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Abstract

Rossby waves are important drivers of the evolution of mid-latitude weather and their
breaking (Rossby wave breaking, RWB) is known to initiate high-impact weather events
such as heavy precipitation. Under global warming, the wave dynamics is expected to
change and may possibly affect future extreme weather. In this study, the changes in
RWB in a warming climate and their relationships to the jet (waveguide) and heavy
precipitation are explored. Potential vorticity (PV) streamers and cutoffs are utilized
as proxies for RWB events. Using a feature-based identification algorithm, their cli-
matological frequencies are obtained in present-day and end-of-century climate model
simulations of the Community Earth System Model (CESM). A comparison to ERA-
Interim reanalysis demonstrates the ability of the CESM model to reproduce plausible
seasonal cycles and geographical distributions of RWB despite an obvious isentropic level
shift. The comparison between present-day and end-of-century climate simulations shows
significant seasonal and regional changes of the climatological RWB frequencies. Promi-
nent decreases in RWB frequency are observed near the North American west coast and
the subtropical North Atlantic during boreal winter, while increases are seen in similar
regions during boreal summer. These changes are mainly related to anticyclonic wave
breaking (AWB) with the exception of the changes over the North American west coast
in summer. Separated and merged jet configurations are revealed using composite zonal
velocity fields during and outside of RWB occurrence. The changes in relative frequencies
of the jet states are postulated to accompany the changes in RWB frequency. Though
RWB is likely to remain as a trigger for heavy precipitation in future climate, the con-
tribution from RWB changes in heavy precipitation redistribution cannot be quantified
easily and other methods are required to explore this relationship.
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1. Introduction

The weather in the mid-latitudes is strongly related to the evolution of Rossby waves.
With the interpretation of Rossby waves being undulations of the flow resulting from
a perturbed background meridional potential vorticity (PV) gradient (Rhines, 2003),
PV becomes an important and valuable quantity for studying Rossby wave dynamics.
In particular, the isentropic PV maps (Hoskins et al., 1985) are found to be useful
as both PV and potential temperature are conserved in adiabatic and inviscid flow,
which is a good approximation to the large-scale atmospheric flow generally, and hence
makes isentropic PV effectively a Lagrangian tracer. The adoption of the PV framework
provides an additional advantage due to the invertibility principle, with which under
suitable conditions, all dynamical fields of the flow can be diagnostically deduced from
the PV distribution (Davis, |1992)). In the PV framework, jet streams at tropopause
level are usually observed in regions with steep horizontal gradients of PV on isentropic
or isobaric surfaces and such enhanced gradients of PV effectively act as a waveguide
(Schwierz et al., 2004) for Rossby wave propagation. The jet streams are therefore
sometimes referred to as the PV waveguide.

When Rossby waves amplify during their evolutions, non-linearity may potentially
cause the breaking of the waves, which is termed Rossby wave breaking (RWB). The
breaking waves can cause significant poleward or equatorward excursion of both strato-
spheric and tropospheric air, which in general possesses high-PV and low-PV respectively.
On satellite images (Appenzeller and Davies|, [1992) or isentropic PV maps (Wernli and
Sprenger), |2007), RWB therefore can be indicated by the formation of elongated fila-
ments of high or low PV, termed PV streamers, or isolated quasi-circular high or low PV
features, termed PV cutoffs.

RWB can be further distinguished into two major types, anticyclonic (AWB) and
cyclonic (CWB) wave breaking according to their baroclinic wave life cycles (Thorncroft
et al., [1993). AWB typically breaks equatorward with a backward-tilted trough while
CWB wraps poleward with a forward-tilted trough. The two different types of wave
breaking have different interactions and feedbacks to the jet stream. AWB is usually
observed equatorward of the jet and shifts the jet poleward due to the associated eddy
momentum flux in the same direction (Riviere, 2009)). In the opposite, CWB occurs
poleward of the jet and shifts the jet equatorward. The jet stream and RWB hence
interact closely and mutually influence each other.

RWB events also have socioeconomic significance as they are found to trigger high-
impact weather events in the extratropics as well as in lower latitudes. For instance, RWB
may initiate tropical cyclogenesis (e.g.|Davis and Bosart, 2003), extreme precipitation in
the mid-latitudes (e.g. Massacand et al., 2001} |Grams et al., 2011} |[Hu et al., [2017; Moore
et al., 2019) and the subtropical regions (e.g. Knippertz and Martin, [2005; |Argence et al.,
2006; |de Vries et al.,2016)). The changes in these high-impact weather events in the future
climate under a warming trend are of interest as they help to plan suitable mitigation
and adaptation measures. The wave dynamics is expected to change in response to global
warming and affect these high-impact events. However, compared to the thermodynamic
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changes like the increasing moisture in the air, changes in the wave dynamics are less well-
understood due to the complex interaction between the waves and the general circulation.

The research on the changes of future jets associated with global warming is ongoing
and remains a challenging task. Despite their dynamical and variable nature, a robust
poleward displacement is projected for the jets and the closely related storm tracks in
response to climate change by various general circulation models (GCMs) (Yin, 2005;
Barnes and Polvani, 2013). While this global change is well-established, regional dif-
ferences are observed for the shift and the strength of the jets on dierent sectors of
the globe (Barnes and Polvani, 2013). The tropical warming in the upper troposphere
tends to strengthen the jet and shift it poleward while polar warming near the surface
tends to weaken the jet and shift it equatorward (Baker et al., 2017), hence imposing
counteracting e ect on the future jets and introducing seasonal di erences due to vary-
ing heating at di erent times of a year. In addition, since the present-day variability of
the PV waveguide is found to be linked to teleconnection patterns including the EI-Nino
Southern Oscillation and North Atlantic Oscillation (Martius et al., 2008), further com-
plication to the future jet changes from the changes of these interannual variabilities is
expected.

With the mutual interaction of RWB with the waveguide (Martius et al., 2010) and the
spatiotemporal variations of RWB (Wernli and Sprenger, 2007) identi ed in the present
climate, one can expect the response of RWB to the projected changes of the future jet
streams to be highly complicated. This linkage is not well-understood and only several
studies address this problem. Barnes and Hartmann (2012) examined the changes in
RWB event frequency owing to the meridional shift of the mid-latitude jet using isobaric
absolute vorticity. With the distinction between AWB and CWB, they showed that while
AWB generally shifts poleward with the jet, CWB decreases in frequency in the future
climate simulations by GCMs. The result was interpreted along with the simulations
of a barotropic model, which they employed for studying jet variability in a previous
study (Barnes and Hartmann, 2011), and they suggested that the asymmetry observed
between the two types of wave breaking results from the decreasing background absolute
vorticity gradient near the poles. While a global trend for the frequency and meridional
position of future RWB was found, seasonal and regional di erences were not analysed
and the discussion on GCM simulations focused mainly on the annual mean condition
in the Southern Hemisphere. A more detailed study of RWB events using isentropic
PV, which is more common than isobaric absolute vorticity, addressing possible seasonal
and regional di erences is hence needed to verify the general trends and improve the
understanding of the deviations from these general trends. The importance of such
investigation is further raised since RWB is also used as the dynamical mechanism to
explain the future changes in the jet by other research studies (Riviére, 2011; Barnes and
Polvani, 2013).

The future modi cation on RWB-related high-impact weather under climate change
is even less researched. As demonstrated in present-day climate, the triggering of high-
impact weather by RWB is sensitive to geographical locations and uncertainty in RWB
can thus result in signi cantly di erent realizations of the event (Portmann et al., 2020).
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To explore the possible future changes in RWB-related high-impact weather, the global
and annual mean trend observed for the jet and RWB can therefore only provide limited
guidance. With recent studies illustrating the capability of climate models in reproducing
basic characteristics of RWB events in present-day simulations (Grose et al., 2012; Béguin
et al., 2013) despite speci ¢ bias, direct assessment on the regional and seasonal changes
in RWB climatology obtained from model simulations becomes possible. It allows the
complex interaction among the jet, RWB and high-impact weather to be addressed more
comprehensively.

This study aims at examining the changes in the spatial and seasonal distribution of
RWB associated with global warming and its relation to both the waveguide (jet stream)
and future high-impact weather. Precisely, this work addresses the following questions
on RWB:

1. What are the changes in geographical distribution and seasonal cycle of RWB under
global warming?

2. What are the changes in the waveguide (jet stream) characteristics accompanying
the changes in RWB? What are the possible linkages between these changes?

3. Are high-impact weather events in selected target regions in the future a ected by
RWB changes upstream?

The changes in RWB are examined by utilizing the Community Earth System Model
(CESM). Using PV streamers and cuto s as proxies for RWB events, they are identi ed
in both present-day and end-of-century simulations on di erent isentropic levels. RWB
climatologies are then compiled and analysed for both simulations in di erent seasons.
The credibility of the RWB climatologies simulated is assessed through a comparison
between the present-day simulation and reanalysis data while the future changes in RWB
are identi ed by the comparison between present-day and end-of-century simulations.
The zonal velocity and wind speed are utilized to indicate the jet streams interchangeably
in this study. Finally, heavy precipitation is chosen as the type of RWB-related high-
impact weather for exploration since precipitation is directly available in model outputs
and heavy precipitation events are well-documented. A detailed description of the data
and methodology is included in section 2, followed by the presentation of and discussions
on the main results in section 3. A brief conclusion with an outlook on possible further
studies in section 4 closes this report.



2. Data and Methods

2.1. Data

2.1.1. CESM model simulation

To investigate the possible changes in RWB in the future, the Community Earth System
Model (CESM) version 1.2 (Hurrell et al., 2013) is utilized to perform present-day and
end-of-century climate simulations. An ensemble of simulations with 35 members is
obtained using the restart les from the CESM large ensemble project (Kay et al., 2015),
covering the period from 1920 to 2100. The ensemble members are subjected to speci ed
external forcing, with the period from 1920 to 2005 being the historical forcing while
from 2006 to 2100 being the representative concentration pathway 8.5 (RCP8.5) forcing.
In this study, present-day climate and end-of-century climate are represented by a 10-
year period from 1990 to 1999 and from 2091 to 2100 respectively. The atmospheric
elds used have a temporal resolution of six hours and a horizontal rectangular grid
with a resolution of 1.25° longitude by approximately 0.94° latitude at 30 vertical levels.
With limited computational power and time, only ve ensemble members are used in the
subsequent analysis, each with the two 10-year periods, i.e. 50 years of present-day and
end-of-century climate respectively. Potential vorticity (PV) and potential temperature
are rst derived from model variables at the model grid and then linearly interpolated

to isentropic levels from 300 to 350K for present-day climate and from 300 to 370K for
end-of-century climate at 5K intervals. The range of isentropic levels is selected to show
major RWB activites in the mid-latitudes for present-day climate following the ndings

in literature (Wernli and Sprenger, 2007) and it is expanded for end-of-century climate
as temperature is expected to increase in a warming climate. Isentropic PV serves as the
primary variable for the PV feature identi cation (see section 2.2.1). Other atmospheric
variables, including zonal velocity and potential temperature, are linearly interpolated
to isentropic or isobaric surfaces and used for the study of the zonal and temporal mean
states. The CESM simulations representing present-day and end-of-century climate will
be referred to as CESM-hist and CESM-RCP8.5 simulations in the following sections
respectively.

2.1.2. ERA-Interim reanalysis

Reanalysis dataset is used to assess whether reasonable and plausible PV feature clima-
tologies can be obtained in CESM-hist. With the assimilation of the available observa-
tional data into the state-of-the-art numerical weather prediction model, the reanalysis
elds are optimized to provide the best estimate of the state of the atmosphere that is con-
sistent with the observations (given the measurement error) and the governing physical
laws of the model. The reanalysis data is also continuous spatially and temporally, which
facilitates the comparison to climate model outputs. It is therefore used to represent the
present-day climate in this study and serves as a reference for CESM-hist. The ERA-
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Interim reanalysis data (Dee et al., 2011) from the European Centre for Medium-Range
Weather Forecasts (ECMWF) in the period of 1990-1999 is utilized in this study. While
the ERAS reanalysis (Hersbach et al., 2020), which is the latest version of reanalysis data
from ECMWF, is available, its spatial and temporal resolutions are signi cantly higher
than that of the CESM simulation and model error due to di erent resolutions may dom-
inate the di erences in the climatology of the two datasets. With a more comparable
spectral resolution of T255 ( 79km) and 60 vertical levels, the ERA-Interim reanalysis
may alleviate the problem and also reduce the computational resources required. The
PV feature identi cation elds (streamer and cuto ) are available for the ERA-Interim
data in a regular horizontal grid of 1° by 1° at 310-370K levels (additional 305K level is
available for PV cuto ) with six-hour intervals. PV and potential temperature are also
derived and interpolated to isobaric surfaces for examination with the same temporal
and spatial resolutions.

2.2. Methods

2.2.1. PV feature identi cation

Stratospheric PV streamers and cuto s are used as an indication of RWB in this study
and their climatologies in the CESM simulations are obtained on di erent isentropic levels
by applying the PV feature identi cation algorithm developed by Wernli and Sprenger
(2007) with minor modi cations Sprenger et al. (2017). As isentropic levels intersecting
the dynamical tropopause vary substantially during the seasons (Wernli and Sprenger,
2007), a range covering all isentropic levels crossing the tropopause in the midlatitudes
through a year is selected and PV features are identi ed at each level. The PV features
elds for ERA-Interim reanalysis were also obtained using the same algorithm. A brief
summary of the working principles of the identi cation algorithm is provided here and
readers interested in detailed explanation are referred to the original literature. The
2-PVU [ 1 PV unit (PVU) = 1:0 10 ®m2s 1Kkg '] isosurface is used to represent
the tropopause and regions with PV higher (lower) than 2-PVU are considered to be
stratospheric (tropospheric). For stratospheric PV streamers, the algorithm rst searches
for the closed 2-PVU contour which encircles the major stratospheric body on each
isentropic level. Streamers are then identi ed on the contour as elongated laments
of high-PV regions, which have end points on the contour separated by short direct
spherical distance but long contour-following distance. The thresholds of the distances
are set to mainly capture streamers on a synoptic scale. For stratospheric PV cuto s, the
algorithm identi es regions of stratospheric air completely surrounded by tropospheric
air and classi es them as cuto s if they are not the main stratospheric bodies. The
results are stored as binary elds respectively.

The identi cation result of the algorithm on an isentropic level at a certain timestep
is shown in Fig 2.1. The 2-PVU contour on model grid extracted by the algorithm is
indicated by red dots and it should be noted that only the contour enclosing the major
stratospheric body is identi ed. The PV streamers identi ed are indicated by green dots
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Figure 2.1.: Result of the PV feature identi cation algorithm at 320K at a selected
timestep in CESM-RCP8.5 simulation. The PV eld (colour shading) is
shown with the 2-PVU isoline highlighted by the blue line. The 2-PVU
contour (red dots), PV streamer (green dots) and PV cuto (purple dots)
identi ed by the algorithm are overlaid.

and the deep and elongated intrusion of high-PV air southward from Alaska to the central
North Paci c is satisfactorily captured. The isolated region of high-PV air over California
is also captured by the algorithm as a PV cuto (purple dots). It demonstrates the ability
of the algorithm to capture PV features and the identi cation result is reasonable and
satisfactory.

2.2.2. Life-cycle classi cation for PV streamer

The geometry of streamers is further analysed to distinguish RWB into the two typical
baroclinic wave life cycles (Thorncroft et al., 1993). As streamers of cyclonic and anti-
cyclonic wave breaking typically exhibit di erent orientations due to background shear,
a rotation operation that best restores the streamer into a north-south orientation is ap-
plied to determine the orientation of the streamer and hence the type of life cycle. The
algorithm rst determines the grid points that compose the boundary of the streamer
and obtains the root line, which refers to the line connecting the two end-points of the
streamer on the 2-PVU contour, by removing grid points that are on the contour (Fig
2.2). The centroid (arithmetic mean of all grid points) of the root line is calculated and
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is referred to as the root point. The streamer is rotated about this point for 90 in both
cyclonic and anticyclonic directions at L interval and the mean absolute di erence of the
longitude of the rotated streamer from the longitude of root point is calculated at each
angle. Provided that the rotated streamer has a centroid equatorward to the root point,
the rotation angle that gives the minimal mean absolute distance of longitude is used
to indicate the type of wave breaking. If the rotation angle is in cyclonic direction, the
wave breaking is classi ed as anticyclonic and vice versa. Streamers with unde ned root
lines or rotation angles being 0 are unclassi ed and they are not used for subsequent
analysis related to wave breaking life cycle. The number of streamers classi ed into the
three categories are listed in Table A.1.

2.2.3. Frequency and areal coverage

The climatologies of the PV features are

compiled using summary measures in both

temporal and spatial dimensions. With

the PV feature identi cation algorithm

applied to every timestep at each isen-

tropic level, the elds of streamers and

cuto s are temporally averaged and this

gives their climatological frequency distri-

butions. For the CESM simulations, an

average over the entire 50-year data ef-

fectively represents the ensemble mean of _ o .
ve 10-year climatologies in present-day or Figure 2.2.: Schematic depiction of the life

end-of-century climate. The temporal av- cycle classication algorithm.
erage is later referred to as frequency in Rotations in both cyclonic and
the following discussion and it can be in- anticyclonic  directions  about
terpreted as the percentage of time that the root point (red cross) are ap-
a grid point is classied as part of the plied to minimize the mean ab-
PV feature. The climatological frequency solute di erence of longitudes of
distributions depict geographical locations the PV streamer from the longi-
with frequent RWB and their changes in tude of the root point  root .

the seasonal mean can be examined by

comparing the climatologies in di erent seasons. The climatological frequency distri-
butions for cyclonic and anticyclonic wave breaking are also compiled in the same way.
To further investigate the seasonal cycle of the RWB, the percentages of hemispheric
areal coverage of streamers and cuto s are calculated at each timestep. The time series
are then smoothened by taking the monthly mean. The areal coverage measures provide
an indication of the activity of RWB throughout a year and allow the comparison of
seasonal cycles across isentropic levels.
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Figure 2.3.: Schematic diagram showing the vertical projection applied. The coordinates
(x,y, ) represent longitude, latitude and potential temperature. The 2-PVU
contours and PV features are projected to the bottom surface and the ver-
tically projected streamer is indicated by pink shading. Isentropes at the
bottom surface approximate those at the 2-PVU surface (see text for more
description).

2.2.4. \ertical projection

As isentropic levels are shifted signi cantly in the vertical direction in end-of-century
climate due to the warming scenario, a direct comparison of the PV features climatologies
at the same isentropic level is not possible. The shift is also expected to be seasonally
dependent and di ers for the two hemispheres, which complicates the attempt to perform
a one-to-one matching of isentropic levels in present-day and end-of-century climate. To
identify the changes in the frequency distributions, vertical projection is employed to
tackle the problem (Fig 2.3). A similar vertical projection is also performed by Portmann
et al. (2021) for their PV cuto climatology and this allows a direct comparison to their
result. At each timestep, the PV feature elds are assigned the value 1 at a grid point if
it is classi ed as the respective PV features in any of the isentropic levels. The resultant
vertically projected frequency is hence having a magnitude higher than that on a single
isentropic level.

Conceptually, the vertical projection approximates the view of potential temperature
distribution on the dynamical tropopause. As the 2-PVU contours indicate the inter-
sections of the tropopause with di erent isentropic surfaces, the vertical projection of
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Table 2.1.: Isentropic levels selected for vertical projection.

Season Hist(NH) RCP8.5(NH) | Hist(SH) RCP8.5(SH)
DJF 305-340K 310-350K 305-340K 310-350K
JIA 320-345K 330-355K 300-340K 305-350K

the 2-PVU contours collects the isentropes on the tropopause to a 2-dimensional plane.
Provided that there is no signi cant tropopause folding, i.e. the 2-PVU surface does not
cross the vertical more than once, it approximates the potential temperature distribution
on the tropopause, which is an equivalent perspective to the isentropic PV distribution.

While vertical projection should solve the problem of vertical shifting of isentropic
levels in theory, due to the limited vertical resolution and range of isentropic levels
covered, the projection result still slightly depends on the isentropic levels included for
the projection. The isentropic levels that intersect the 2-PVU contour in the zonal
mean state (e.g. Fig 3.1) within the layer of 200-300 hPa pressure levels, which usually
have the intersections in the mid-latitudes, are identi ed in di erent seasons and in
each hemisphere. The selected isentropic levels are listed in Table 2.1. The number of
isentropic levels may not be the same, however, as vertical projection is performed, the
major signal of RWB should still be captured. One should also note that as the selection
criteria aim to focus on RWB events in the mid-latitudes, the signals that appear in the
deep tropics and polar regions are possibly due to the artefacts of the method and they
are therefore not investigated further.

2.2.5. Heavy precipitation events

To explore the changes in RWB-related high impact weather events in end-of-century
climate in response to the changes in RWB, heavy precipitation events are selected for
investigation. In this study, the total precipitation rate from the CESM model (which
sums up the large-scale and convective precipitation rates from model output) is used
and an areal summation is performed over all grid points within the target region. This
results in a simple summary measure of the intensity of precipitation, which is referred to
as summed total precipitation rate. The heavy precipitation timesteps are then de ned to
be the timesteps with the summed total precipitation rate exceeding the 98 percentile of
its distribution in the 50-year simulation data of present-day and end-of-century climate
respectively. The total number of heavy precipitation timesteps is therefore constant
for both CESM-hist and CESM-RCP8.5 simulations but the corresponding threshold
values are di erent. To avoid confusion, it should be noted that "heavy precipitation”
de ned here is based on a relative threshold and may di er from those de ned by an
absolute threshold in other studies. Hence, the magnitudes of these heavy precipitation
events can vary signi cantly from wet to arid regions. Furthermore, the number of heavy
precipitation timesteps in a particular season (for instance, boreal winter in subsequent
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analysis) can vary between the two sets of simulations as all timesteps throughout the
year are included in de ning the 98" percentile. Composites of the vertically projected
PV streamer eld (binary eld obtained using the PV feature identi cation algorithm)
are computed to examine the linkage between RWB and heavy precipitation. De nition
based on 99.% percentile is also tested and the result is qualitatively similar.

10



3. Results and Discussion

3.1. RWB climatology in present-day climate

The CESM-hist simulations are compared with the ERA-Interim reanalysis data for the
assessment of the capability of CESM in reproducing plausible RWB climatologies. The
period selected for comparison is from 1990 to 1999 for both the CESM simulations (a
total of 50-year data from ve ensemble members) and ERA-Interim reanalysis. The
zonal mean structures of potential temperature and the 2-PVU contours are rst pre-
sented (section 3.1.1), followed by the discussion on the isentropic level shift (section
3.1.2), comparison of the RWB climatologies (section 3.1.3 and 3.1.4) and the section
ends with the discussion on the possible reasons for the di erences in the climatologies
(section 3.1.5).

3.1.1. Zonal mean potential temperature and 2-PVU contour

As PV features are identi ed on isentropic surfaces, the structure of the potential tem-
perature elds in the CESM-hist simulations and ERA-Interim reanalysis should rst
be examined. The potential temperatures in the zonal mean states in winter (DJF
in the Northern Hemisphere, JJA in the Southern Hemisphere) and summer (JJA in
the Northern Hemisphere, DJF in the Southern Hemisphere) are computed using all
timesteps relevant and shown in Fig 3.1 and 3.2 together with the zonal mean 2-PVU
contours (tropopause). From these zonally averaged potential temperature elds, sea-
sonal changes can be seen with isentropes shifted downward during summer due to the
higher summer temperature. The range of isentropic levels selected for the CESM-hist
simulations (300-350K) covers most isentropes that intersect the tropopause in the mid-
latitudes (30°-60°N/S) in the zonal mean states during winter and summer. The isentropic
levels available in the ERA-Interim reanalysis PV features climatologies (310-370K) also
include isentropes that cross the tropopause in the mid-latitudes. However, due to the
seasonal variations, some of the intersections extend further towards the equatorial or
the polar regions and PV features in these regions, which are of less interest in this
study, may also be captured. The near-surface 2-PVU contours are related to diabatic
production of PV.

When comparing the two sets of isentropes, agreement between them can only be
found in the lower troposphere near the poles and the uppermost tropical troposphere.
Signi cant di erences can be observed in the mid-troposphere and near the tropopause
region with the isentropes of the CESM-hist simulations being shifted upward in pressure
levels, indicating a possible cold bias compared to the ERA-Interim reanalysis. The shift
in isentropes can be seen in both hemispheres and both seasons. Nevertheless, the shift
is not systematic and varies with di erent isentropes and over di erent latitudes. In
the midlatitude tropopause region, the isentropes are approximately shifted by around
5K. The 2-PVU contours, which are used to indicate the tropopause, are also slightly
di erent between the two datasets with di erences usually being more signi cant in

11
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(a) DJF NH (b) JJA SH

Figure 3.1.: Zonal mean of the temporally averaged potential temperature eld (thin
contours) and 2-PVU contour (solid lines). The black and red contours
are potential temperature of CESM-hist and ERA-Interim respectively in
(a) boreal winter (DJF) in the Northern Hemisphere and (b) austral winter
(JJA) in the Southern Hemisphere. The 2-PVU contour is indicated by the
blue (green) bold line for CESM-hist (ERA-Interim).

higher latitudes.

3.1.2. Isentropic level shift

To compare the RWB climatological frequency distributions in the two datasets, a
straightforward method is to do the comparison on the same isentropic level. However,
from the zonal mean states, an isentropic level shift is found between the CESM-hist and
ERA-Interim datasets and the isentropic surfaces in the two datasets are likely not cor-
responding to each other. For instance, they intersect their associated zonal mean states
2-PVU contours at di erent latitudes and di erent pressure levels. The RWB climatolo-
gies are therefore expected to exhibit observable di erences between the two datasets
on the same isentropic level but show similar behaviour if an appropriate pair of isen-
tropic levels are selected according to the shift, provided that the CESM-hist simulations
are having realistic RWB dynamics. lllustrative examples are selected and presented in
Fig 3.3 and 3.4. The climatological frequency distributions of PV streamer in boreal
summer are rst discussed (Fig 3.3). Signi cant di erences between the two datasets in
geographical distributions can be discerned on 330K. The regions with high frequencies
are more poleward in ERA-Interim and form a more continuous band at around 6IN
while those in CESM-hist are located approximately at 50N. When 335K in reanalysis is
used for comparison, the geographical locations of the maxima show improved agreement
with those in CESM-hist as individual peaks are better matching. The geographical pat-
tern on 340K in ERA-Interim data again shows better agreement with that on 330K in
CESM data though the magnitudes of the frequency peaks are slightly lower. The fact
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(a) JJA NH (b) DJF SH

Figure 3.2.: Same as Fig 3.1, with (a) in boreal summer (JJA) in the Northern Hemi-
sphere and (b) austral summer (DJF) in the Southern Hemisphere.

that a 5-10K shift results in more comparable climatologies is also consistent with the
zonal mean state picture (Fig 3.1 and 3.2), where the 330K isentrope of CESM-hist lies
between the 330K and 340K isentropes of ERA-Interim. Though the 335K isentrope of
ERA-Interim seems to be closest to the 330K isentrope of CESM-hist in the zonal mean
state, similarity also being shown on 340K suggests that the shift is likely to be zonally
dependent.

The time series of the hemispheric areal coverage of PV streamer are shown in Fig 3.4
for the Southern Hemisphere. On 310K (Fig 3.4a), there is a clear discrepancy between
the two datasets during the austral summer months. On 330K (Fig 3.4c) and 350K
(Fig 3.4e), the dierences are less signi cant but still discernible in austral winter and
summer respectively. If the time series of the CESM-hist simulations on an isentropic
level 5K below that of the ERA-Interim reanalysis are used for comparison instead (Fig
3.4b, 3.4d, 3.4f), the two sets of time series almost share the same seasonal cycle with the
di erences on all three isentropic levels diminished. The two examples demonstrate that
the isentropic level shift identi ed in the zonal mean states is also re ected in the RWB
climatologies. When climatologies on the same isentropic level are compared, substantial
di erences are found in the two datasets. However, similar RWB climatologies can be
recovered if the isentropic levels are manually shifted accordingly. The latter suggests that
the CESM-hist simulations are likely to have realistic RWB dynamics in their modelled
atmospheres but the signals are shifted to lower isentropes due to the isentropic level
shift with respect to the ERA-Interim reanalysis.

Though the ERA-Interim reanalysis data is used to represent the real atmospheric
states in the past in this comparison, the di erences previously shown can also stem
from the error of the reanalysis data. When the climatological frequency distribution of
PV streamer of the CESM-hist simulations in the Northern Hemisphere is compared with
the result obtained by Wernli and Sprenger (2007) using the ERA-15 reanalysis (Gibson
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(a) CESM-hist JJA 330K (b) ERA-Interim JJA 330K

(c) ERA-Interim JJA 335K (d) ERA-Interim JJA 340K

Figure 3.3.: Climatological frequency distribution of PV streamers in JJA for (a) CESM-
hist on 330K, (b-d) ERA-Interim on 330K, 335K and 340K respectively.
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(@) (b)

(c) (d)

(e) ()

Figure 3.4.: Hemispheric areal coverage time series of PV streamers in the Southern
Hemisphere for CESM-hist (with red shading indicating region bounded by
all 50 time series) and ERA-Interim (blue lines). Bold lines are the aver-
ages for the respective dataset. Either no shifting (a,c,e) or a 5K downward

shifting (b,d,f) is applied to CESM-hist data.
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et al., 1997), the geographical distributions are very similar on the same isentropic level
(not shown). While the frequencies are o by a factor of 2 to 3, which is likely due to
the modi cation in the PV feature identi cation algorithm (Sprenger et al., 2017), the
close resemblance again suggests that the CESM-hist simulations appear to be capable of
capturing the essence of RWB. It also raises the question whether the similarity between
the climatologies in CESM-hist and ERA-15 on the same isentropic level is merely a result
of coincidence or the di erences previously found are caused by a bias in the potential
temperature eld in the ERA-Interim reanalysis. There is no answer to this question as
the absolute truth of the past atmospheric states is never known.

3.1.3. Geographical distribution of RWB

The example shown in Fig 3.3 is only for a particular set of isentropic levels and one
may doubt the generality of such result. To provide a summary over the entire range
of isentropic levels and also ease the problem imposed by the isentropic level shift, the
vertical projection method outlined in section 2.2.4 is applied. The isentropic levels from
300-350K in CESM-hist simulations and from 310-360K in ERA-Interim reanalysis are
included in the vertical projection and the climatological vertically projected frequency
distributions of the PV features in winter and summer are presented. The PV streamer
climatologies in boreal winter are shown in Fig 3.5a and 3.5b. The geographical patterns
are similar between CESM-hist and ERA-Interim with the peaks over the Northeast
Paci c, the North American continent, the subtropical North Atlantic and the southern
European continent captured by both datasets. Notable di erences in the geographical
patterns include the more eastward location of the peak over North America and a more
westward extension of the band in the subtropical North Atlantic in CESM-hist. The
implications of these di erences are discussed in section 3.1.5. The frequency peaks are
stronger in CESM-hist with the exception of the Atlantic-European continent band. In
boreal summer (Fig 3.5¢ and 3.5d), the geographical patterns are again showing close
resemblance with both showing a band of high streamer frequency from the central
North Paci c to the Gulf of Alaska and another from Florida to western Europe across
the North Atlantic. Peaks over the Eurasian continent, the Kamchatka Peninsula and
Quebec are also captured. The frequencies are in general lower in CESM-hist. The
climatologies in the Southern Hemisphere during austral winter and summer are shown
in Fig 3.6. The geographical patterns and the magnitude of frequencies are both showing
good correspondence between the two datasets in both seasons.

The climatological vertically projected frequency distributions of PV cuto s are in-
cluded in the Appendix (Fig A.3 and A.4). The frequencies of PV cuto s are in general
lower than that of PV streamers (note the di erent colour bars used for PV cuto s),
which is consistent with the ndings in Wernli and Sprenger (2007) for stratospheric
features. Their geographical patterns in general follow those of PV streamers but they
are much less smooth. It should be noted that there are PV cuto frequency maxima
identi ed in the proximity of mountain ranges in the CESM-hist simulations while these
signals are mostly removed in the ERA-Interim reanalysis. The geographical patterns
depicted in the two datasets are similar in general, with more notable di erences seen
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in boreal winter near the Bering Sea and Quebec. Nevertheless, the major peaks of PV
cuto frequency in CESM-hist are in good agreement with Portmann et al. (2021).

The overall similarity of the PV features climatologies between the two datasets indi-
cates that the CESM-hist simulations are able to reproduce the same regions of frequent
RWB and approximately in the same frequency in the present-day climate atmosphere.

3.1.4. Seasonal cycle of RWB

The hemispheric areal coverage time series (averaged over all years) on di erent isentropes
are summarized and plotted as a function of both potential temperature and time (Fig
3.7 and 3.8). The contours of CESM-hist (black contours) are shifted upward by 5K to
minimize the e ect of the isentropic level shift and allow for better comparison with the
lled contours of ERA-Interim. In the Northern Hemisphere (Fig 3.7a), PV streamers'
areal coverage in ERA-Interim has a clear seasonal cycle, with a maximum band located
on the lower isentropes in winter, migrating upward in spring, reaching around 330-340K
in summer and returning to the lower isentropes through a slightly weakened period in
autumn. The seasonal cycle was found to follow the seasonal variation in isentropes
that intersect the tropopause (Wernli and Sprenger, 2007), which is believed to be also
applicable in this case, although it is not explicitly examined. In the upper isentropic
levels (above 350K), which intersect the tropopause mainly in the subtropics, maximum
areal coverage is found in summer while a minimum is found in winter. With a shift of
5K upward, the CESM-hist data has almost the same seasonal variation. The seasonal
cycle in the Southern Hemisphere (Fig 3.7b) contains most features seen in that of the
Northern Hemisphere except an additional band of high areal coverage over the lower
isentropes during summer. The signal at lower isentropes during summer is contributed
mostly from the streamers formed around 6€5. Despite the more complicated variations,
the cycle is captured in the CESM-hist data almost identically after the 5K shift.

The seasonal cycles of the areal coverage of PV cuto s in both hemispheres (Fig 3.8)fol-
low similar patterns as the streamers' with the variations translated to lower isentropes.
In the Southern Hemisphere, the areal coverage is much larger on lower isentropes than
that on the higher isentropes from spring to autumn. The strong signal on lower isen-
tropes, especially during austral summer (DJF), may be related to the circumpolar band
of frequent PV cuto s around Antarctica identi ed by Portmann et al. (2021). They
found high frequency of cuto s around Antarctica at 300K level and it agrees well with
the signal depicted in the seasonal cycles here. The agreement between CESM-hist and
ERA-Interim with a 5K shift applied is less promising compared to the seasonal cycles
of streamers. However, most elements in the seasonal variations are captured by CESM-
hist and some of the di erences should originate from the isentropic level shift. The
major characteristics in the seasonal cycle of RWB in present-day climate are detected
in the CESM-hist simulations after taking the isentropic level shift into account and it
illustrates the ability of the CESM model in capturing seasonal variations in RWB.
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