We concentrate on 850 hPa rather than the

surface, as this height has been commonly used in previous
studies (Gar� nkel and Harnik 2017; Schneider et al. 2015;
Tamarin-Brodsky et al. 2019, 2020) and has been shown to be
a good representation of near-surface extreme temperature
events (Tamarin-Brodsky et al. 2020). We decompose hori-
zontal advection into mean and transient terms to understand
the dominant factors affecting different moments of tempera-
ture PDFs. Furthermore, we look beyond the simple frame-
work to also perform a cursory examination the role of
vertical processes (vertical advection and adiabatic processes)
and diabatic processes in driving the shape of temperature
PDFs on land.

The paper is organized as follows. Insection 2, the data and
methods are introduced. We applied the conditional mean
framework to ERA5 data and present those results in section
3. Section 4describes the effects of different transient and sta-
tionary components of horizontal temperature advection in
shaping temperature variance and skewness in the context of
the conditional mean framework. In section 5, we focus on
PDFs over land, using clustering analysis to identify different
regions according to the balance between conditional mean
temperature advection and other processes in shaping the
temperature PDF. Limitations of this study, a summary, and
conclusions are discussed insection 6.

2. Data and methods

a. Conditional mean framework

The conditional mean framework we are using to explain
temperature PDFs closely follows Linz et al. (2020), where it
effectively explained the midlatitude temperature PDFs in an
idealized aquaplanet model. Similar methods have also been
used to study extreme precipitation (Chen et al. 2019; Ma et al.
2020; Norris et al. 2019a,b). For completeness, a description
of it follows.

The temperature (T) tendency at a certain location can be
described by

� T
� t

5 2 v · � T 2 v
� T
� p

1 úT , (1)

where v is the horizontal wind vector, ( u, y), � T is the hori-
zontal temperature gradient, v is vertical velocity in pressure,
� T/� p is temperature gradient with pressure, and úT is the total
derivative of temperature, which could be interpreted as the
in� uence of other processes like adiabatic processes, radia-
tion, and latent heat release. Note that in Linz et al. (2020),
the authors are using potential temperature u when introduc-
ing the theory, but are applying the theory to temperature
when conducting their analysis. To avoid any confusion, we
choose to directly introduce the theory in terms of tempera-
ture T. It is also worth pointing out that on a constant pres-
sure surface (850 hPa here), temperature and potential
temperature differ only by a constant: u5 T 1000=850

� �R=cp . It
can also be proved that the vertical advection of potential
temperature 2 v � u/� t equals the vertical transport term
�v k T=p2 � T=� p

� �
� Te of temperature, which is going to be
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further discussed in our section 5. The derivation in the cur-
rent study is equivalent to the version in Linz et al. (2020).
We choose to write a � rst-order Taylor approximation of úT as

úT � 2
T 2 Teq

t
, (2)

which can be interpreted as a linear Newtonian relaxation
process toward a equilibrium temperature Teq with a charac-
teristic time of t . Using this approximation and also absorbing
the vertical part of temperature advection 2 v � T/� p into the
úT term, (we will examine this assumption in sections 3and 5),
Eq. (1) can be idealized as a combination of horizontal advec-
tion driving the temperature tendency and a relaxation term
caused by all the other processes:

� T
� t

5 2 v · � T 2
T 2 Teq

t
: (3)

An explanatory equation for temperature PDFs is derived
from Eq. ( 3) through calculating the conditional mean on the
percentile of temperature, that is,

�
� T
� t

�

Te

5 � 2 v · � T� Te 2
�T� Te 2 Teq

t
: (4)

Here, �X � Te means the conditional mean of variable X at the
temperature PDF percentile e. Linz et al. (2020) show in their
Eqs. (3)–(6) that � � T=� t� Te is equal to the trend of the temper-
ature at a certain percentile Te: � � T=� t� Te 5 � Te=� t. We also
� nd that the temperature tendency vanishes when condition-
ally averaged at each temperature percentile, since the accu-
mulation of temperature tendency at a � xed temperature
percentile over a long period will be negligible, if the long-term
trend is small. We inspect the long-term trend at 49 evenly dis-
tributed percentiles (2nd, 4th, …, 98th) using quantile regres-
sion (e.g.,Koenker and Bassett 1978; Cade and Noon 2003) and
� nd that the magnitude of largest trend among all the grid points
and percentiles is smaller than 0.1 K yr2 1, or 3.2 3 102 9 K s2 1,
while a typical magnitude of the conditional mean of horizontal
temperature advection is about 3 102 5 K s2 1 (e.g., Fig. 2d; see
movie S1 in the online supplemental material). Thus we can
safely ignore the LHS of Eq. (4). (Note that we are not claiming
that the trend in temperature is negligible, but we are justifying
that it is reasonable to treat the period of study, 1979–2019, as a
single climate state in our current analysis and to ignore the
LHS.) Then we have

Te 5 t · � 2 v · � T� Te 1 Teq, (5)

where Te is the temperature at the eth percentile, Te5 �T� Te.
Equation ( 5) states that the temperature at a particular per-
centile can be linearly related to the conditional mean of hori-
zontal temperature advection at that temperature percentile.
Hereafter, this conditional average of temperature advection
term will be referred to as “ conditional temperature
advection” following Linz et al. (2020). If observations exhibit
a linear relationship between temperature and conditional
temperature advection, we can interpret the slope of the lin-
ear relationship as t and the intercept as Teq. Signi� cant

deviations from this linear relationship indicate the impor-
tance of processes other than conditional temperature advec-
tion in explaining the shape of the temperature distribution.
Generally, t and Teq need not be independent of the percen-
tile. If the � rst-order Taylor expansion [Eq. (2)] is effective
with the same or nearly the samet and Teq over the full distri-
bution, however, the temperature distribution would be
explained by conditional temperature advection. That is to
say that if other processes always act as a damping effect, they
cannot explain any movement of the temperature away from
the mean. Constant coef� cients worked surprisingly well in
the idealized simulation reported in Linz et al. (2020) and will
be examined with reanalysis data insection 3.

When evaluating the conditional mean of temperature Te

and conditional temperature advection � 2 v · � T� Te, we divide
the temperature PDF evenly into M percentile bins:

ei 5
100i

M 1 1
, i 5 1,:::,M: (6)

The conditional mean value at the eith temperature percentile
is evaluated as the average over the temperature percentile
range of [ei2 0.5, ei1 0.5] rather than just the event at the eith
percentile so as to acquire a relatively smooth distribution
function. It is interesting to point out that the premise behind
our conditional mean framework is the same as standard
composite methods: we are actually compositing horizontal
temperature advection into different bins according the per-
centile of temperature in order to see what is important for
temperature in that bin. In this paper, M is chosen as 49 to
strike a balance between the resolution of temperature PDF
and a large enough sample size to achieve reliable average
values. Other M values such as 19, 199, and 499 have also
been studied (not shown here) and do not qualitatively
change the results.

In sections 3and 5, we apply a “ local normalization” to the
conditional temperature advection � 2 v · � T� Te or percentile
mean temperature Te. If there is no further speci� cation,
we normalize the 49-point-vector of conditional temperature
advection or the 49-point-vector of percentile mean tempera-
ture at each grid point by � rst subtracting the mean and then
dividing by the standard deviation of the 49 values at that grid
point.

b. ERA5 data

The data used for this study come from the ERA5 dataset
(Hersbach et al. 2020) produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). We use data
at 850-hPa level during 1979–2019, for temperature, horizon-
tal wind, and vertical velocity ( v ) � elds. Temperature data at
825 and 875 hPa are also used when calculating the vertical
temperature gradient. Both JJA and DJF seasons are studied.
We use data at 0000, 0600, 1200, and 1800 UTC and average
them for each day to obtain the daily data for both tempera-
ture and advection data (derived from wind and temperature
� elds). The raw daily data are used and no climatology is sub-
tracted considering that we are studying the original PDF of
temperature. We use the resolution of 0.25° 3 0.25° when
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