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Abstract

The atmospheric jet and blocking distributions, especially in the North Atlantic sector, have been challenging features for a
climate model to realistically reproduce. This study examines climatological distributions of winter (December—February)
daily jet latitude and blocking in the North Atlantic from the 40-member Community Earth System Model version 1 Large
Ensemble (CESM1LE) simulations. This analysis aims at examining whether a broad range of internal climate variability
encompassed by a large ensemble of simulations results in an improved representation of the jet latitude distributions and
blocking days in CESMI1LE. In the historical runs (1951-2005), the daily zonal wind at 850 hPa exhibits three distinct pre-
ferred latitudes for the eddy-driven jet position as seen in the reanalysis datasets, which represents a significant improvement
from the previous version of the same model. However, the meridional separations between the three jet latitudes are much
smaller than those in the reanalyses. In particular, the jet rarely migrates to the observed southernmost position around 37°N.
This leads to the bias in blocking frequency that is too low over Greenland and too high over the Azores. These features
are shown to be remarkably stable across the 40 ensemble members with negligible member-to-member spread. This result
implies the range of internal variability of winter jet latitude and blocking frequency within the 55-year segment from each
ensemble member is comparable to that represented by the full large ensemble. Comparison with 20462100 from the RCP8.5
future projection runs suggests that the daily jet position is projected to maintain the same three preferred latitudes, with
a slightly higher frequency of occurrence over the central latitude around 50°N, instead of shifting poleward in the future
as documented in some previous studies. In addition, the daily jet speed is projected not to change significantly between
1951-2005 and 2046-2100. On the other hand, the climatological mean jet is projected to become slightly more elongated
and stronger on its southern flank, and the blocking frequency over the Azores is projected to decrease.

1 Introduction

Atmospheric eddy-driven jet and blocking are fundamen-
tal dynamical features of the midlatitude weather and cli-
mate and are inherently related to each other (Woollings
et al. 2008, 2010; Barnes and Hartmann 2010; Davini and
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Cagnazzo 2013). The jet stream, characterized by currents of
strong westerly wind, is probably the most prominent feature
of the midlatitude atmospheric circulation. The eddy-driven
component of the jet stream, which owes its existence to the
convergence of transient eddy momentum and heat fluxes, is
dynamically distinct from its subtropical component, which
is located at the poleward edge of the thermally driven Had-
ley Cell. Unlike the subtropical jet, which is an upper level
feature, the eddy-driven jet exhibits an equivalent barotropic
structure throughout the troposphere down to lower levels
(Hoskins et al. 1983; Woollings et al. 2010). This strong
zonal flow is sometimes split or diverted meridionally when
it encounters an atmospheric blocking, a midlatitude weather
phenomenon with a persistent large amplitude anti-cyclone,
especially in the North Atlantic (Rex 1950). Blocking is
often associated with Rossby wave breaking, a nonlinear
process that occurs when the fluctuation of the jet due to
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the presence of a Rossby wave becomes large and unstable
(MclIntyre and Palmer 1983). Rossby wave breaking is gen-
erally characterized by a large-scale overturning of poten-
tial vorticity isolines on an upper tropospheric isentropic
surface.

In the North Atlantic region, the eddy-driven jet is
observed to exhibit three distinct preferred latitudinal posi-
tions (Woollings et al. 2010; Davini and Cagnazzo 2013),
with abrupt transitions between these positions from 1 day
to the next. When the jet is in the southern position (~37°N),
the upper level Rossby wave breaking occurs preferentially
on the northern flank of the jet, which results in more fre-
quent blocking over Greenland. On the other hand, the
blocking frequency is increased over the Azores when the jet
is in its northern position (~ 55°N), accompanying increased
Rossby wave breaking on its southern flank (Woollings et al.
2008, 2010; Barnes and Hartmann 2010; Michel and Riv-
iere 2011; Davini and Cagnazzo 2013). The synoptic jet and
blocking variability is also closely related to the leading
modes of low-frequency circulation variability (Woollings
et al. 2008, 2010; Davini et al. 2012; Davini and Cagnazzo
2013), i.e., the North Atlantic Oscillation (NAO; Hurrell
1995) and Eastern Atlantic teleconnection pattern (EAP;
Barnston and Livezey 1987).

Blocking has long been recognized as one of the most
challenging features to realistically simulate in the climate
models (D’Andrea et al. 1998; Doblas-Reyes et al. 1998;
Scaife et al. 2010; Davini and D’Andrea 2016). Climate
models, such as those contributed to the Coupled Model
Intercomparison Project Phases 3 and 5 [CMIP3 (Meehl
et al. 2007) and CMIPS5; (Taylor et al. 2012)], typically
underestimate the number of blocking days compared to
the reanalysis datasets especially in the high-latitude North
Atlantic and Europe between the Greenland and Scandinavia
(Anstey et al. 2013; Dunn-Sigouin and Son 2013; Masato
et al. 2013). On the other hand, the North Pacific counterpart
has experienced substantial improvement in recent simula-
tions (Davini and D’Andrea 2016). Davini and Cagnazzo
(2013) pointed out that the biases in the blocking are inti-
mately related to those in the eddy-driven jet locations in
the North Atlantic.

There are various ways to define and detect the block-
ing. They range from 2-dimensional methods (Tibaldi and
Moteni 1990; Pelly and Hoskins 2003) to 3-dimensional
methods (Barriopedro et al. 2006, 2010; Scherrer et al. 2006;
Dunn-Sigouin et al. 2013) and are based on diverse vari-
ables, e.g., 500 hPa geopotential height, potential tempera-
ture on the 2 PVU potential vorticity surface, 500 hPa zonal
wind, potential vorticity, etc. [see Barnes et al. (2012) for a
systematic comparison]. While there is some sensitivity of
the actual number of blocking days to the choice of defini-
tion, the bias mentioned above is known to be relatively
insensitive to the various definitions.
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Despite the chronic bias in the North Atlantic blocking,
there has been some notable incremental improvement in
the simulation of the blocking in recent years. Scaife et al.
(2010, 2011) found that blocking simulations are improved
even in the low-resolution climate models, if the background
mean state of the atmosphere were to be realistically con-
strained in an atmosphere-only simulation by prescribing
the observed sea-surface temperature (SST). In addition, the
blocking simulations have been shown to be improved in the
high-resolution simulations (Matsueda et al. 2009; Scaife
et al. 2011; Jung et al. 2012; Berckmans et al. 2013; Schie-
mann et al. 2017), primarily resulting from the improved
representation of the transient eddies and orography (Ber-
ckmans et al. 2013; Pithan et al. 2016). As these findings are
often based on a few selected climate models, they have yet
to be verified in the other climate models or other versions
of the same model.

One aspect that has not been fully addressed in the pre-
vious studies regarding the biases in the simulated jet and
blocking is whether the biases are related to the limited
range of the internal variability realized in each of the cli-
mate model simulations. The CMIP multi-model ensembles
may allow us to explore a wide range of model parameter
space. However, they are typically integrated with a lim-
ited number (typically less than 10) of ensemble members
for each model. Consequently, these simulations may not
represent a full range of internal variability within each
model climate, and thus the simulated climate may be biased
towards a certain state of the potentially undersampled inter-
nal variability. While the multi-model ensemble approach
based on CMIP simulations are expected to alleviate this
issue to some extent, a more systematic approach to address
this problem is to use a large (e.g., n>~30) ensemble of
simulations using a particular model (Branstator and Selten
2009). In this study, we use the Community Earth System
Model version 1 Large Ensemble (CESM1LE) simulations
(Kay et al. 2015) to investigate whether the improved repre-
sentation of a range of the internal climate variability helps
to improve the simulation of the blocking statistics in the
North Atlantic.

Section 2 will describe the CESM1LE, additional auxil-
iary simulations, and reanalysis datasets as well as the defi-
nition of the blocking, eddy-driven jet latitude, and NAO
used in our study. The comparison between the CESM1LE
and the reanalysis data in terms of the winter daily eddy-
driven jet distribution and the number of blocking days will
be presented in Sect. 3. In addition, comparison of the winter
daily jet and blocking between the twentieth century histori-
cal runs and the twenty-first century future projection runs
of the CESM1LE will be made to infer projected changes in
latitude and strength of the eddy-driven jet and the frequency
of the blocking in the North Atlantic. Finally, a brief sum-
mary and discussion will follow in Sect. 4.
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2 Model simulations, observations
and definitions

2.1 Community Earth System Model version 1 Large
Ensemble simulations

The Community Earth System Model version 1
(CESM1) is a fully coupled global climate model with
atmosphere, ocean, land and sea-ice components cou-
pled through a coupler. The atmosphere component
model is the Community Atmospheric Model version 5
(CAMS; Park et al. 2014) with the finite volume dynam-
ical core with ~ 1° horizontal resolution and 30 verti-
cal levels. The ocean component is the Parallel Ocean
Program version 2 (POP 2; Danabasoglu et al. 2012)
with the horizontal resolution at 1.125° in longitude
and 0.27-0.54° in latitude and 60 vertical levels. The
land and sea-ice components are the Community Land
Model version 4 (CLM4; Lawrence et al. 2012) and the
Sea Ice Model version 4 (CICE4; Holland et al. 2012)
with the same horizontal resolutions as the atmosphere
and ocean components, respectively.

The CESMI1 Large Ensemble (CESMILE) is an
ensemble simulation with 40 members, which slightly
differ only in the initial condition for the air temperature
field (Kay et al. 2015). All 40 members span 1920-2100
(while only the first member started in 1850) with the
common external forcing specified following the CMIP5
protocol, i.e., the historical forcing for 1920-2005
(Lamarque et al. 2010) and the Representative Concen-
tration Pathway 8.5 (RCP8.5) forcing for 2006-2100
(Meinshausen et al. 2011). The last 55 years of the his-
torical forcing period, 1951-2005, is used as the primary
analysis period for this study, which is compared with
two different reanalyses for the same period. In addi-
tion, the last 55 years of the RCP8.5 forcing period,
2046-2100, is compared with the 1951-2005 period to
examine the projected future change.

2.2 Auxiliary simulations

One ensemble member (b40.20th.trackl.1 deg.008) from
the twentieth century hindcast simulation of the Commu-
nity Climate System Model version 4 (CCSM4; Gent et al.
2011), which is a part of the CMIPS5 simulations, is used
to calculate the daily jet latitude distribution and com-
pare to that from the CESM1LE. This CCSM4 simulation
used the CAM4 (Neale et al. 2013) for the atmospheric
component while the ocean, sea-ice and land components
were identical to those of the CESM1LE. In addition, the
horizontal resolutions in all four components are identical

to those of the CESM1LE. The CCSM4 has been shown
to exhibit common blocking and eddy-driven jet biases
described in the introduction (Neale et al. 2013; Davini
and Cagnazzo 2013).

In addition, a set of three CAMS5 atmospheric-only sim-
ulations with differing horizontal and vertical resolutions is
used to calculate the winter mean number of blocking days.
All three simulations are based on CAMS5 with prescribed
SST and sea-ice boundary conditions, but their configura-
tions are slightly different since they are not part of the
same experiment. The first simulation is based on the finite
volume dynamical core CAMS5 with 1° horizontal resolu-
tion, 30 vertical levels and specified observed historical
SST globally for 1880-2005. The output files are available
through the CESM Climate Variability and Change Work-
ing Group (http://www.cesm.ucar.edu/working_groups/
CVC/). The second simulation similarly used the specified
observed historical SST and 1° horizontal resolution but
is based on the spectral element dynamical core CAMS5
with the 46 vertical levels, instead of the standard 30 lev-
els, which better resolves the stratospheric process (Rich-
ter et al. 2015). The simulation was integrated from 1952
to 2014. The third simulation is based on the 0.25° finite
volume dynamical core CAMS5 with 30 vertical levels and
specified observed climatological mean SST. This simula-
tion is the control simulation of the experiment described
in Smirnov et al. (2015), which consists of 25 members
of 5-month winter (November—March) runs with different
initial conditions from the observed November 1st condi-
tions in 25 different years.

2.3 Reanalysis datasets

Two different reanalysis datasets are analyzed in paral-
lel with the CESMILE simulations for the 1951-2005
period. The National Centers for Environmental Predic-
tion (NCEP)—National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996; Kistler et al. 2001)
is primarily used to compare with the CESMI1LE simula-
tions. In addition, the NOAA Twentieth Century Reanaly-
sis (20CR; Compo et al. 2006, 2011) are also analyzed.
The 20CR provides a 56-member ensemble as well as the
ensemble mean fields. The North Atlantic blocking and jet
statistics in 20CR exhibit extremely small ensemble spread
for the study period (after the 1940s, not shown), which
indicates the assimilated sea-level pressure data and the
prescribed SST and sea-ice concentration boundary con-
ditions predominantly constrain the reanalysis field. More
importantly, the results from the 20CR are very similar to
those from the NCEP-NCAR reanalysis, thus only the lat-
ter is presented in this paper.
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2.4 Definitions for the jet latitude and blocking

The daily jet latitude in the North Atlantic is defined based
on the zonal wind at 850 hPa following Woollings et al.
(2010) and Davini and Cagnazzo (2013). The daily zonal
wind at 850 hPa is averaged zonally over 75°W-15°E and
temporally smoothed with a 5-day running mean. Then,
the latitude of the maximum amplitude is identified as the
jet latitude for each day. The daily jet latitude is calculated
using the native latitude grids of each dataset without any
spatial interpolation. Some previous studies used a nar-
rower zonal sector, e.g. 0-60°W (Woollings et al. 2010),
for the jet latitude calculation from reanalyses. We use
75°W-15°E here instead given that the simulated jet is too
strong and extends farther downstream, a typical bias in
the CMIP5 models (Davini and Cagnazzo 2013). The sen-
sitivity of the jet latitude distribution on the choice of the
zonal range and other parameters is shown to be reasonably
small in Appendix.

The blocking index is defined based on the meridional
gradient of the daily geopotential height at 500 hPa (Z500)
following Scherrer et al. (2006), which is a 2-dimensional
extension of 1-dimensional definition by Tibaldi and Molteni
(1990). On each day, at a given location, the meridional gra-
dients are calculated against the locations ~ 15° north and
south, respectively:

ZSOO(xO,yO) - ZSOO(xO,yS)
Yo —Ys

AZ5004 =

Z500(xg, yy) — Z500(xg. ¥o)
YN = Yo

AZ500, =

where, x, and y, are the reference longitude and latitude,
respectively, while y¢=y,—Ay and yy=y,+ Ay. Note
that these meridional gradients are calculated using the
native latitude grid of each dataset, and thus Ay is 15° for
NCEP-NCAR reanalysis while it is 15.08° for CESMI1LE.
When there is a blocking, we expect the gradient to the south
to be reversed (AZ5004 > 0) (Lejands and @kland 1983).
We impose additional criterion for the gradient to the north
(AZ500y < — 10 m/°latitude) to ensure a westerly flow to
the north of the blocking as the jet being split around the
blocking (Tibaldi and Moteni 1990; Barnes et al. 2012).
Once these two criteria are met at any given space and time,
an instantaneous blocking is identified. If five or more con-
secutive days of instantaneous blocking are found at a loca-
tion, then those days are identified as the blocking days.
No additional criterion to account for spatial and temporal
coherences (e.g. Barnes et al. 2012) is considered.
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The daily NAO index time series is calculated based on
the projection of the daily Z500 field on the winter (Decem-
ber—February) NAO spatial pattern. The winter NAO spa-
tial pattern is defined as the spatial pattern for the leading
Empirical Orthogonal Function (EOF) of the winter mean
7500 in the North Atlantic. Subsequently, the positive and
negative NAO days are defined as the days with daily NAO
index time series value greater or smaller than the one stand-
ard deviation, respectively. All the analyses are conducted
for December—February.

3 Results
3.1 Historical simulations: 1951-2005

First, we examine the ensemble averaged climatological
mean winter zonal wind at 200 hPa and the number of
blocking days in 1951-2005 from the historical simula-
tions of CESMI1LE to assess their realism against the
reanalysis datasets for the same time period (Fig. 1). We
can readily see the biases in jet position and strength are
intimately coupled with the bias in blocking frequency. In
the CESMILE, the zonal jet is too elongated and strong,
extending to western Europe, which seems to be closely
linked with the fact that the blocking is lacking over the
British Isles and the North Sea. Furthermore, the blocking
is overly concentrated on the southern flank of the jet and
almost absent over Greenland in the CESM1LE compared
to the NCEP-NCAR reanalysis.

Next, the latitudinal distribution of the daily eddy-driven
jetis examined. In winter, the eddy-driven jet exhibits three
distinct preferred latitudes in the North Atlantic with a
rather clear separation among them (Fig. 2a; Woollings et al.
2010). These different jet positions are intimately associated
with the leading modes of variability, i.e., the NAO and EAP
(Woollings et al. 2010; Davini and Cagnazzo 2013). For
example, the southern jet position (~38°N) occurs prefer-
entially during the negative NAO days, while the northern
position (~58°N) is favored with the positive NAO days
(Fig. 2a). While this highlights the relationship between the
jet position and NAO, it is also clear that only a part of the
jet position variability is associated with NAO (Woollings
et al. 2010).

For the CESMILE (Figs. 2b, 3), in addition to all 40
members, one representative member (member #3) is high-
lighted (with the thick lines in Fig. 2b) to aid the visual
comparison with the reanalysis. The member #3 is chosen
because its jet latitude histogram has the smallest RMS dif-
ference against the ensemble mean of the jet latitude his-
tograms (Fig. 2b). The CESM1LE reproduces the distinct
preferred latitudes for daily jet distribution (Fig. 2b), which
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is an improvement from the monopole Gaussian-like dis-
tribution simulated by its predecessor, the CCSM4 (dashed
green line in the Fig. 2b; Davini and Cagnazzo 2013). How-
ever, the CESMI1LE still exhibits significant biases. Com-
pared to the reanalysis (Fig. 2a), the distances between the
three preferred latitudes (i.e. the peaks in the histogram) are
too small, and the central and southern jet positions are too
northerly. In addition, there is a fourth much smaller peak
around 38°N (hereafter the southernmost peak), which cor-
responds to the actual southern jet position in the reanalysis.
The jet is concentrated overly around the central jet position
(~50°N) in CESMI1LE (Fig. 2b) compared to the reanalysis
(Fig. 2a). Note that the reanalysis also shows the largest peak
in the central jet position, if the zonal average for the zonal
wind were limited to 0-60°W (Woollings et al. 2010). The
result is extremely robust across the all the 40 ensemble
members (Figs. 2b, 3).

We now examine the relationship between the eddy-
driven jet latitude distribution and the winter blocking

6 8 10 12 14
Blocking days per winter (days)

occurrence. As previous studies suggested, the latitude of
jet and the location of blocking are closely related (Wooll-
ings et al. 2008, 2010; Barnes and Hartmann 2010; Davini
and Cagnazzo 2013). In the reanalysis, the blocking is
mostly found over Greenland and Scandinavia to the north
of the jet when the jet is in the southerly position (Fig. 4e).
On the other hand, the blocking occurs from the Azores
to the British Isles on the southern flank of the jet with
the northerly jet position (Fig. 4a). Quantitatively, 10-20%
of days belonging to each of the jet latitude cases exhibit
blocking in the corresponding blocking locations. In con-
trast, blocking in the CESMI1LE is found to the south of
the jet in all three primary jet positions, thus significantly
underestimating Greenland or Scandinavia blocking occur-
rences (Fig. 5a, c, e). This is attributed to the fact that the
simulated jet does not move to subtropical latitudes fre-
quently enough to result in the wave breaking on the north-
ern flank of the jet (Fig. 3).
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Fig.2 The histograms of winter (December—February) daily jet lati-
tude in the North Atlantic (75°W-15°E) for 1951-2005 from a the
NCEP-NCAR reanalysis and b all 40 ensemble members of the
CESMILE (solid lines) and one member from CCSM4 (green dashed
line). The CESMILE ensemble member #3 is emphasized with the
thick black, red, blue curves, while all the other members are plotted
with thin color lines. The thick black and thin colored curves are for
the all winter days, while the thick red (blue) curves are for only the
positive (negative) NAO days. Note that the histogram is constructed
based on the original meridional resolution of each dataset. There-
fore, the bin sizes are 2.5° for the NCEP-NCAR reanalysis and 2.83°
for the CESMI1LE and CCSM4. To aid a comparison between the two
panels, they are further normalized so that the integral below each
curve is 100%, except for the NAO day curves

Even in CESM1LE, however, when the jet occasionally
occupies the observed southern jet latitude around 38°N
(the southernmost peak in CESM1LE), the blocking does
occur over Greenland and Scandinavia (Fig. 5g). However,
the frequency of blocking occurrence near Greenland and
Scandinavia is still only about one-half of the blocking
occurrence when the observed jet is in the southern jet
position, which suggests there are additional factor(s)
inhibiting the cyclonic Rossby wave breaking and block-
ing on the northern flank of the jet even when the jet is
positioned southerly enough. One potential factor to be
considered is the effect of the too strong jet in CESMILE.
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histograms of all 40 CESM1LE ensemble members, i.e., each mem-
ber contributes to one dot for each color. The green, blue, red, and
magenta dots denote the peaks associated for the northern, central,
southern, and southernmost jet position, respectively. The black stars
indicate the locations of the three peaks from the histogram of the
NCEP-NCAR reanalysis shown in the Fig. 2a

The southernmost jet in CESM1LE is about 5 m/s stronger
than the southern jet in the reanalysis (Figs. 4e vs. 5g).
A stronger jet may increase the tendency for the Rossby
waves to be trapped within the jet by enhancing the wave
refraction toward the jet core, which would limit the wave
breaking and subsequent blocking (Hoskins and Ambrizzi
1993; Barnes and Hartmann 2011).

The CESM1LE southernmost jet latitude is associated
with the negative NAO days as in the reanalysis. While the
histograms for the positive and negative NAO days (red
and blue histograms in Fig. 2b, respectively) exhibit some
correlation with the jet position, the relationship in the
CESMILE is not as strong as in the reanalysis. This, how-
ever, is still an improvement from its predecessor CCSM4
(Davini and Cagnazzo 2013). The positive NAO days in the
CESMILE are split into the central and northern jet posi-
tions, while the negative NAO days exhibit even broader
distribution with the peak in both the southern and south-
ernmost jet positions.

This weaker relationship between the circulation and jet
latitude is also apparent from the Z500 composites for each
of the jet positions (Figs. 4 vs. 5 right columns). The Z500
composite from the reanalysis for the southern jet position
shows the typical NAO negative phase, while the north-
ern jet position days exhibit a north—south dipole similar
to the NAO positive phase but displaced slightly to the
north, thus a mixture between the positive NAO and nega-
tive EAP (Fig. 4b, f; Woollings et al. 2010). The central
jet position in the reanalysis has the negative northern pole
positioned near the center of positive EAP, however, with
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an opposite pole to the south with a comparable strength as
shown in some of the previous works for the EAP (e.g. Lim
2015). In the CESMILE, the Z500 composite for the south-
ern jet days projects strongly on the positive EAP, instead
of the negative NAO (Fig. 5f). Therefore, the simulated
southern jet behaves like the central jet in the reanalysis
by accompanying the positive EAP-like circulation pattern
and the blocking near the Azores. On the other hand, the
CESMILE Z500 composite for the northern jet days is
fairly realistic except for the weaker amplitudes (Fig. 5b).
The CESMI1LE central jet days exhibit a dipole anomaly
in Z500. The dipole anomaly is tilted in southwest—north-
east direction compared to those in the reanalysis, which
makes it similar to the Scandinavia teleconnection pattern
(Bueh and Nakamura 2007; Lim 2015). This tilting of the
7500 anomalies for the central jet days in CESMI1LE is
consistent with the central jet being too strong and extend-
ing too far downstream in these simulations (Figs. 4d vs.
5d). Finally, when the simulated jet is in the southernmost
position, the associated circulation pattern becomes similar
to negative NAO as in the southern position of the jet in
the reanalysis.

The bias in the distribution of blocking can result in
the bias in the circulation not only for the time mean but
also for its variability. Figure 6 shows the distribution of
winter daily Z500 averaged over a region around Greenland

(60°=72°N, 20°-60°W). The distribution from the reanaly-
sis (thick blue curve) exhibits a skewed distribution with
a long tail towards the higher Z500 values. As the block-
ing is by definition a high-pressure system, the days with
higher Z500 values are also the days with blocking present
in the same region as expected (thick red curve). For exam-
ple, 77% of the days with Z500 greater 5400 m are also
the days with blocking. In addition, most of the days with
the higher Z500 values are also negative NAO days (thick
green curve), e.g. 89% of the days with the geopotential
heights greater 5400 m.

In CESMI1LE, all 40 ensemble members exhibit less
skewed Z500 distributions, which are also biased toward the
overall smaller Z500 values (thin cyan curves), compared to
the reanalysis. In particular, the absence of the blocking days
over Greenland (thin pink curves) contributes to a significant
reduction of the high Z500 values in CESM1LE. For exam-
ple, the number of days with the heights greater than 5400 m
is 410 days in the reanalysis while only 88—214 days for the
CESMILE. Correspondingly, the Z500 values for the nega-
tive NAO days (thin green curves) are smaller than those in
the reanalysis. Nevertheless, the overall number of negative
NAO days in CESMI1LE is similar to that in the reanalysis,
as the NAO is defined based on the leading EOF, of which
the physical interpretation could be unrealistic (Davini and
Cagnazzo 2013).
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Fig.6 Histograms of the winter (December—February, 1951-2005)
daily 500 hPa geopotential height averaged over the Greenland region
(60°=72°N, 20°-60°W) from the NCEP-NCAR reanalysis (thicker
lines) and each ensemble member of the CESMI1LE (lighter lines).
Blue/cyan lines are based on all the winter days and red/pink lines are
for only the days with the blocking in the region. Green lines are for
only the negative NAO days
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twenty-first century (2046-2100) are examined briefly in
this section. It should be noted that the result should be
interpreted with caution given the biased jet and blocking
simulation in the historical run.

A histogram of the winter daily jet latitude for
2046-2100 from the CESM1LE member #3 is shown in the
Fig. 7a (red curve) along with the corresponding histogram
for 1951-2005 (black curve in Fig. 7a). As noted above,
the member #3 represents the all 40 members very well
(Fig. 7b). These histograms show that the overall structure
of the future jet latitude distribution is very similar to that
from the historical run, with three primary peaks and one
additional southernmost peak at the exactly same latitudes.
The only difference seems to be that the future jet latitude
distribution is slightly more concentrated toward the cen-
tral jet position. This characterization from one ensemble
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Fig.7 a Histograms of the daily jet latitude from the CESMILE
ensemble member #3 for 1951-2005 (black) and 20462100 (red).
b As in the Fig. 3 but for 1951-2005 (black) and 2046-2100 (red).
¢ The ensemble mean daily jet amplitude from the all 40 members
of CESMILE for 1951-2005 (black) and 2046-2100 (red). The error
bars indicate 95% confidence interval based on the standard deviation
of the ensemble spread

member is again consistent across the all 40 members
(Fig. 7b). The northern jet is projected to be even more
concentrated, i.e., the northern jet positions from the all
40 members are found in one latitude bin in the future pro-
jection as opposed to the two latitude bins in the historical
run. Furthermore, the histograms from the all 40 members
show ~ 8% more days in the central jet position (2-8% for
three primary jet positions together) and ~5% fewer days
in the southernmost jet position in the future projection.
Therefore, the blocking over Greenland and Scandinavia
would become even less frequent in the second half of the

twenty-first century in the CESM1LE. Indeed, the already
too infrequent blocking over Greenland is further reduced
in the projected future blocking days (Fig. 8a). An even
larger (~30%) decrease in the blocking days is projected
over the Azores.

The reason for this decrease is not immediately obvious
given the slight projected increase in the central and south-
ern jet frequencies. Furthermore, the projected jet strength
is not statistically significantly different from the 1951-2005
distribution in all latitudes (Fig. 7c). However, the clima-
tological mean jet based on the zonal wind at 200 hPa is
projected to be slightly more elongated and stronger on the
southern flank (Fig. 8b).

4 Summary and discussions

The distribution of the winter (December—February) daily
eddy-driven jet, blocking, and circulation anomalies in the
North Atlantic for 1951-2005 is investigated from the 40
ensemble members of the Community Earth System Model
version 1 Large Ensemble (CESM1LE) simulations and
compared against two atmospheric reanalysis datasets.
The distribution of the eddy-driven jet in CESM1LE sim-
ulations shows the three distinct preferred latitudes and
one additional secondary preferred location, which is an
improvement from its predecessor (CCSM4). However,
the separations between the latitudes of the three primary
peaks in the jet latitude histogram are too small compared
to those in the reanalysis. In particular, the jet does not
spend enough time in the observed southern jet position
near 38°N, thereby the model underestimates the blocking
frequency over Greenland. This bias in the jet and blocking
distribution results in a bias not only in the mean block-
ing frequency (Fig. 1) but also a bias in the variability of
the geopotential height (Fig. 6), thus affecting the internal
variability of the model (Davini et al. 2012; Davini and
Cagnazzo 2013).

The biases in the jet and blocking distributions are
remarkably similar in all 40 ensemble members of
CESMI1LE. This implies that the range of internal variability
of these two variables in each of the 55-year long ensemble
member is comparable to that represented by the full large
ensemble, while the time evolution of these variables show a
spread among the ensemble members (Branstator and Selten
2009). To further confirm this interpretation, we calculate
the histogram for the two different kinds of standard devia-
tions for the number of days when the jet is at the latitude of
its central jet peak in each winter (Fig. 9a). First, the interan-
nual standard deviation is calculated from each time series
of 55 winters for each ensemble member, and the histogram
of 40 interannual standard deviations is shown with the blue
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Fig.8 Ensemble average winter

o
(December—February) mean L
a number of blocking days
and b 200 hPa zonal wind for
2046-2100 from the CESM1LE
(shadings). The red and blue
contours are for the difference
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anomalies with red (blue) con-
tours indicate projected increase
(decrease) in the future
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bars. The second histogram (the white bars with red edges)
is constructed based on the standard deviations of the same
variable from each winter across the 40 ensemble members.
Therefore, the second histogram exhibits the distribution of
the internal variability. The distributions of interannual and
internal variability as represented by the two histograms are
comparable, although the range of the internal variability
is slightly larger. Furthermore, a consistent result is found
when the histograms are constructed for the standard devia-
tions of the number of blocking days over the Azores in
each winter (Fig. 9b). If a longer length of the record is
used, the range of the interannual variability could be larger
and become even more comparable to the range of internal
variability. These results, of course, suggest that more than
a single realization is needed to correctly sample the natural
variability. It is important to understand the ensemble size
required to properly sample the full range of the internal
variability, which would depend on the variable and region
of interest.

The bias in the mean distribution of blocking has been
a persistent problem in the climate models as discussed in
the introduction. Some studies suggested that an improved
blocking distribution may be obtained with a realistic SST
boundary condition (Scaife et al. 2010), higher atmospheric
resolution (Scaife et al. 2011; Schiemann et al. 2017), or
a better representation of the stratosphere (Anstey et al.
2013). Therefore, we have briefly examined the mean win-
ter blocking distributions from the various available CESM1
simulations in fully coupled configuration as well as the

@ Springer

60°W 30°W 0° 30°E 60°E

atmosphere-only (CAMS5) configuration (Fig. 10). Note that
these simulations do not use exactly the same version or
configuration of the model since they are not a collection
from a single systematic sensitivity experiment (Sect. 2.2).
Nevertheless, the results highlight the robustness of the bias
in the blocking distribution, i.e., not enough blocking days
over Greenland/Scandinavia and too many near the Azores,
across the different model configurations, and thus imply
associated biases in the jet and circulation. However, the
simulations with the higher horizontal resolution (Fig. 10d)
or better representation of the stratosphere (Fig. 10c) hint at
some improvement.

The RCPS.5 future projection simulations exhibit more
or less the same daily jet latitude distribution as the his-
torical simulation in the CESMI1LE, with the exception of
slightly more concentration towards the central jet latitude.
This finding may not be consistent with the previous studies
suggesting a poleward expansion of Hadley Cell and storm
tracks as a response to the anthropogenic global warming
(Yin 2005; Lu et al. 2007). On the other hand, some stud-
ies suggested that the North Atlantic storm tracks and the
eddy-driven jet would mainly intensify and extend further
eastward instead of shifting poleward in contrast to the other
regions (Pinto et al. 2007; Ulbrich et al. 2008), as also shown
in our study with the climatological mean jet at 200 hPa. In
particular, Woollings et al. (2012) suggested these changes
in the North Atlantic are driven by the changes in the ocean
circulation, especially the Atlantic meridional overturning
circulation.
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While we have primarily focused on the daily jet latitude
in this study, the bias in the strength of the eddy-driven jet
may impact the bias in the jet latitude. Previous studies sug-
gested that the leading mode of eddy-driven jet changes from
the wobbling of the latitude to the pulsing of the strength,
if the jet is too strong and northerly (Barnes and Hartmann
2011; Davini and Cagnazzo 2013). When the jet is too
strong, Rossby wave propagation tends to be trapped near

the jet core, and thus Rossby wave breaking on either side of
the jet becomes limited, which in turn results in limited lati-
tudinal shifts of the jet (Woollings et al. 2018). The overly
strong eddy-driven jet in CESM1LE could thus be a reason
for the limited range of variability in jet latitude and the
associated bias in blocking days.

The eddy-driven jet, blocking and circulation are the
most fundamental components of the weather and climate
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Fig. 10 Winter (December—February) mean number of blocking days
from a 1° coupled simulation of the CESM1LE ensemble member #3
(1951-2005), b 1° CAMS atmosphere-only simulation with speci-
fied time-varying observed SST (1951-2005), ¢ 1° CAMS atmos-
phere-only simulation with specified time-varying observed SST
(1956-2010) and a better resolved stratosphere, so-called 46-level
CAM from Richter et al. (2015), and d 0.25° CAMS atmosphere-only
simulation with specified observed climatological SST (25 winters
with different initial conditions on November 1st) from Smirnov et al.
(2015)

in the North Atlantic sector. Thus, the model biases inves-
tigated in this study present a critical challenge in improv-
ing our dynamical understanding and the future projection
in this region. Increased effort in understanding funda-
mental dynamics of the jet and wave breaking would be
required to make significant progress in reducing these
biases.
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Fig. 11 The histograms of winter (December—February) daily jet lati-
tude in the North Atlantic for 1951-2005 from a—c the NCEP-NCAR
reanalysis and d the CESMILE ensemble member #11. The black
lines are for the jet latitudes used in the main text, which are defined
based on the daily 850 hPa zonal wind averaged over 75°W-15°E
and smoothed using 5-day moving window. Each panel shows the
sensitivity of the jet latitude distribution when these parameters are
changed one at a time, i.e., a the eastern limit of the zonal averaging
range, b the western limit of the zonal averaging range, ¢ the length
of the temporal smoothing window, and d the bin size of the histo-
gram
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Appendix: sensitivity on the definition
of the jet latitude

In this appendix, the sensitivity of the jet latitude distribution
on the choice of the longitudinal range for zonal averaging
and the size of the window for temporal smoothing for the
definition of the daily jet as well as the bin size for the histo-
gram of jet latitude are examined. As described in Sect. 2.4,
the daily zonal wind at 850 hPa is first averaged zonally for
75°W-15°E and temporally smoothed with a 5-day running
mean. Then, the latitude of the maximum amplitude is identi-
fied as the jet latitude for each day. The histogram using this
default definition is plotted as the black curve in each panel
of the Fig. 11. Then, we changed only one of the parameters
at a time to examine the sensitivity. First, the eastern limit
of the zonal averaging range is varied between 0° and 15°E
(Fig. 11a). The three-peak distribution is found to be robust
regardless of the change, while the amplitude of the central
jet peak becomes gradually larger as the eastern limit moved
westward, while the corresponding decrease is found at the
southern jet peak. The sensitivity is much smaller for the next
two tests (Fig. 11b, ¢), i.e., the changes in the western limit
of the zonal averaging range and the size of the temporal
smoothing window. Finally, the sensitivity to the bin size
for the histogram of CESMI1LE jet latitude is tested. In the
main text, the bin size of 2.8272° corresponding to the three
latitude grids for each bin is used, so that the bin size can be
comparable to that for the NCEP-NCAR reanalysis (=2.5°).
In the Fig. 11d, an additional histogram (green curve) is plot-
ted using a smaller bin size, which is the native latitude grid
size of CESMI1LE (=0.9424°). The three primary peaks and
one additional southernmost peak are found to be robust fea-
tures regardless of the bin size, although the northern jet peak
is somewhat diffused. Overall, the jet latitude distribution is
found to be rather insensitive to the exact definition.
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