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Sub-seasonal forecasting

● Sub-seasonal forecast covers the gap between medium-range 
(3-10 days) weather forecast and seasonal forecast → between 2 
weeks and a season

● Bridges planetary-scale phenomena (like ENSO) with local daily 
weather conditions 

Vitart & Robinson 2019



  

The predictability desert
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World Weather Research 
Programme



  

World Climate Research Programme

CMIP is organized
by WRCP



  

Subseasonal to Seasonal (S2S) Project

In 2009 the World Meteorological Organization (WMO) Commission of Atmospheric 
Sciences (CAS) requested that WCRP, together with the World Weather Research 
Programme (WWRP) and the Observing System Research and Predictability 
Experiment (THORPEX), set up a collaborative structure for subseasonal prediction. 
As a result, the Subseasonal-to-Seasonal (S2S) Prediction Project began in 2013.

Objectives

To improve forecast skill and understanding on the subseasonal to seasonal timescale 
with special emphasis on high-impact weather events

To promote the initiatives uptake by operational centres and exploitation by the 
applications community

To capitalize on the expertise of the weather and climate research communities to 
address issues of importance to the Global Framework for Climate Services

https://www.wcrp-climate.org/modelling-s2s



  



  
White et al 2017



  

Skill of (numerical) weather forecast has 
increased over time

Monthly averaged forecast
skill measured by anomaly 
correlation of 500 hPa 
geopotential height in 
extratropics.

Toth &Buizza 2019



  

How can the 2-week limit of prediction be broken?

The atmosphere is a chaotic system that has a 2-week predictability limit 
(Lorenz 1963)

● That limit is related to extratropical baroclinic flow, which instabilities 
create weather systems that last for about a week

● There are phenomena predictable on longer time scales
● Averaging over the relevant time scale: weekly aggregates of daily 

statistics may be predictable in a probabilistic way 

Vitart & Robinson 2019



  

Scale dependency of forecast skill

Instantaneous and finer-scale
surface variables are less
predictable

Large-scale patterns are
predictable months
ahead.

Predictability of the 1st kind
(traceable predictability)
depends on Initial Conditions

Toth &Buizza 2019



  

Predictability of the 2nd kind 

(climatic predictability)

High frequency weather 
occurrence are conditioned by 
slower varying phenomena.

Toth &Buizza 2019



  
White et al 2017



  

Weather systems

Cold Fronts

Mesoscale
Convective 
Complexes

Jet streams

       Low level Upper level (10 km)

Extratropical
cyclones Reboita et al 2010

Semi-permanent
anti-cyclone

Low level jet



  

Sources of sub-seasonal to seasonal 
predictability 

Slowly varying boundary conditions for tropospheric weather 
systems

● Soil moisture – memory in soil moisture can last several weeks and 
influence the atmosphere through changes in evaporation and the 
surface energy budget.

● Snow cover – radiative and thermal properties of snow cover 
anomalies can modulate local and remote climate over monthly to 
seasonal time scales



  

Sources of sub-seasonal to seasonal 
predictability 

● Ocean conditions - anomalies in SST lead to changes in air-sea heat 
flux and convection that affect atmospheric circulation.

● Stratosphere-troposphere interaction – changes in the polar vortex 
propagate downward from the stratosphere, with the anomalous 
tropospheric flow lasting about 2 months.



  

Sources of sub-seasonal to seasonal 
predictability 

Internal tropospheric variability

● The Madden-Julian Oscillation – dominant mode of intraseasonal 
variability of tropical organized convection. Impacts the extratropics 
through atmospheric teleconnections

● Long living Rossby wave packets, quasi-stationary Rossby waves 
and blockings.



  

Madden-Julian Oscillation

● The MJO (Madden & Julian 1971), also known as Intraseasonal Oscillation 
(ISO), is the leading mode of intraseasonal variability in the tropics.

● It is a wavenumber 1-2 eastward-moving atmospheric disturbance which 
modulates deep convection. 

● Has a broad period of about 40-60 days.
● Induces extra-tropical teleconnections  



  

MJO basic features

● In the Indo-west Pacific region an MJO event features a large-
scale, eastward moving center of strong deep convection and 
precipitation (“active phase”), flanked to both east and west by 
regions of weak deep convection (“inactive phases”). 

● The two phases are connected by overturning zonal circulations 
that extend vertically through the entire troposphere. The zonal 
winds flow in opposite directions in lower and upper levels.

● MJO signals in convection are normally confined to the Indo-
west Pacific oceans because convective instability can be 
sustained only there. MJO propagates at 5m/s.

● In the western hemisphere there is no coupling with convection 
and the propagation is faster (10 m/s).

Zhang 2005



  

www.climate.gov

Circulation is described
by 1st baroclinic mode, 
i.e. upper level and lower
level winds are opposite



  

The MJO is an envelope for 
enhanced convection

The eastward moving convective center 
or active phase of MJO can be seen as
a large-scale ensemble of a myriad 
higher-frequency, small scale convective
systems moving in all directions.

The eastward propagation of
the large scale convective center of the 
MJO is due to the consecutive 
development of new convective
systems, each on average slightly to the
east of the previous one

Zhang 2005

Indo-west Pacific region



  
Zhang 2005



  
Zhang 2005



  

The MJO provides an "envelope" of enhanced or suppressed convection. Within the active phase, 
synoptic-scale convection ("super cloud clusters" or SCC) propagate eastwards within the MJO 
envelope. Consistent with their synoptic character, the SCC have spatial scale of 2000–4000 km 
and temporal scale of about 10 days. SCC are composed of mesoscale convective complexes 
(MCCs), which are quasi-circular, thunderstorm systems with spatial scales of a few hundred km 
and temporal scale of about a day (these systems are strongly influenced by the diurnal cycle).

Zhang 2005

MJO envelope



  

An index for the MJO

 Wheeler & Hendon (2004):
● Compute daily anomalies of near 

equatorial (15S-15N) averaged OLR, 
u850 and u200.

● Influence of ENSO was linearly 
removed

● Remove average of previous 120 
days

● Compute EOF



  

PCs have maximum
variance on 
intraseasonal time 
scales, and are
correlated only in 
this frequency band.



  

Real Time Monitoring of the evolution of the MJO

● Project daily anomalies of u200, u850 
and OLR onto EOF1 and EOF2 → 
RMM1, RMM2

● Plot RMM1 & RMM2 in an 8-phases 
diagram which describes the phase and 
amplitude of the MJO.

● The average time to pass over each 
phase is 6 days → full circle in 48 days

http://www.bom.gov.au/climate/mjo/



  

● MJO events initiate in any phase, with 40% initiating in phases 1 to 3 (Indian 
ocean).

● No clear precursor for the initiation of MJO events
● There is some evidence that extratropics can play a role in initiating MJO 

events in Atlantic and Africa (e.g. NAO Lin et al 2009)
● All MJO events are different
● Stronger MJO events tend to propagate more slowly than weak MJO events 

(Seo and Kumar 2008).



  

Composite of MJO events – November to April
850 velocity potential and winds



  

Composite of MJO events – November to April
Precipitation



  

Composite of MJO events – May to September
850 velocity potential and winds



  

Composite of MJO events – May to September
Precipitation



  

Interannual variability of MJO activity

The MJO is more active during 
southern summer and autumn.

There is significant interannual
variability in MJO activity but it 
is not correlated to ENSO.

During ENSO there is a 20° 
eastward shift of activity 
following the El Niño
warm warers.

(Wheeler & Hendon 2004)

So, what is the physics behind the MJO?



  

Linear Shallow water model

- wrt fluid at rest, mean depth D
- Planetary vorticity is approximated by β-plane

which can be reduced to an equation for V:

Equatorial wave dynamics

x

y
z

D

h

f= f 0+β y=β y

Assume solutions of the form

U(x,y,t) ~ U(y)ei(kx-wt)

V(x,y,t) ~ V(y)ei(kx-wt)

h(x,y,t) ~ h(y)ei(kx-wt)

c=(gD)1/2



  

Substituting the solution for V, we arrive to

which is a Sturm-Liouville problem in an infinite domain. The eigenvalues satisfy

Equatorial wave dynamics

n=0,1,2,...Dispersion relation

and V(y) satisfies Req=√ cβ



  

Equatorial wave dynamics

Solutions to
dispersion
relation



  

Equatorial wave dynamics

Solutions to
dispersion
relation

Low frequency
waves. Only waves 
excited for T > 3 days



  

Kelvin waves
- V=0
- Dispersion relation 

Kelvin waves need a boundary to 
propagate.
In the NH Kelvin waves propagate
with the boundary (equator) to the 
right, and in the SH propagate with 
the boundary to the left.

→ Equatorial Kelvin waves propagate 
always to the east at speed c=(gD)1/2

Equatorial wave dynamics

w=√(gD)k



  

Rossby waves

 
Rossby waves propagate to the west (w/k<0)

Equatorial wave dynamics

For long waves

Mode n=1 propagates at -c/3
(1/3 of Kelvin wave)

So, where should we find the MJO in the dispersion diagram?



  

Equivalent depth D=25m, Req~10 km

Equatorial wave dynamics



  

MJO structure

The large-scale wind structure of
the MJO is described in terms of 
equatorial waves coupled to deep 
convection.
● To the east of the convective 

center the structure resembles a 
Kelvin wave

● To the west it looks like a 
Rossby wave Wang et 

al 2016



  

How does the MJO propagate?

Some possibilities (see Zhang 2005):
●  MJO is the atmospheric response to an independently existing forcing mechanism

● The eastward propagation and coupling between convection and wind are 
secondary by-products of the atmospheric response to: tropical stochastic forcing 
(Yu and Neelin 1994), extratropical forcing (Lau and Peng 1987)

● The MJO creates its own energy source through atmospheric instability
● The coupling between convection and circulation is at the center of this instability: 

● Instabilities due to surface moisture convergence (CISK) based on the 
interaction between convective heating and wind convergence in waves (Wang 
and Rui 1990)

● Instabilities due to interaction between surface evaporation and winds
●  Air-sea interaction is important



  

MJO impacts

● Tropics-tropics – passage of 
MJO modulates convective 
activity

● Tropics-extratropics – 
Convective anomalies 
associated to the MJO trigger 
Rossby waves that propagate 
poleward, influencing remote 
extratropical climates.

Hirons 2012



  

Anomalies of geopotential height and velocity potential at 250 hPa 
associated with the different phases of the MJO in Sep-Nov.

Tropics-tropics Tropics-extratropics

Alvarez et al 2015

v=vψ+vχ

vψ=k∧∇ ψ, v χ=∇ χ



  

MJO impact on NAO (Tropics→extratropics)

● Lag in pentads
● MJO phases 6 and 7 

lead NAO- by 5-15 
days

● MJO phases 2 and 3 
lead NAO+ by 5-10 
days

Lin et al 2009



  

MJO impact on NAO

Lin et al 2009

NAO+

NAO-



  

NAO influences MJO

● NAO- leads phases 2 
and 3 of MJO by 3-5 
pentads

● NAO+ leads phases 6 
and 7 by 2-5 pentads

Lin et al 2009



  

MJO was in phases 6 & 7 during 6-13/11 → is NAO- predicted?

SUBX

http://cola.gmu.edu/kpegion/subx/



  

Apparently so...

10-15 days after

NAO+



The similarity between teleconnection patterns and trains of steady Rossby 
waves suggests that propagation of waves with zero, or small, phase speed 
is a likely mechanism that can give rise to teleconnection patterns.

 The patterns could be excited by a tropical heating anomaly 
consequence of enhanced convection

Tropical heating → vorticity generation → Rossby wave

Tropically forced Rossby wave trains



How are extratropical waves excited?

Consider the vorticity equation at 200mb (no friction)

If

            Rotational Divergent

Then

   

∂ζ

∂ t
+v .∇ ζ=−ζD D=

∂ u
∂ x

+
∂ v
∂ y

, ζ= f +ξ

v=vψ+vχ

vψ=k∧∇ ψ, v χ=∇ χ

ξ=∇ 2 ψ , D=∇ 2 χ

Rossby wave 
source (S)

Rossby wave 
propagation

∂ζ

∂ t
+v ψ . ∇ ζ=−ζ D−vχ . ∇ ζ



James (1993)

Large divergent flow
close to subtropics where
vorticity increases



Rossby wave sources
are maximum in
subtropics even though
divergence is maximum
in equatorial areas.

S=−ζ D−vχ .∇ ζ



The Rossby wave excited by the MJO will propagate and persist, causing
changes in the position of the upper level jets 

Alvarez et al 2015



Trenberth et al 1998



Why does the wave follow
this path?

Is it absorbed in the tropics?

Alvarez et al 2015



Annual mean winds at 200 hPa



Consider a mean flow of the form U=U(y), linearize the vorticity
equation in the absence of forcings. We obtain

Searching for solutions of the form

We get the dispersion relation of Rossby waves

which are westward propagating waves (relative to the mean flow)
(K2=k2+l2).

For steady Rossby waves w=0, then

l is real (allowing existence of waves) if Ks = ((β-U
yy

)/U)1/2 > k

Since  β > U
yy

 there is no wave propagation in easterlies.  



Ks decreases with latitude



If propagation is possible we want to find the path of the wave.

Group velocity

Then the propagation direction is given by 
(w.r.t zonal direction) 

And the magnitude of the group velocity 

→ when the propagation is zonal the speed is 2U and when nearly meridional 
the velocity is small.

As the wave propagates meridionally (β-U
yy

) changes. If those changes 

happen over a distance that is large compared with the wavelength of the wave
it is possible to make predictions about the path of the wave using the WKB
(Wentzel-Kramers-Brillouin) approximation. 



The condition might be true in the zonal, but not in the meridional 
direction. 

Under the assumption of U=U(y) the wave number k will remain
constant and l will change in order to satisfy the local dispersion relationship
as the wave moves meridionally.

For stationary Rossby waves the propagation will be given by

  

k constant , k 2
l 2

=Ks2

dx
dt

=
2 −U yy k

2

K 4

dy
dt

=
2 −U yyk l

K 4



N.H.Example of a tropically
forced wave

β decreases with latitude
U

yy
 is max in jet streams

At U
yy

=β, K
s
 becomes

imaginary.

Approximation breaks, l becomes
negative and wave is refracted

k constant , k 2
l 2

=Ks2



Example of a Rossby propagating 
toward the equator

U=0 is a critical line because K
s
 

becomes large and then imaginary.

As K
s
 becomes large, l also does, 

and the meridional group velocity 
decreases. 
The wave will be “absorbed”
at the critical latitude.

 

k constant , k 2
l 2

=Ks2

NH





Preferrred propagation patterns and wave guides, DJF

Ambrizzi & Hoskins 1993



Extratropical modifications of the tropical wave

● Midlatitude synoptic-scale transients, influenced by the large scale tropically-excited response, feed 
back to reinforce the response through convergence of vorticity flux

● Barotropic instability of the climatological flow

The barotropic kinetic energy conversion from the climatological flow is

‘ : (10-100) days anomaly

In jet exit regions 

and zonally elongated eddies, typical of

low frequency, can extract energy from 

the basic flow

→ preferred locations of disturbances

C=−(ū ' 2− v̄ ' 2)
∂ ū
∂ x

− ¯u ' v '
∂ ū
∂ y

∂ ū
∂ x

<0

Lin et al (2019)



How well is the MJO predicted?

Prediction of RMM indices – project predicted anomalies onto the observed combined
EOF eigenvectores

RMM indices mainly reflect contribution of zonal winds 
→ skill of predicted wind anomalies and not necessarily of convective anomalies

Bivariate correlation

a
1
, a

2
 observed RMMs

b
1
, b

2
 predicted for time t, lead time τ



Evolution of bivariate correlation

0.5

0.6

0.8

Kim et al 2018

ECMWF

● Good Prediction 
skill of MJO 
up to 5 weeks
has been shown 
in ECMWF model



● Skill of MJO prediction is 
highly model-dependent 
varying between 10 and 38 
days

Kim et al 2018

Bivariate correlation



● Skill of MJO prediction is 
highly model-dependent 
varying between 10 and 38 
days

● MJO skill depends
– Initial amplitude of MJO
– MJO phase
– Season, higher in DJF 

when more active
– Background or mean state 

(QBO phase, IOD)
– Extratropical influence

Kim et al 2018

Bivariate correlation



● Skill of MJO prediction is 
highly model-dependent 
varying between 10 and 38 
days

● MJO skill depends
– Initial amplitude of MJO
– MJO phase
– Season, higher in DJF 

when more active
– Background or mean state 

(QBO phase, IOD)
– Extratropical influence

MJO skill sensitive to model physics, quality of initial conditions and ocean-atmos coupling

Bivariate correlation



MJO prediction for next 15 days 

NCEP ECMWF

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/CLIVAR/clivar_wh.shtml



Future directions

● Refine understanding of MJO nature and physics: role of tropical instabilities 
and extratropical forcing

● Improve MJO prediction 
● New indices for MJO description and evolution



  

Sources of sub-seasonal to seasonal 
predictability 

Internal tropospheric variability

● The Madden-Julian Oscillation – dominant mode of intraseasonal 
variability of tropical organized convection. Impacts the extratropics 
through atmospheric teleconnections

● Long living Rossby wave packets, quasi-stationary Rossby waves 
and blockings.



  

Rossby Wave Packets

● In mid-latitudes the upper-tropospheric flow is predominantly 
directed from west to east → jet streams

● Embedded deviations from the zonal direction give rise to 
undulations in the jets, which are called Rossby waves.



  

● On a latitude circle Rossby waves on a geopotential surface take the form

 

● Usually the perturbation of the jet is localized in space, so that the amplitude A=A(x)

is referred to as an “envelope” and defines the Rossby Wave Packet.

v (x , t)=Acos (kx−wt )

Wirth et al 2018

RWP



  

● Magnitude of 
v300 (300 hPa 
meridional wind)

● V300 & Z300

● Envelope at 300 
hPa → shows a 
RWP over North 
America

Wirth et al 2018



  

Rossby waves

● According to linear theory barotropic Rossby waves on a β-plane embedded in a zonal 
basic flow u0 have the following dispersion relation

● Phase speed 
● Group speed 

● Since β>0, cg > c → the envelope travels faster than each individual troughs and ridges 
→ new throughs and ridges are formed to the east of the original RWP → 
“downstream development”

c=w /k

cg=
∂w
∂ k



  

Point correlation map v300 hPa

Shows
● Wave train propagating cuasi-

longitudinally of wavenumber ~6 
extending upstream and downstream 
of reference point.

● Wave packet moves faster than 
individual peaks 

( phase speed < group velocity) → 
“downstream development” (Chang 
1993).

Lag=-2 days

Lag=+2 days

Lag=0 days



  

Wave Coherence Index

WCI = - ½ [ MaxCorr (lag=-2) + MaxCorr (lag=+2) ]

Wave guide

Also, Chang (2000)



  

Definition of Rossby Wave Packets

● Mid-latitude atmospheric synoptic-scale disturbances in the 
upper troposphere that propagate as downstream developing 
waves, traveling in coherent wave trains or packets

● Can be created by
– Preexistent synoptic disturbances
– Bursts of organized tropical convection associated with MJO.

● Under certain conditions they can last more than one week and 
go around the planet: medium to extended range forecast. 



  

Importance of RWPS

● RWPs often are precursors of extreme weather
– Strong surface cyclones (e.g. Chang 2005)
– Extreme Temperatures (e.g. Bosart et al 2017)
– Floods and precipitation (e.g. Davies 2015)
– Extreme winds (e.g. Wiegand et al 2011)

● Long-lasting RWPs preceding extreme weather exist both on subtropical 
and extratropical jets

● Understand atmospheric predictability and propagation of errors in forecasts



  

V at 300 hPa

V at 40S

Vertical velocity
at 40S

Ahead of a trough the RWP favours ascending motion and development of cyclogenesis,
severe weather, blockings (Grazzini & Vitart 2015).



  

Downstream development

● Mid-latitude dynamics is often studied using the quasi-geostrophic framework 
because perturbations are always close to geostrophy, but additional terms are 
needed to allow for evolution.

● The quasi-geostrophic momentum equations are 

● Assuming a flow of the type

we can find an equation for the energy of the perturbations 

∂ ug
∂ t

+ug

∂ ug

∂ x
+vg

∂ug

∂ y
= f 0 vag+β y vag

∂ vg
∂ t

+ug
∂ vg
∂ x

+v g

∂ v g

∂ y
=− f 0uag−β y uag

ug= ūg (z , y )+ug ' v g=vg '

Eeg=(ug '
2+vg '

2)/2



  

dg E eg

dt
=−∇ .(Φ 'V ag)−

R
p

ω ' T '−ug ' v g '
∂ ūg

∂ y
− ∂

∂ p
(ω 'Φ ' )

Total (local+advection)
change in E

eg

Baroclinic energy 
conversion:
eddy potential to 
eddy kinetic energy.  

Barotropic energy 
conversion:
Mean zonal kinetic
to eddy kinetic energy.  

Small when integrating
vertically

Divergence of the ageostrophic
potential energy flux



  

Example

Chang 2000

Which are the dominant terms (vertically averaged 1000-100 hPa)?
Baroclinic conversion and ageostrophic flux. 



  

& z300 & z300



  

& z300 & z300



  

Energy budget for trough 1D
● Baroclinic conversion is always 

positive, but small in 
developing phase

● Ageostrophic energy fluxes 
dominate during growth phase 
of the trough.

● Overall tendency of Ke is 
dominated by 
convergence/divergence of 
ageostrophic fluxes.

BT conv

BC convAgeo flux



  

Summary downstream baroclinic development paradigm

Wirth et al 2018

● The ultimate source of energy for 
the growth and maintenance of 
the RWP is baroclinic conversion 
from the mean flow available 
potential energy

● The bulk of the conversion 
occurs in the mature part toward 
the center and upstream portion 
of the RWP.

● Wave growth at the leading edge 
is dominanted by the 
convergence of the ageostrophic 
geopotential flux.



  

RWP decay

● The RWP decay 
is often 
associated with 
Rossby wave 
breaking which 
may lead to the 
onset of long 
lasting 
atmospheric 
blocking 

Gabriel & Peters 2008



  

Main types of blocking patterns

Omega blocking Dipole blocking

https://uip.primavera-h2020.eu/storymaps/atmospheric-blockings



  

Tracking RWP

Hovmoller diagrams 
● Do meridional average over a 

band of v300 and plot t-x
● Shows the evolution in time of 

the wind anomalies as the 
packet propagates eastward

 

Wirth et al 2018



  

Envelope reconstruction
● Tracks the RWP as an entity and 

does not show the individual 
toughs and ridges

● Take average of a meridional 
band, perform Hilbert transform, 
choose zonal wave numbers 
(Zimin et al 2003)

● Since troughs are usually 
narrower than ridges, the RWP is 
not a plan wave → appear wiggles 
in the envelope field and RWP is 
split into several fragments

Tracking RWP

v300

Envel



  

● RWP objects can followed in 
two ways:
– Detecting maxima of the 

amplitude of the envelope 
(e.g. Grazzini and Lucarini 
2011)

– Using the complete form of 
the RWP tracking the RWP 
both in longitude and 
latitude (e.g. Souders et al 
2014)

Tracking RWP



  

Example of a particular day v300 Envelope shows 
existence of wave packets

Envelopes are calculated following Zimin et al (2003) 
{Hilbert transform with filter to keep wavenumbers 4-11}.



  

Duration of wave packets: 15% exceed 7 days 

Southern hemisphere summer

Sagarra & Barreiro 2019



  

● No evident favored 
formation region

● Pacific shows highest 
dissipation rates → 
blocking?

Sagarra & Barreiro 2019



  

Example

Sagarra & Barreiro 2019



  

Sea level pressure 
anomalies show 
development of 
extratropical cyclone

Rainfall anomalies

Sagarra & Barreiro 2019



  

Representation of RWP by S2S models in NH DJF

● Uses Zimin et al (2013), k=4-16, meridional mean over 34.5-64.5N
● Models of S2S data base

Initiation & decay 

Most RWPs from in the central north Pacific and 
decay at the end of the midlatitude storm track (east 
Atlantic and Europe)

Quinting & Vitart 2018



  

● Most models represent 
adequately the mean 
statistics of RWPs. 

● Models with lowest 
horizontal resolution 
overestimate duration 
times and propagation.

Quinting & Vitart 2018



  

● Most models underestimate initialization frequency in central Pacific for lead times 
7-13 days, and that bias is maintaned for longer leads

Quinting & Vitart 2018



  

● Most models underestimate initialization frequency in central Pacific for lead times 
7-13 days, and that bias is maintaned for longer leads

● There is a clear overestimation of the mean propagation in models with lowest 
horizontal resolution, although models with higher resolution also show it → 
missing physics. 

Quinting & Vitart 2018



  

● Models are not able 
to capture the ~10% 
increase in blocking 
frequency at the time 
of RWP decay over 
Europe → keep 
propagating eastward

● Lowest resolution 
models have larger 
biases

Quinting & Vitart 2018



  

Future directions

● New algorithms for identification of RWPs
● Role of diabatic processes in the evolution of RWPs → local wave 

amplification due to cyclone propagates downstream?
● Realtionship between decay of RWPs and atmospheric blocking
● Variability of RWPs occurrence

– Role of ENSO, MJO, PDO, AMO, SAM



Thank you for your attention!

Marcelo Barreiro
Institute of Physics, School of Sciences 
Universidad de la República, Uruguay

1st CAFE School, Sitges, Barcelona
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