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ABSTRACT

Based on  the  Complex  Empirical  Orthogonal  Functions  (CEOFs)  of  bandpass-filtered  daily  streamfunction  fields,  a
quantitative  method  of  detecting  transient  (synoptic)  Rossby  wave  phase  speed  (RWPhS)  is  presented.  The  transient
RWPhS can be objectively calculated by the distance between a high (or low) center in the real part of a CEOF mode and
its  counterpart  in  the  imaginary  part  of  the  same CEOF mode  divided  by  the  time  span  between  two adjacent  peaks  (or
bottoms)  of  two  principal  component  curves  for  the  real  and  imaginary  parts  of  that  CEOF  mode.  The  new  detection
method may partly reveal the spatiotemporal heterogeneity of Rossby wave prorogation. Although the mean westerly jet at
200 hPa doubles the speed of its counterpart at 500 hPa, the estimated RWPhS at both levels are around 1000 km d–1 and
quantitatively consistent with the quasigeostrophic-theory-based RWPhS, confirming that the meridional potential vorticity
gradient induced by the barotropic and baroclinic shears of mean flow, together with the β effect, play an essential role in
Rossby  wave  propagation.  Both  observations  over  the  past  four  decades  and  a  150-year  historical  simulation  suggest  no
evidence for slowing wintertime transient Rossby waves in the Northern Hemisphere, but possible regional changes are not
excluded. We emphasize that not only the mean flow speed, but also the barotropic and baroclinic shears of the mean flow,
and their associated contributions to the meridional potential vorticity (PV) gradient, should be considered in investigating
the possible change of Rossby waves with global warming.
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Article Highlights:

•  A quantitative method of detecting transient Rossby wave phase speed (RWPhS) is presented.
•  The meridional potential vorticity (PV) gradient makes the RWPhS not sensitive to the vertical and temporal variations

of zonal flow.
•  No evidence is found for the slow-down of transient RWPhS.

 

 
 

 1.    Introduction

Rossby waves never simply propagate. Because of baro-
clinic  or  barotropic  instabilities  and nonlinear  advection  of
potential vorticity (PV), they may grow, saturate, break, and
decay,  leading  to  the  macroturbulence  of  the  troposphere
(Held, 1999). Rossby waves, also called large-scale eddies,

play a key role in maintaining the general circulation of the
atmosphere via meridional transport of heat and momentum
(Yeh and Chu, 1958), i.e., via the stirring and mixing of PV
and via wave–mean flow interactions (e.g., McIntyre, 2015).
Even in terms of their propagation, Rossby waves do not prop-
agate like single waves with constant wave numbers and fre-
quencies,  but  more  like  wave  packets  (e.g., Zeng,  1983;
Wirth  et  al.,  2018).  Due  to  their  dispersive  nature,  Rossby
waves originating in one region (such as over Asia) may stir
up new Rossby waves far downstream (say, over North Amer-
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ica) with a speed (group speed) much faster than their phase
speed  (Yeh,  1949;  see  also  a  thorough  review  in Phillips,
1990). The propagation of Rossby waves may also be regu-
lated  by  seasonally  varying  tropical–polar  heat  contrast,
land–sea contrast,  and topographic  features,  hence forming
regionally enhanced or weakened storm tracks (Hoskins, et
al., 1983).

Given the intricacies of Rossby wave dynamics, caution
must  be  taken  in  inferring  possible  changes  of  Rossby
waves with climate change from over-simplified arguments.
Indeed, the unsettled debates on Francis and Vavrus (2012,
FV12  hereafter)  largely  reflect  the  complexity  and  multi-
faceted nature of the possible response of Rossby waves to
global  and  regional  climate  change  (Barnes,  2013; Yao  et
al., 2017; Blackport and Screen, 2020; White et al., 2022).

FV12  suggested  that  Rossby  wave  phase  speed
(RWPhS)  may  slow down with  climate  change  because  of
reduced zonal wind associated with polar warming amplifica-
tion and reduced tropical–polar temperature gradient. How-
ever,  Barnes  (2013),  Blackport  and  Screen  (2020),  and
Riboldi et al. (2020) found that there is no evidence of slowing
RWPhS and no evidence of ridge elongation. Indeed, in the
lower  troposphere  the  meridional  temperature  gradient
decreases due to amplified Arctic warming, but it increases
in the upper troposphere due to amplified tropical warming
(Lu and Cai, 2010; Hoskins and Woollings, 2015).

Even  if  the  abovementioned  studies  had  provided  evi-
dence  against  the  FV12  hypothesis,  uncertainty  would
remain  largely  due  to  the  methodology  of  diagnosing
RWPhS, which has been based on space–time spectral analy-
sis  following Hayashi (1979) and Randel and Held (1991).
Confusion  is  also  caused  by  not  distinguishing  between
Rossby  waves  with  different  scales:  synoptic  or  planetary,
transient or (quasi) stationary. Luo et al. (2019) pointed out
that  the  abovementioned  linear  propagation  arguments  of
RWPhS are not suitable to explain the movement of quasi-sta-
tionary, persistent blockings, and Chen et al. (2021) further
proved by idealized simulations that nonlinear RWPhS may
well explain the response of Ural blocking to Barents–Kara-
Sea warming.

Therefore,  we  focus  on  transient  (synoptic)  Rossby
waves in this study and provide a new method to calculate
their propagation speed. This method is based on the complex
empirical  orthogonal  function  (CEOF)  analysis  and  a
detailed  automatic  detection  procedure  from  the  CEOFs.
The results show that,  overall,  there is no significant linear
trend in transient RWPhS during boreal winter over the last
four  decades,  from 1979 to 2019,  with a  global  surface air
temperature  (SAT) warming of  about  0.6°C (Fig.  9  in Sun
et  al.,  2021),  though  we  do  not  exclude  possible  regional
changes in RWPhS with global warming.

It  should  be  noted  that  although  the  reduction  of
RWPhS  under  weaker  mean  westerly  flow  (as  FV12  sug-
gested) seems consistent with Rossby’s long-wave formula
(c=U−β/k2), we find the transient RWPhSs are more consis-
tent with the quasigeostrophic Rossby wave speed (see Eq.
7 in section 4) in which the mean potential vorticity gradient

∂PV/∂y( ),  including  both  the β effect  and  the  (−Uyy−Uzz)
term induced by barotropic  and baroclinic  wind shears  (Uy

and Uz),  determines  the  RWPhS  together  with  the  mean
zonal flow. Indeed, the reduction of the mean flow and associ-
ated  reduction  in  PV  gradient  have  opposite  effects  on
phase  propagation  of  Rossby  waves,  and  hence,  RWPhS
may  remain  unchanged  although  the  mean  zonal  flow  (U)
becomes weaker with global warming.

 2.    Data and methods

The daily zonal and meridional velocity (u and v) data
from the ERA-Interim reanalysis of the European Centre for
Medium-Range  Weather  Forecast  (ECMWF)  at  200  hPa
and 500 hPa (Dee et al., 2011) with a resolution of 2.5°×2.5°
are  utilized.  The  time  period  covers  1979–2019,  and  we
focus on boreal winter from 1 November to 31 March. The
daily u and v data during the period 1850–2000 from one of
the historical simulations of NCAR’s CESM2-FV2 from the
sixth  phase  of  the  Coupled  Model  Intercomparison  Project
(CMIP6) are also used (Danabasoglu, 2019).

Indeed,  this  analysis  method  can  be  applied  on  many
other variables, such as wind, temperature, and geopotential
height fields, but here, we only use the streamfunction field
calculated from the u and v fields. We perform the CEOF anal-
ysis  separately  for  each  year.  The  procedure  of  detecting
RWPhS is as follows:

(1) The daily streamfunction fields from 1 November to
31  March  of  each  year  are  first  bandpass-filtered  to  retain
only the transient (2–9 days) part of the variance by applying
the standard Lanczos filter (Duchon, 1979).  Note that after
being  filtered,  the  data  for  the  first  and  last  10  days  (i.e.,
1–10 November and 22–31 March) are cut off and not used
in further calculations.

x (t) x̂ (t) x (t)
(2)  Denoting  the  filtered  time  series  at  a  grid  point  as
, we obtain its Hilbert transform , which lags  by

π/2 phase, based on: 

x̂ (t) =
∞∑
τ=−∞

x (t−τ)h (τ) ≈
L∑
τ=−L

x (t−τ)h (τ) , (1)

 

h (τ) =

 2
πτ

sin2
(
πτ

2

)
, τ , 0

0, τ = 0
, τ = −L, . . . ,0, . . . ,L , (2)

L = 20where ,  which  provides  an  adequate  amplitude
response in the frequency domain (Barnett, 1983). After the
Hilbert  transform,  the  data  for  11–30  November  and  2–21
March are not available because of tapering, and hence, we
only  use  the  data  of  the  90  days  since  1  December,  i.e.,
December,  January,  and  February  (DJF),  in  the  following
analysis.

X (t) = x (t)+ ix̂ (t)

Xn×m X (t)

(3)  The  complex  time  series  at  all
grid points over the Northern Hemisphere forms a complex
space–time field  (here n = 90, the length of  at any
grid point in one winter; m = 144 × 37, the number of grid
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points in the Northern Hemisphere) on which the decomposi-
tion of CEOF is performed. The decomposition procedure is
as follows, and readers may refer to the appendix part of Bar-
nett et al. (1983) and chapters 13 and 16 of von Storch and
Zwiers (2003) for a thorough mathematical background.

Sn×n = Xn×mX̃m×n/n X̃
X

Sn×n

Un×n

By  obtaining  the  complex  covariance  matrix
, where  is the complex conjugate trans-

position of , we may calculate its eigenvalues and eigenvec-
tors.  As  is  a  Hermitian  matrix,  there  exists  a  unitary
matrix  satisfying 

Un×nSn×nŨn×n = Λn×n (3)

Λn×n

λ1 > λ2 · · · > λn Un×n

λ j Ũn×n Un×n

where  is  a  real  diagonal  matrix  with  eigenvalues
 as its diagonal elements, the j-th row of 

is the complex eigenvector corresponding to the eigenvalue
, and  is the complex conjugate transposition of ,

which can be easily obtained by utilizing the subroutines in
standard  math  libraries  such  as  EISPACK  (Smith,  et  al.,
1974).

Vm×nThen, the complex EOF matrix  is obtained by 

Vm×n = X̃m×nUn×n/
√

n , (4)

Tn×nand the complex principal component (PC) matrix  is 

Tn×n =
√

nUn×n . (5)

As such, the CEOF decomposition is achieved by 

Xn×m = TT
n×nṼn×m , (6)

TT T Ṽ
V

Vm×n

Tn×n

where  is the transposition of  and  is the complex con-
jugate transposition of . The j-th mode of CEOFs (CEOFj)
is the j-th column of , as shown in Figs. 1a and 1b for
the real and imaginary parts of CEOF1. The j-th row of 
represents  the real  and imaginary parts  of  the j-th complex
PC, as shown in Figs. 1c and 1d for the first PC.

Note  that  the  original  anomaly relative  to  the  seasonal
mean (Figs. 2a and f) includes not only the 2–9-day transient
eddies, but also the longer-period transient eddies, quasi-sta-
tionary  eddies,  and  stationary  eddies.  But  the  fields  recon-
structed simply from CEOF1 (Figs. 2c and h) have spatial pat-
terns  very  similar  to  those  of  the  2–9-day  Lanczos-filtered
fields (Figs. 2b and g) with the wave amplitude of the recon-
structed  field  being about  40% of  the  latter,  corresponding
to  the  variance  of  CEOF1  being  about  16%−20%  of  the
total. If we utilize the first four CEOFs to perform the recon-
struction, then both the spatial patterns (Figs. 2d and i) and
the temporal evolution (Figs. 2e and j for point C in Fig. 1)
of the reconstructed fields are close to the original Lanczos-

 

(a)

(b)

(c)

(d)

(e)

(f)

T1’T1

T2’T2

 

Fig. 1. The first mode of complex empirical orthogonal function (CEOF1) and corresponding principal component (PC1) of
2–9-day Lanczos-filtered streamfunction at 200 hPa (a–c) and 500 hPa (d–f) during December, January, and February (DJF)
of 2008/09: (a) Real part and (b) imaginary part of CEOF1 (colored contours, m2 s–1), and mean zonal wind speed at 200 hPa
in 2008/09 DJF (black contours, m s–1); (c) Real part (black line) and imaginary part (blue dashed line) of PC1, dots mark the
data  with  |PC|≥0.5);  (d)–(f):  same  as  (a)–(c),  but  for  500  hPa.  The  criterion  for  the  dotted  centers  in  (a)  and  (b)  is  the
absolute value being larger than 1.5×106 m2 s–1.
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filtered fields. The results illustrate well that CEOFs may be
used  to  analyze  the  dominant  travelling  transient  Rossby
waves.

π/2

(4) For each mode of the CEOFs, most high/low centers
in the real part can find their counterparts in the imaginary
part, which are downstream of the former with their phase dif-
ference being  for a traveling wave (see grid points A, B,
and C in Fig. 1a and A', B', and C' in Fig. 1b for examples).
Then the RWPhS can be calculated as the distance between
each  pair  of  high/low  centers  (the  wave  propagation  dis-
tance,  i.e.,  the  distance  of  AA',  BB',  and  CC'  in Fig.  1b)

divided by the time intervals between the peaks (bottoms) in
the real-part principal component and their adjacent counter-
parts in the imaginary part (i.e., T1T1', T2T2', etc. in Fig. 1c).

Therefore,  for  each  red  or  blue  dot  (including  those
labeled A, B, and C, for a total of about 12 points) in Fig. 1a,
we  may  obtain  about  26  RWPhSs.  The  total  number  of
RWPhSs obtained from CEOF1 during 2008/09 DJF is 312,
but  the  locations  and  number  (between  300  and  400)  of
RWPhSs  differ  in  other  years.  Although  the  calculated
RWPhSs  are  spatiotemporally  discrete,  we  may  obtain
regional  statistics  of  these  RWPhSs  for  each  season.  This

 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

 

Fig.  2. (a)  200-hPa  streamfunction  anomaly  (original  streamfunction  on  9  January  2009  minus  2008/09  DJF-averaged
streamfunction), (b) 2–9-day Lanczos-filtered streamfunction at 200 hPa on 9 January 2009, (c) reconstructed streamfunction
on 9 January 2009 from CEOF1 (i.e., real part of 2008/09 DJF 200-hPa CEOF1 multiplied by real part of PC1 on 9 January
2009  plus  imaginary  part  of  CEOF1  multiplied  by  imaginary  part  of  PC1  on  9  January  2009);  (d)  reconstructed
streamfunction on 9 January 2009 from the first four CEOFs; (f)–(i) are the same as (a)–(d), but for 11 January 2009. Black
contours (m s–1) are mean zonal wind speed of 2008/09 DJF at 200 hPa. (e) and (j) are the real and imaginary parts of daily
streamfunction at grid point C in Fig. 1 during 2008/09 winter. Black curves are from the original 2–9-day Lanczos-filtered
time series [in (e)] and its Hilbert transform [in (j)], while the red curves are reconstructed from the truncated sum of the first
1–4 CEOF modes. Units: 107 m2 s–1.  The two days are utilized to illustrate the propagation of Rossby waves during about
one-fourth of a wave period.
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allows the spatiotemporal heterogeneity of Rossby wave prop-
agation to be partly represented in this method, as shown in
Fig.  A1 in  the  Appendix  which  shows  the  RWPhS  every
three days during DJF of 2008/09 over the north Pacific and
North Atlantic. This result implies that the RWPhS over the
north  Pacific  is  generally  larger  than  that  over  the  North
Atlantic,  but  the  two  oceans’ intra-seasonal  variations  are
somewhat similar.

 3.    No evidence of slowing transient RWPhS

First, we examine the variation of RWPhS during the win-
ters of 1979–2019, obtained from the ERA-Interim reanalysis
data.  Taken as an example,  the real and imaginary parts of
CEOF1  for  the  200-hPa  streamfuntion  during  the  2008/09
winter  (DJF)  (Figs.  1a and 1b)  show that  transient  Rossby
waves travel along the subtropical  westerly waveguide and
the waves are particularly strong along the storm tracks over
the  Pacific  and  the  North  Atlantic.  It  is  also  clear  that  the
waves may grow at the exit of jet streaks over East Asia and
North  America.  By  definition,  the  imaginary  PC  (the  blue
curve in Fig. 1c) lags π/2 phase compared to its real counter-
part  (the  black  curve  in Fig.  1c),  which  is  about  2  days  in
Fig.  1c,  corresponding well  to  the typical  period of  synop-
tic/transient Rossby waves (6–8 days). The real and imaginary

PCs also show subseasonal oscillations in their amplitudes,
indicating the active and inactive periods of the corresponding
mode. Note that the CEOF1 for 500-hPa streamfunction and
the corresponding real and imaginary PCs (Figs. 1d, 1e, and
1f)  are  similar  to  those  shown in Figs.  1a–c.  Indeed,  there
also exist interannual and interdecadal variations in the spatial
structure of CEOFs and their temporal evolution (PCs) if we
carefully check the CEOFs for each year from 1979 to 2019.
By following the detection method laid out above, we exam-
ine  the  variation  of  RWPhS  over  the  four  decades  from
1979/80  to  2018/19  (Fig.  3).  Here,  we  show  the  zonal
RWPhS  only,  but  the  results  hold  also  for  the  total  phase
speed — note that  Rossby waves also propagate meridion-
ally.  The  box-and-whisker  diagrams  in Fig.  3,  which  is
based on the statistics of the abovementioned individual, spa-
tiotemporally discrete RWPhS, show the yearly-based (with
about  300–400  samples  of  RWPhSs  in  each  DJF)  and
decade-based  statistics  (with  all  samples  in  ten  DJFs)  of
RWPhS at 200 hPa (Figs. 3a and b) and 500 hPa (Figs. 3c
and d)  over  the  midlatitudes  between  20°N  and  60°N.
Indeed, while salient interannual variations exist, the trends
of RWPhS at both 200 hPa and 500 hPa are close to zero, as
can easily be seen during boreal winter (Fig. 3). The decade-
based statistics (Figs. 3b and d) further confirm (since the sta-
tistical uncertainty is largely reduced with a tenfold increase

 

(a) (b)

(c) (d)

 

Fig. 3. Box-and-whisker diagrams of zonal Rossby wave phase speed (RWPhS) at 200 hPa between 20°N and 60°N based
on  (a)  annual  and  (b)  decadal  statistics  from  the  CEOF1  for  the  winters  of  1979/80  to  2018/19.  The  short  red  line  in
(b) marks the median value. Medians in (a) are connected by a black curve, and the thick red curve is the 5-year Gaussian
smoothing of medians.  The bottom and top blue lines of the boxes are the 25th- and 75th- percentile values,  respectively,
while  the  whiskers  extend  to  the  minimum  and  maximum  of  the  data,  except  for  outliers,  which  fall  outside  of  99.3%;
(c) and (d) are the same as (a) and (b) but for the zonal RWPhS at 500 hPa.
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in the number of samples) that there is no apparent trend in
the zonal  RWPhS during the last  four decades.  Indeed,  the
results  hold  for  the  RWPhS  of  other  CEOF  modes,  as
shown  in Fig.  A2 for  the  2nd,  3rd,  and  4th  CEOF  modes.
The  overall  RWPhS  trend  obtained  from  the  four  CEOF
modes  over  1979–2019  is  about  70  km  d–1 per  degree  of
global  warming,  being negligible compared to the absolute
value  of  RWPhS and being  smaller  than  the  intrinsic  error
(about ±100 km d–1) caused by the spatial and temporal reso-
lutions of the reanalysis data.

However,  there  exists  an  apparent  difference  in  the
inter-annual  variability  of  RWPhS  between  the  upper-  and
mid-troposphere, and this will be discussed in the next sec-
tion.

Additionally,  we  calculated  the  RWPhS  by  applying
the same method to the Lanczos-filtered daily streamfunction
at  250  hPa  during  the  150  boreal  winters  from 1850/51  to
1999/2000, with an observed global SAT warming of about
0.6°C (Fig. 9 in Sun et al., 2021), using the historical simula-
tion from CESM2. Even with a much longer time span, the
annual  and  decadal  box-and-whisker  diagrams  of  RWPhS
(Fig.  4)  exhibit  a  near-zero  [5  km  d–1 (100) yr-1]  trend,
although  there  do  exist  interannual  and  interdecadal  varia-
tions.

Therefore, based on our method, there is so far no evi-
dence  of  slowing  transient  Rossby  wave  propagation,  but
we  note  that  we  do  not  include  quasi-stationary  Rossby

waves in our analysis.

 4.    Why is the transient RWPhS at 200 hPa so
close to the RWPhS at 500 hPa?

We  can  see  from Fig.  3 that  during  1979–2018  the
range  of  mean  zonal  wave  speed  at  200  hPa  is  mainly
between  900  km  d–1 and  1200  km  d–1,  with  the  median
being  about  1000  km d–1.  The  range  and  average  of  zonal
RWPhS  at  500  hPa  are  not  much  different  from  those  at
200 hPa, with the median being about 950 km d–1,  slightly
less  than  that  at  200  hPa,  although  the  mean  zonal  wind
speed at 200 hPa is twice as large as that at 500 hPa. First,
we should mention that, physically, the similar RWPhSs in
the upper- and mid-troposphere are not surprising from the
viewpoint of vertical coupling associated with the life cycle
of baroclinic waves (e.g., Feldstein and Held, 1989; Thorn-
croft  et  al.,  1993; Orlanski  and Gross,  2000).  Furthermore,
because the synoptic/transient  Rossby waves are baroclinic
in nature, their propagations are determined not only by the
mean wind speeds and β [the meridional gradient of the Corio-
lis  parameter  (f)],  as  indicated  by Rossby’s  long-wave for-
mula (c=U−β/k2), but also by the other parts of the meridional
gradient of potential vorticity (PV), i.e., the meridional and
vertical  second-order  derivatives  of  the  time-mean  zonal
flow, as shown in the well-known formula [e.g., Eq. (4.40)
in Phillips,1990]: 

 

(a)

(b)

 

Fig. 4. The same as Figs. 3a and 3b, but for RWPhS at 250 hPa during boreal winters from 1850/51 to 1999/
2000 in the CESM2 historical simulation.
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∂Ū
∂Z

)
k2+ l2+

f 2

N2

(
1

4H2 +m2

) , (7)

Ū
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The  40-winter-averaged  zonal  flow  ( )  at  200  hPa
(Fig. 5a) and 500 hPa (Fig. 5b) shows the strongest westerly
jet stream located mainly between 20°N and 40°N, particu-
larly  over  western  Pacific  and  North  Atlantic.  The  zonally
averaged  at  200 hPa along the westerly jet  (36 m s–1) is
much  larger  than  its  counterpart  at  500  hPa  (16  m  s–1).
Accordingly,  the -related  part  of  the  meridional  gradient
of PV ( ), i.e.,  in Eq. (7), at 200 hPa
(6.04×10–11 m–1 s–1 between 20°N and 40°N) is  also much
larger than that at 500 hPa (3.22×10–11 m–1 s–1 between 20°
N  and  40°N),  leading  to  a  larger  total  at  200  hPa
(Fig. 5c) than at 500 hPa (Fig. 5d).

 

(a)

(b)

(c)

(d)

 

∂PV/∂y
Fig.  5. The zonal  wind speed (m s−1)  at  200 hPa (a)  and 500 hPa (b)  and the mean

 (×10−11 m−1 s−1)  at  200 hPa (c) and 500 hPa (d) during boreal  winter (DJF)
averaged over 1979/80–2018/19.
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If  we  take  from Fig.  1 the  following  typical  values  in
Eq. (7):

k=7/(a cosφ),i.e., zonal 7 waves; l=2π/(aπ/3)=6/a;
m~2π /3H, derived from the phase difference (about 0.3

cycles)  between  1000  hPa  and  200  hPa  of  geopotential
height in Fig. 6 of Pratt and Wallace (1976);

H~10  km,  and  other  parameters  calculated  from  the
reanalysis  data,we  obtain  the  mean  zonal  RWPhS between
20°N and 40°N as 11.6 m s–1 (1002 km d–1) at 200 hPa and
10.5 m s–1 ( 907 km d–1) at 500 hPa, very close to our estimate
obtained from the CEOF-based detection method. Note the
above  estimate  may  differ  depending  on  the  three-dimen-
sional scale (i.e., the wavenumbers k,l,m) of Rossby waves,
and  hence  the  consistency  between  CEOF-based  RWPhS
and  the  RWPhS  obtained  from  quasigeostrophic  theory
should be considered as qualitative, rather than quantitatively
precise.

In  short,  we  should  consider  not  only  the  increase  or
decrease  of  the  mean  flow  speed,  but  also  the  associated
changes in barotropic and baroclinic shears and in the merid-
ional  PV  gradient.  Such  a  more  thorough  consideration  is
essential  not  only  to  correctly  understand  the  changes  of
Rossby wave propagation, but also to understand the possible
changes of barotropic and baroclinic instabilities with climate
change.  For  example,  except  by  changing  the  location  and
strength of mean westerly flow, the expansion of the upper-
tropospheric tropical area with global warming (e.g., Staten
et al., 2018) may well modulate RWPhS by enhancing PV gra-
dient.

Despite  the  similarities  of  RWPhSs  and  of  their  long-
term trends at the upper- and mid-troposphere, their interan-
nual variations (Figs. 3a and 3c) are not necessarily consis-
tent.  Both  physical  mechanism  and  the  statistical  method
may contribute to the inconsistency. While there exists verti-
cal  coupling  of  baroclinic  Rossby  waves,  the  propagation
and growth/decay during their life cycle could be quite differ-
ent  (Thorncroft  et  al.,  1993; Orlanski  and  Gross,  2000).
Indeed, the difference in the propagation speed of baroclinic
Rossby waves in the upper,  middle,  and lower troposphere
associated with different vertical structures (baroclinicty) of
mean  flow  was  pointed  out  long  ago  by  Yeh  and  Chen
(1963)  and  Zeng  (1983).  Accordingly,  these  differences
may be reflected in the CEOFs and corresponding PCs. Sec-
ond,  these  differences  may  be  retained  in  the  yearly-based
statistics, which are derived from only about 300–400 sam-
ples  for  each  winter,  but  can  be  largely  removed  in  the
decade-based  statistics  by  the  smoothing  effect  of  using  a
large  sample  size.  Understandably,  these  interannual  vari-
ances can be considered as internal noise, and hence they do
not  contribute  to  the  externally  forced  long-term  trend  of
RWPhS.

 5.    Summary and discussion

In  this  study,  we  propose  a  quantitative  CEOF-based
method for detecting synoptic/transient Rossby wave phase

speed (RWPhS) at the midlatitudes between 20°N and 60°N
and analyze its variation over the 40 winters from 1979/80
to 2018/19 in the ERA-Interim reanalysis and the 150 winters
from 1850/51 to 1999/2000 in a CMIP6 historical simulation
using  CESM2-FV2.  The  merits  of  the  method  are  that  it
may account  for  the  dominant  modes of  Rossby waves for
each season and account partly for the spatiotemporal hetero-
geneity of Rossby wave propagation. No evidence of transient
Rossby-wave  slowing  during  the  boreal  winter  is  found  in
either the reanalysis or the historical simulation. Our conclu-
sion  supports  the  conclusions  based  on  spectral  analysis,
such  as  those  by  Barnes  (2013)  and  Riboldi  et  al.  (2020).
Note, however, because our statistics cover all of the northern
midlatitudes,  we did not  exclude possible regional  changes
of  RWPhS with  global  warming,  and regionally  dependent
results based on different methods will be reported in follow-
ing publications.

∂PV/∂y

Despite  the  twofold difference in  the  mean zonal  flow
between at 200 hPa and 500 hPa, the CEOF-based estimates
of  the  RWPhS  at  the  two  levels  are  very  close,  with  both
being about 1000 km d–1.  This result  is consistent with the
estimate based on the quasigeostrophic Rossby wave disper-
sion  relation,  in  which  the  barotropic  and  baroclinc  shears
of the mean zonal flow can affect the Rossby wave propaga-
tion  via  the  influence  on  the  mean meridional  PV gradient
( ),  reflecting  the  vertical  coupling  of  Rossby  wave
propagation.  However,  there is  no reason to expect  a  close
correlation in terms of their interannual variations due to the
different developmental, propagating, and decaying features
of transient Rossby waves, as was pointed out long ago by
Yeh  and  Chen  (1963),  Zeng  (1983),  and  Thorncroft  et  al.
(1993) among others. Given the limited number of wave sam-
ples for each season, these different vertical features lead to
an  interannual  randomness  in  RWPhS,  but  the  externally
forced long-term trend may robustly emerge from such ran-
domness by including a much larger number of wave sam-
ples.  Our  results  suggest  that  the  effects  of  barotropic  and
baroclinic  shears,  and  more  generally  the  PV  gradient,
should  be  included  in  the  consideration  of  Rossby  wave
response  to  global  warming.  Indeed,  the  reduction  of  the
mean flow and associated reduction in PV gradient have oppo-
site  effects  on  phase  propagation  of  Rossby  waves,  and
hence,  RWPhS  may  remain  unchanged  although  the  mean
zonal flow (U) becomes weaker with global warming.

There is no reason to assume that Rossby waves should
remain  unchanged  with  global  climate  change  given  the
robust  changes  in  the  tropical–polar  temperature  gradient
and mean circulation. It is probable that regional positive or
negative trends of RWPhS do exist (Fragkoulidis and Wirth,
2020)  although  the  hemispheric-averaged  trend  is  weak.
Indeed, our CEOF-based method is spatiotemporally discrete
but  may  reflect  the  dominant  modes  of  transient  Rossby
waves,  while  the local  wave speed method of  Fragkoulidis
and Wirth (2020) is spatiotemporally continuous but the calcu-
lation  may  be  sensitive  to  the  determination  of  local  wave
numbers and frequencies. In this regard, it will be helpful to
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compare  our  metric  with  that  of  Fragkoulidis  and  Wirth
(2020), and even to use the two metrics together.

Note that in this study, we focus on the propagation of
transient Rossby waves only. It is necessary to discriminate
them from slow-moving Rossby waves with a longer period
(say, above 10 days), including blockings and other quasi-sta-
tionary waves, due to their totally different underlying mecha-
nisms. Indeed, not distinguishing between different Rossby
waves  does  cause  confusion  in  the  ongoing  debate  over
their possible responses to global warming. There is an intrin-
sic limitation on the sole consideration of linear propagation
of  slow-moving  quasi-stationary  Rossby  waves  because
they are in nature nonlinear  and associated with multiscale
interaction and the change in wave amplitude (e.g., Luo and
Zhang, 2020). But even for these slow-moving quasi-station-
ary Rossby waves, the PV gradient perspective is still useful
in understanding both their dynamics and their responses to
climate change (Luo, et al., 2019). We also stress that our met-
ric may be useful in investigating the interaction between tran-
sient waves and quasi-stationary waves.
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Fig.  A1. The  intraseasonal  variability  of  RWPhS over  north  Pacific  (a)  and
north Atlantic (b) regions during DJF of 2008/09.
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