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Abstract

This study presents an analysis of the equatorial waves in the ERA5 reanal-
ysis and forecasts of the Met Office Global Seasonal Forecast System version
5 (GloSea5), by projecting dynamical fields onto theoretical equatorial wave
modes. The seasonal and interannual variation of equatorial wave activity in
GloSea5 is evaluated against ERA5 waves. We find that in ERA5 the sea-
sonal and spatial variations of eastward-moving Kelvin wave activity are mainly
determined by the ambient zonal flow, with wave activity being stronger in east-
erlies than westerlies. For the westward-moving mixed Rossby-gravity waves
and equatorial Rossby waves, the seasonal and spatial variations of the upper-
tropospheric wave activity are determined by both the ambient flow and extrat-
ropical forcing with stronger wave activity generally in the westerlies, whilst the
lower-tropospheric wave activity is related to the ambient flow and tropical con-
vection. In GloSea5, the Kelvin wave activity is not well simulated in the upper
troposphere, and in general the wave activity and wave-related convective sig-
nal are too weak. In contrast, GloSea5 performs better for the westward-moving
equatorial waves, including their Doppler-shifted eastward-moving compo-
nents, despite a significant overestimation in the Atlantic and African region.
The phase of ENSO has a substantial impact on equatorial waves in bothe
ERAS5 and GloSea5. The mechanism of the impact is through changes in the
ENSO-related ambient flow, upper-tropospheric extratropical forcing, and trop-
ical convection. GloSea5 can capture the low-level Kelvin wave-ENSO relation-
ship reasonably well, with stronger wave activity over the eastern Pacific in El
Nifio, although the ENSO-driven variation is too weak. The wave-ENSO rela-
tionship for westward-moving waves is well represented in GloSea5, especially
in the upper-level eastern-Pacific westerly duct region in the extended boreal
winter and the low-level Indo-Pacific in all seasons. We conclude that in GloSea5
the representation of the wave-ENSO teleconnection is the key driver for the
performance of interannual variability in the wave activity.
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1 | INTRODUCTION

Equatorially trapped waves are fundamental components
of the tropical atmosphere. They are closely related to fun-
damental phenomena of the tropical climate and weather,
such as the forcing of the equatorial quasi-biennial oscilla-
tion (QBO) and semi-annual oscillation (e.g. Lindzen and
Holton, 1968; Baldwin et al., 2001; Pahlavan et al., 2021),
the Walker circulation (e.g. Gill, 1980), and the EI
Nifio-Southern Oscillation (ENSO: e.g. Lau, 1981; Yu
and McPhaden, 1999). They are also found to contribute
to atmospheric teleconnection patterns (e.g. Lim and
Chang, 1983), the Madden-Julian oscillation (MJO: e.g.
Lau and Peng, 1987; Masunaga, 2007; Roundy, 2008),
and transient features of the Hadley cell (e.g. Hoskins
et al., 2020; Hoskins and Yang, 2021; Tomassini and Yang,
2022).

On the synoptic scale, the importance of equato-
rial waves for tropical convection has been recognised
for several decades (e.g. Takayabu, 1994; Wheeler and
Kiladis, 1999; Wheeler et al., 2000; Yang et al., 2007a,
2007b; Kiladis et al., 2009; Ferrett et al., 2020; Peatman
et al., 2021; Ayesiga et al., 2022). Recently, the dynamical
role of equatorial waves in high-impact weather, such as
tropical extreme precipitation and tropical cyclones, has
been highlighted from observations. Ferrett et al. (2020)
showed that heavy precipitation in Southeast Asia is
up to four times more likely when equatorial waves
are strong and have their low-level convergence and
cyclonic vorticity in phase with the precipitation. Yang
et al. (2018) also revealed that westward-moving equato-
rial waves provide favourable conditions for the initiation
of African Easterly waves. Recently, Feng et al. (2023)
demonstrated that related to the effect on the large-scale
environment such as divergence, cyclonic vorticity and
humidity, equatorial waves can serve as useful precur-
sors to the occurrence and intensification of tropical
cyclones. Hence, equatorial waves can provide impor-
tant sources of predictability for tropical high-impact
weather.

Recent studies have shown that the main reason
for the tropics having longer predictability (>20days)
than the higher latitudes is that equatorial waves are
less prone to error growth than midlatitude baroclinic
disturbances because of their periodicity and coherent
phase propagation (e.g. Wheeler et al., 2017; Judt, 2020;
Li and Stechmann, 2020). Therefore, understanding and
evaluating model performance for equatorial wave activ-
ity is important for improving high-impact weather
forecasts in the tropics beyond a few days ahead; it
is also likely to be important for climate (e.g. Lin
et al., 2006; Ringer et al., 2006; Yang et al., 2009; Hung
etal.,2013).

To understand the performance of seasonal forecasts
in the tropics, it is crucial to evaluate a model’s abil-
ity to represent the seasonal variation of equatorial wave
activity and their interannual variation associated with
ENSO. However, to the best of our knowledge, there has
been no such study, as the vast majority of existing stud-
ies of equatorial waves are mainly on intraseasonal and
synoptic time-scales. As well, these studies have focused
on the equatorial wave-related convective variables fil-
tered over a wave-number-frequency domain which is con-
fined by the dispersion curves of equatorial waves (e.g.
Wheeler and Kiladis, 1999; Kiladis et al., 2009; Knippertz
et al., 2022). Convective signals are useful for investi-
gating convectively coupled equatorial waves. However,
to reveal the important dynamical impacts of equatorial
waves on tropical high-impact weather, such as extreme
precipitation and tropical cyclones, it is also essential to
examine the associated winds of equatorial waves. Using
solely convection-related information may lead to a fail-
ure to identify equatorial waves when and where they are
not convectively coupled. Also, equatorial waves identified
from the convective signal alone cannot be easily used to
independently relate precipitation to the wave structure.

ENSO is the strong mode of the interannual variabil-
ity in the ocean-atmosphere system. The studies of Yang
and Hoskins (2013, 2016) showed that the ENSO phase
has a substantial impact on equatorial wave winds, mainly
through ENSO-induced changes in the thermal condi-
tions, the ambient flow and the local zonally propagat-
ing forcing and remote forcing from the extratropics. In
particular, the ENSO impact on Kelvin waves is mainly
through changes in the tropical convection, and in the
upper troposphere through the ambient zonal flow and
associated extratropical forcing. On the other hand, ENSO
impacts on westward-moving mixed Rossby—gravity and
meridional mode number n =1 Rossby waves are mainly
through changes in the ambient flow and the associ-
ated extratropical forcing. Yang and Hoskins (2013, 2016)
using data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim reanalysis
focused on the extended boreal winter and summer in
the upper troposphere. It is valuable to fully examine the
ENSO-wave relationship in all seasons and in both the
upper and lower troposphere, using the latest reanalysis,
the ECMWF fifth-generation climate reanalysis (ERAS:
Hersbach et al., 2020).

In this study, we use the method of projecting dynam-
ical fields onto equatorial wave modes as developed in
Yang et al. (2003) to identify equatorial waves in data from
ERAS and ensemble forecasts from the Met Office Global
Seasonal Forecast System version 5 (GloSea5). The ERAS5
waves are used as a benchmark for evaluation of the sea-
sonal forecast performance. The purpose of this study is:

85U8017 SUOLILIOD BA 181D 3(ealdde 8y} Aq peusenob ae ssjiie YO ‘8sn JO'Sa|n 10} ARIqiT8uljUO AS]IAN UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M Ae1q U1 UO//:SdNY) SUORIPUOD pUe SWB | 8L 88S *[£202/70/6T] Uo Ariqiauliuo A8|im ‘Buipesy Jo Aisieaun Aq 09y b/zo0T 0T/I0p/woAs|imAIq Ul juo STBULL//SANY WOj pepeojumod ‘0 ‘X0L8LLYT



YANG ET AL.

Quarterly Journal of the ERMets

(i) to provide a systematic study of the seasonal variation
and ENSO-related variation of dynamical equatorial wave
activity, in both the ERAS5 reanalysis and GloSea5 simula-
tions; (ii) to increase our understanding of the behaviour
of equatorial waves, including the impact mechanisms of
the tropical ambient zonal flow and convective activity
on equatorial wave behaviours; and (iii) to use the under-
standing as a solid benchmark to evaluate the model per-
formance, shedding light on areas for model improvement.

The outline of the article is as follows. Section 2 gives a
summary of the data used, the methodology for identifying
the equatorial waves, and a brief description of the theories
associated with the mechanisms involved in the impact of
the ambient zonal flow on the equatorial waves. Section 3
starts by showing the seasonal ambient zonal winds, then
the climatological seasonal variation and longitudinal dis-
tribution of equatorial wave activity and tropical convec-
tive activity, followed by the presentation of the impact of
ENSO on the ambient zonal flow, tropical convection, and
equatorial wave activity. A summary and discussion are
given in Section 4.

2 | DATA,METHODOLOGY AND
THEORY

2.1 | Datasets

The horizontal winds (u, v) and the geopotential height
(Z) at 850 and 200hPa are used to identify equatorial
waves for both ERAS5 and GloSea5 forecasts. The GloSea5
forecasts have seven ensemble members initialised four
times per month (1st, 9th, 17th and 25th) yielding a
28-member ensemble each month. The data used are
for the common period from 1993 to 2015 (the GloSea5
re-forecasts are only available for 1993-2015). The equa-
torial wave datasets contain the four greatest equatorial
waves: eastward-moving Kelvin waves, westward-moving
mixed Rossby-gravity (MRG) waves, and meridional mode
number n =1 and 2 equatorial Rossby (R1 and R2) waves.
In this study, daily outgoing long-wave radiation (OLR)
from the National Oceanic and Atmospheric Administra-
tion (NOAA) (Liebmann and Smith, 1996) and GloSea5 on
a2.5°x2.5° grid are used as a proxy for convection.

2.2 |
waves

Methodology to identify equatorial

The methodology developed in Yang et al. (2003) is used
to identify the equatorial waves. The method does not
assume that the linear adiabatic theory for equatorial
waves on a resting atmosphere is directly applicable. In
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particular, the dispersion relation and vertical structure
are not imposed, because in reality these aspects are sensi-
tive to any background zonal flow that varies with height
and time. Potential equatorial waves are identified by pro-
jecting u, v and Z in the tropics at each pressure level onto
the different equatorial wave modes using their horizontal
structures described by parabolic cylinder functions in the
meridional direction and sinusoidal variation in the zonal
direction. The basis functions used for the wave projec-
tion are orthogonal. For the parabolic cylinder functions,
the meridional trapping scale is yo = 6°. The value of y, is
pre-determined from a best fit of the theoretical equatorial
wave solutions to observational data, where the structures
of the equatorial waves are not sensitive to the choice of
Yo (Yang et al., 2003, 2012). The same y, was also used in
Gehne and Kleeman (2012). However, it should be noted
that, in the real flow, waves with different y, may emerge
and the methodology using only one y, would project all
detected signal to the same meridional width. Also, as
there is not a complete theory for equatorial waves in shear
parallel flows, the untilted modes on a resting atmosphere
are used as basis structures which are not expected to be
exactly the same as normal modes of the real flow.

Although the spatial projection method can be applied
to data without any time filter, before the projection, a
broad-band spectral filter with wave-number 2-40 and
period 2-30days is applied to separate eastward- and
westward-moving waves. The filter domain is generally
wider than that which fits the usual shallow-water dis-
persion curves used in most studies of equatorial waves
(Knippertz et al., 2022). Therefore, the phase speed of the
waves identified is not tightly constrained by the spec-
tral filter. This allows features with different characteris-
tic scales to be identified, and can account for Doppler
shift of frequencies by the background zonal flow. The fil-
ter excludes wave-number-1 planetary waves. The lower
cut-off of 2days is to remove the diurnal cycle, and the
upper cut-off of 30 days is to remove intraseasonal variabil-
ity and beyond. More details of the methodology can be
found in Yang et al. (2003, 2007a, 2012, 2018).

The methodology has been employed in various stud-
ies to investigate the connection of equatorial waves and
various atmospheric phenomena, such as tropical convec-
tion, tropical cyclones, Hadley Cell, QBO and ENSO (e.g.
Yang et al., 2007a, 2007b, 2011, 2012, 2013, 2018; Ferrett
et al., 2020; Hoskins et al., 2020; Hoskins and Yang, 2021;
Peatman et al., 2021; Ayesiga et al., 2022; Tomassini and
Yang, 2022; Feng et al., 2023). The methodology has also
been applied to numerical simulations (e.g. Yang et al,
2009; Ayesiga et al., 2022; Ferrett et al., 2023) and real-time
global operational numerical weather prediction (NWP)
forecasts and hybrid dynamical-statistical forecasts (Yang
et al., 2021; Ferrett et al., 2023).

85U8017 SUOLILIOD BA 181D 3(ealdde 8y} Aq peusenob ae ssjiie YO ‘8sn JO'Sa|n 10} ARIqiT8uljUO AS]IAN UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M Ae1q U1 UO//:SdNY) SUORIPUOD pUe SWB | 8L 88S *[£202/70/6T] Uo Ariqiauliuo A8|im ‘Buipesy Jo Aisieaun Aq 09y b/zo0T 0T/I0p/woAs|imAIq Ul juo STBULL//SANY WOj pepeojumod ‘0 ‘X0L8LLYT



Quarterly Journal of the

YANG ET AL.

Royal Meteorological Society

To investigate the wave activity, the standard deviation
(SD) of daily wave winds is calculated for each wave mode
for each month. Seasonal wave activity is represented by
the 3-month mean of the monthly SD. For GloSea5, the
SD is computed for each ensemble member. The behaviour
of the seasonal mean equatorial wave activity in GloSea5
does not substantially change with the forecast lead time
(not shown), therefore we only show results for forecasts
at alead time of 2 months. Any substantial deviations from
these results at lead times of 1 and 3 months are described
in the text only.

It is noted that since the zonal wind of the Kelvin wave
and meridional wind of MRG, R1 and R2 waves can repre-
sent their meridional structures for the wave, wave activity
is represented by these variables at a given latitude. The
selected latitude varies depending on the wave mode, and
is chosen to capture the peak of wave activity: 0° for Kelvin
wave and MRG wave, 8°N for R1 wave and 13°N for R2
wave. As the meridional structures of the waves are strictly
defined by the parabolic cylinder functions, our results do
not depend on the choice of latitude.

2.3 | Theories associated
with mechanisms of the ambient flow
impact on equatorial waves

To understand the activity of equatorial waves, it is use-
ful to give a succinct review of the theories associated
with mechanisms that may influence the occurrence and
behaviour of equatorial waves. More details of the mech-
anisms have been given in Yang and Hoskins (2016)
and Hoskins and Yang (2016). The mechanisms are
closely related to the tropical ambient zonal flows. Briefly,
the ambient zonal flow can determine the following
four aspects of equatorial waves, mainly through the
Doppler-shifting effect.

2.3.1 | The existence of free equatorial waves

Equatorial wave theory states that the Kelvin waves prop-
agate eastward relative to the mean ambient zonal flow
(U), and MRG and equatorial Rossby waves propagate
westward relative to the ambient zonal flow, therefore
waves with zonal phase speed c exist only in zonal winds
that satisfy

¢ — U > 0 for Kelvin waves and, (1)
—p/k* < ¢ — U < 0 for MRG and Rossby waves.  (2)

Kelvin waves only exist in regions of easterly or weak
westerly winds in which they have an eastward phase

speed with respect to the ambient flow. Westward-moving
MRG, R1 and R2 waves only exist in regions of westerly or
weak easterly winds in which they have a westward phase
speed with respect to the ambient flow whose magnitude
should not be larger than /k>.

2.3.2 | The change in the energy of
equatorial waves following their zonal
propagation in a zonally varying flow

In Hoskins and Yang (2016) the theory for one-
dimensional propagation of waves in a longitudinally
varying zonal flow was developed. The theory states that
the wave energy (E) variation along a ray path is given by

dlnE _ BdU

=-=2== 3
dx cg dx @)
where )
Cgi k 0Cgi
B=1+—-— , 4
¢ ¢ ok @)

where ¢g; is the intrinsic group velocity, ¢; = ¢ + U is the
absolute group velocity, and ¢; is the intrinsic phase speed.

The behaviour of the energy for equatorial waves
depends on the sign and magnitude of B and ¢, which
varies with the property of the wave considered and the
structure of the ambient zonal flow. For non-dispersive
Kelvin waves, ¢; = ¢, B reduces to 2, hence Equation (3)
becomes a simple analytical form:

2
Uy + Cgi

E=E0
U+Cgi

5

where Ej is the energy at a given longitude at which U =
Uy. Equation (5) states that the energy variation of the
Kelvin wave along a ray path is in the opposite sense to
that of U, with a maximum occurring in a minimum (rela-
tive easterly) of U. For dispersive MRG and R1 waves, the
energy variation along a ray is more complicated as indi-
cated in Equations (3) and (4), and there are no analytical
solutions. More detailed analysis of various wave modes
can be found in Hoskins and Yang (2016).

2.3.3 | The response of equatorial waves to a
zonally propagating forcing

As in Zhang (1993) and Hoskins and Yang (2000), con-
sidering the forcing of an equatorial wave with a natural
(intrinsic) frequency, wy, by a forcing with frequency wy,
if the wave is Doppler shifted by a basic flow U with
the Doppler-shifted frequency wk = wk + kU, then in the
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presence of damping «, the magnitude of the response
will depend on the intensity of the forcing and on the
amplification A defined as follows:

B 1 _ 1
|0y — e — i {[(of—((ok+kU)]2+a2}

1/2°

(6)
Provided that the damping is not too large, the nature
of the response will tend to be dominated by the waves
that are close to resonance. For ambient zonal winds in
the real atmosphere, the Kelvin wave response is gen-
erally larger in easterlies than in westerlies, and larger
for eastward-moving (positive frequency) forcing than
westward-moving forcing. In contrast, the response for the
MRG, R1 and R2 waves is generally larger in westerlies
than in easterlies.

2.3.4 | The extratropical forcing through
Rossby waves propagation

As linear theory states that Rossby waves always propa-
gate westward relative to the mean flow, stationary and
eastward-moving extratropical Rossby waves can only
propagate into low latitudes in regions of mean west-
erly flow (Charney, 1969; Yang and Hoskins, 1996).
Observed extratropical forcing of equatorial waves has
been found predominantly in the Western Hemisphere
upper-tropospheric equatorial westerly ducts over the east-
ern Pacific and Atlantic, especially in the boreal winter
(e.g. Webster and Holton, 1982; Kiladis, 1998; Yang et al.,
2007c; Yang and Hoskins, 2013, 2016).

Although it was believed that equatorial easterlies
can inhibit extratropical Rossby waves from propagat-
ing into the tropics due to the existence of critical
lines, a few studies show that extratropical Rossby waves
with westward-moving phase speed can propagate into
the equatorial easterly region to excite westward-moving
equatorial waves (e.g. Yang and Hoskins, 1996; Yang et al.,
2018). In addition to the forcing associated with the merid-
ional propagation of extratropical disturbances, extratropi-
cal Rossby waves can remotely or laterally excite equatorial
waves (e.g. Magafa and Yanai, 1995; Hoskins and Yang,
2000; Straub and Kiladis, 2003; Yang and Hoskins, 2013;
Kiladis et al, 2016; Tulich and Kiladis, 2021; Cheng
etal., 2022).

The above mechanisms suggest that in general an east-
erly flow is favourable for Kelvin wave activity and a
westerly flow is favourable for the westward-moving equa-
torial waves. This is also exhibited in some modelling
studies (e.g. Wang and Xie, 1996; Hoskins and Yang, 2000).
These impacts are expected to be stronger in the upper
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troposphere where the zonal mean flow and extratropical
forcing are stronger than those in the lower troposphere.

3 | RESULTS

3.1 | Seasonal and longitudinal
distributions
3.1.1 | Tropical ambient zonal flow

Before showing the equatorial wave activity, it is useful
to first examine the tropical ambient zonal flow since
it is fundamentally important for the occurrence and
behaviour of equatorial waves as discussed in Section 2.3.
Figure 1a shows the geographical distribution of the cli-
matological seasonal mean zonal winds at 200 hPa for
June-August (JJA) and December-February (DJF) in
ERAS5 and GloSea5. In ERAS, in the upper troposphere,
there are strong easterlies in the Eastern Hemisphere
(EH) in the boreal summer associated with the Asian
summer monsoon and strong westerlies in the Western
Hemisphere (WH) in the boreal winter associated with
the two well-known equatorial westerly ducts (e.g. Web-
ster and Holton, 1982). In general, GloSea5 produces a
seasonal mean zonal wind distribution similar to that in
ERAS. However, GloSea5 has a clear westerly bias in the
upper troposphere over the tropical Atlantic extending to
Africa, especially in boreal summer where the westerly
bias is up to 10 m-s~L. Figure 1b,c shows the seasonal mean
(3-month moving average) of near-equatorial zonal winds
averaged over 15°N-15°S at 200 and 850 hPa, respectively.
The upper-tropospheric westerly bias over the Atlantic in
GloSea5 is clearly seen in Figure 1b. The westerly duct in
the eastern Pacific in GloSea5 is also stronger, and shifted
eastward, compared to ERAS. Furthermore, the easterlies
in the EH are weaker, and shifted eastward, compared to
ERAS. In the lower troposphere, the zonal winds in ERAS
and GloSea5 (Figure 1c) have a reversed sign from those
in the upper troposphere, as a feature of Walker circula-
tions. In GloSea5, the low-level easterly is underestimated
over the central-eastern Pacific and slightly overestimated
in the Atlantic.

3.1.2 | Kelvin waves

Figure 2 shows the seasonal Kelvin wave activity at 200
and 850 hPa. Consistent with the theoretical mechanisms
mentioned in Section 2.3, in ERAS5 the Kelvin wave ampli-
tude (Figure 2a,d) tends to reach the maxima when and
where the background mean flow is relative easterlies
(Figure 1b,c), such as in the Indian Ocean for all seasons
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and also in a narrow region over the eastern Pacific
in boreal summer at 200hPa (Figure 1b), and in the
central-eastern Pacific at 850 hPa (Figure 1c). It is worth
noting that the two narrow peaks at 850hPa over the
Andes and Eastern Africa are associated with the topogra-
phy (Figure 2d).

GloSea5 (Figure 2b) does not well predict the
upper-level Kelvin wave activity and the wave relationship
with the ambient flow (Figure 1) as seen in ERA5 and
suggested by the theoretical mechanisms in Section 2.3.
In GloSea5, the peak of Kelvin wave activity over the east-
erly region of the Indian Ocean only appears in certain

85U8017 SUOLILIOD BA 181D 3(ealdde 8y} Aq peusenob ae ssjiie YO ‘8sn JO'Sa|n 10} ARIqiT8uljUO AS]IAN UO (SUONIPUOD-PUR-SLLIBYLIOD" AB 1M Ae1q U1 UO//:SdNY) SUORIPUOD pUe SWB | 8L 88S *[£202/70/6T] Uo Ariqiauliuo A8|im ‘Buipesy Jo Aisieaun Aq 09y b/zo0T 0T/I0p/woAs|imAIq Ul juo STBULL//SANY WOj pepeojumod ‘0 ‘X0L8LLYT



YANG ET AL. Quarterly Journal of the EIRMets 7
Royal Meteorological Society
200 hPa
(b) GloSea5 SD & spread (c) Bias & ens. int. var.

AMJ 72 W
MJJ ] ' M -
JIA . ol
JAS |

_ ASO - J\

jeo he

® L

w
NDJ f\/
DJF 3

JFM
FMA
MAM

0 60 120 180 240 300 0 60

1 16 =22 28 34 40 46
850 hPa

AR d) ERA5 SD (e) GloSea5 SD
MJJ
JJA
JAS
- ASO
§ SON
3 OND
NDJ
DJF
JFM
FMA
MAM

120 180 240 300 0 60

120 180 240 300
Longitue

1 ..

05 07 09 11 13 15 17 19

FIGURE 2

120 180 240 300 0 60

14

120 180 240 300

52 -0.8-0.6-04-0.2 0.2 04 06 0.8

(f) Bias & ens. int. var.

120 180 240 300

Longitue Longitue

-0.4-0.3-0.2-0.1 0.1 0.2 03 04
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Month 2 reforecast ensemble mean (FC) (middle), and the GloSea5 Month 2 bias (right), at (a—c) 200 hPa and (d-f) 850 hPa. White contours
in (b) are the ensemble spread, with the contour interval of 0.1 m-s~1. At 850 hPa the spread is less than 0.05 m-s~! so contours not shown. In
(c,f), the black contours indicate the ensemble mean of the interannual variability in each member, with a contour interval of 0.2 m-s™! at
200 hPa and 0.1 m-s~'at 850 hPa, which are the same intervals as for the colours.

seasons, and also shifts westwards compared with that in
ERAS. The wave activity is underestimated over a large
longitude sector from the eastern Indian Ocean to the
Atlantic. At 850 hPa, the seasonal and longitudinal pattern
of the Kelvin wave activity and its connection with the
ambient zonal flow are better simulated in GloSea5, with
the wave activity peaking in the central-eastern Pacific
where there are easterlies. However, the wave amplitude
remains underestimated in most seasons and regions.

At both levels, the model ensemble spread (white
line contours in the middle column in Figure 2) is
small. At 200 hPa, the largest ensemble spread is only
about 3% of the mean over east Africa-west Indian
Ocean in the extended boreal summer where the bias is
large (Figure 2c). The ensemble interannual variability,
defined as the mean of the interannual variability over

all individual members (black contours in Figure 2c,f), is
about 0.4 m-s~! in various regions at 200 hPa and less than
0.2m-s~! at 850 hPa.

3.1.3 | MRG waves

Figure 3 shows the MRG wave activity. The upper-level
wave activity in ERAS5 (Figure 3a) is strong over the eastern
Pacific and Atlantic westerly duct regions (see Figure 1),
especially in the extended boreal winter. This confirms
the theoretical mechanisms that the westerly duct favours
extratropical Rossby waves to propagate equatorward,
likely triggering MRG waves (Yang and Hoskins, 2016).
Consistent with the first and second mechanisms dis-
cussed in Section 2.3, the upper-level MRG (Figure 3a) has
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FIGURE 3
0.2m-s~! at 850 hPa.

the minimum amplitude over the Indian-western Pacific
where there are easterlies. GloSea5 predicts well the fea-
tures of the upper-level MRG activity in the EH, whilst the
wave amplitude is overestimated in the WH (Figure 3b,c).
The bias over the eastern Pacific and Atlantic is related to
the westerly bias there (Figure 1b), as too strong wester-
lies are expected to allow more extratropical disturbances
to propagate equatorwards to excite equatorial waves. On
the other hand, the bias in the central Pacific, especially in
boreal summer and autumn, is likely related to too strong
westward-moving convective activity in the central Pacific
(will be shown later in Figure 7b).

At 850hPa, the MRG activity in ERA5 (Figure 3d)
also shows some connections with the ambient flow, with
strong wave activity generally appearing in relative west-
erly regions. On the other hand, as the strong activity is
over the oceanic sectors (the Indian Ocean in all seasons,
the Pacific and Atlantic in boreal summer and autumn),
it is suggested that the low-level MRG waves are also

e) GloSea SD & spread
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(a-f) As in Figure 2 but for MRG wave v on the Equator and in (c, f), the black contour interval is 0.3 m-s~! at 200 hPa and

associated with the thermal condition such as convection.
The GloSea5 forecasts (Figure 3e) can capture the sea-
sonal and longitudinal distribution of the low-level waves,
but there are some magnitude biases. Strong bias occurs
in the Indo-Pacific region (Figure 3e,f). In the extended
boreal summer, GloSea5 overestimates wave activity in
the western Pacific around 150°E, but underestimates the
wave activity in the eastern Indian Ocean, whereas in the
extended boreal winter, GloSea5 generally overestimates
wave activity in the Indo-Pacific region. Some underes-
timation is also seen in the eastern Pacific and Atlantic
in the extended boreal summer. It is interesting that
the low-level MRG wave bias in the Indo-Pacific region
resembles the bias in the ambient zonal flow (Figure 1c,
right panel), with westerly bias coincident with too strong
wave activity, and the opposite is true. As will be shown
later, the low-level MRG bias in the Indo-Pacific also
resembles the bias of the westward-moving convective
activity.
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FIGURE 4 (a-f) Asin Figure 2 but for R1 wave v at 8°N.

The ensemble spread of MRG wave activity in GloSea5
is small at 200 hPa, with a largest spread of 0.2 m-s~! (about
4% of the ensemble mean) over the boreal winter westerly
ducts where the ensemble interannual variation is compa-
rable to the ensemble-mean bias. At 850 hPa, the ensemble
spread is negligible (<0.1 m-s~!). The low-level ensemble
interannual variability is largest over the western Pacific
in the extended boreal summer, collocated with the large
wave activity and large bias there.

3.1.4 | R1andR2waves

Figure 4 shows the R1 wave activity in ERA5 and GloSea5.
At 200 hPa, the R1 wave activity in ERAS5 (Figure 4a) also
has a strong amplitude over the two westerly ducts in
the extended boreal winter, despite it being less notice-
able compared with that of the MRG. This is because
the R1 waves, which have lower frequency than MRG as

-04-0.3-02-0.1 0.1 0.2 0.3 04

suggested by wave theory, are more easily Doppler-shifted
to move eastwards in the westerly ducts, resulting in
weaker westward-moving wave activity. More details will
be discussed in the next subsection. In the extended boreal
summer, the R1 wave activity is strong from the west-
ern Pacific to the Atlantic. As in the case of the MRG,
the upper-level R1 activity is weakest in the Indian Ocean
to western Pacific easterly region in most seasons. The
upper-level R1 in GloSea5 shows less seasonal and longi-
tudinal variations than in ERAS5, and there are no clear
maxima over the two westerly ducts in boreal winter
(Figure 4b). However, GloSea5 can capture the R1 wave
minima in the easterly region of the eastern Indian Ocean
to western Pacific. In GloSea5, the upper-level R1 wave
activity is also too strong over the Atlantic and East
Africain boreal spring and summer (Figure 4c). Noticeable
ensemble interannual variability occurs over EH extended
boreal summer where the wave bias and ensemble spread
are small.
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FIGURE 5 (a-f) Asin Figure 2 but for R2 wave v at 13°N.

The low-level R1 wave activity in ERAS5 (Figure 4d)
shows similar distribution to that of the MRG, with strong
activity over the Indian Ocean and western Pacific in
most seasons, and over the eastern Pacific and Atlantic
in boreal summer, but the activity peak over the western
Pacific is shifted westward compared to that of the MRG.
In GloSea5, the low-level R1 activity (Figure 4e) shows a
generally consistent pattern with that in ERAS, but has
a similar bias to that of the MRG in the Indo-Pacific sec-
tor (Figure 4f); whereas the underestimation bias in the
eastern Pacific and Atlantic in the extended boreal sum-
mer is less clear. The low-level ensemble spread is small
(~0.05m-s~!) and the large ensemble interannual variabil-
ity appears where the wave activity is strong. R2 waves
(Figure 5) have very similar seasonal and regional patterns
to those for the R1 waves both in ERA5 and GloSea5, and
exhibit a similar bias to that of the R1 except that there is
no clear underestimation bias in the Indian Ocean in the
extended boreal summer.

The common bias in the lower troposphere with too
strong wave activity in the western Pacific seems to be

26 -0.4-0.3-0.2-0.1 0.1 0.2 0.3 0.4

consistent with the overestimation of tropical cyclone fre-
quency in GloSea5 (Feng et al., 2020), as westward-moving
equatorial waves can largely affect the generation of tropi-
cal cyclones (Feng et al., 2023).

3.1.5 | Eastward-moving Doppler-shifted
MRG-E and R1-E in the upper troposphere

Previous observational studies show that the ambient
zonal flow can lead to the Doppler shifting of equatorial
waves (e.g. Yang et al., 2007b; Dias and Kiladis, 2014; Yang
and Hoskins, 2016). In particular, the strong westerly flow
in the upper troposphere in the WH can lead MRG and
R1 waves to move eastward. These waves remain the origi-
nal wave structures but move eastward. Therefore, they are
referred to as “MRG-E” and “R1-E” as suggested in Yang
and Hoskins (2016).

To demonstrate the Doppler shifting effect, Figure 6a
shows the dispersion curves for the three greatest wave
modes (n = —1Kelvin,n=0MRG and n=1R1)in aresting
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(a) Dispersion diagrams of the three greatest equatorial waves with equivalent depths of 10, 30 and 90 m, for U =—-5, 0 and

5m-s~1. Eastward-moving waves have positive zonal wave-number k and westward-moving waves have negative k, for the Kelvin (solid),
MRG (dotted) and R1 (dashed). (b, c) As in Figure 2a—c but for 200 hPa eastward-moving (b) MRG-E, and (c) R1-E. The black contours in the

right panels have intervals of 0.2 m-s~!.

atmosphere and with an ambient zonal wind of —5 and
+5m-s~!. Compared to the resting atmosphere, an easterly
flow leads the eastward-moving Kelvin waves to shift to
lower frequencies, but leads westward-moving MRG and
R1 to shift to higher frequencies. In a westerly flow, the
Doppler shifting effect is reversed. However, with a west-
erly flow, smaller scale (large k) MRG and R1 waves which
have lower frequencies are shifted to move eastwards. This

is more obvious for the R1 waves as their frequency is lower
than that of the MRG.

Figure 6b,c show the wave activity for the n =0, 1 wave
modes filtered over the eastward-moving k-w domain.
In both ERA5 and GloSea5, the two eastward-moving
waves preferentially occur over the two westerly ducts
in the WH. Comparing the observed eastward-moving
waves with their westward-moving counterparts (MRG
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in Figure 3a and R1 in Figure 4a) shows that over the
two regions MRG-E is weaker than MRG, and in con-
trast R1-E is stronger than R1, consistent with the the-
ory that the R1 waves are more likely Doppler-shifted by
the westerly flow than the MRG. Glosea5 simulates the
two eastward-moving waves reasonably well, except in
the Atlantic and in the downstream (eastward-moving)
Africa region, where as for the MRG and R1 their ampli-
tudes are overestimated, related to the strong westerly
bias there.

3.1.6 | Tropical convection

Since equatorial waves can be coupled to tropical convec-
tion (e.g. Wheeler and Kiladis, 1999; Yang et al., 2007a,
2007b; Kiladis et al., 2009; Ferrett et al., 2020; Knippertz
et al., 2022), the behaviour of tropical convective activity
is examined here. The geographic distribution of the sea-
sonal mean and the standard deviations of NOAA OLR
(Figure S1) indicates that the observed maximum con-
vection (low OLR and large SD) is over the Indo-Pacific
warm-pool region, and has two secondary maxima over
central South America and Africa. These features are well
captured by GloSea5. However, GloSea5 has a bias over
the Indo-Pacific convective regions with the OLR activity
being stronger (lower OLR and larger SD) than observed,
especially in JJA and September-November (SON).

To examine the fraction of large-scale variabil-
ity associated with the transient, propagating tropical
convection, the OLR is separated into westward- and
eastward-moving components in the same zonal wave
number and frequency domain as that for the dynamical
waves. Figure 7 shows the distribution of OLR stan-
dard deviation of the two components. For the eastward
component (Figure 7a), GloSea5 tends to have an under-
estimation in most near-equatorial regions, especially in
March-May (MAM) and JJA, and have an overestimation
in the off-equatorial ocean basins (10-30°N and 10-30°S).
In contrast, the westward-moving component of con-
vective activity (Figure 7b) is far too strong in GloSea5,
predominantly over most of the ocean basins and seasons,
except in the Indian summer monsoon region. The sea-
sonal westward-moving OLR SD averaged over 15°N-15°S
(Figure S2) is generally too strong in the Indo-Pacific
region in GloSea5, except in the Indian Ocean in the
extended boreal summer where the westward-moving
convection is too weak. Comparing the bias in the
westward-moving convective activity (Figure S2, right
panel) with the biases for the westward-moving waves at
850 hPa (Figures 3d, 4d and 5d), it is indicated that in the
Indo-Pacific region the too strong convective activity is
coincident with too strong westward-moving wave activity

and vice versa. This suggests a strong convective coupling
in the low-level waves.

Space-time power spectral analysis (Hayashi, 1982) is
further performed to investigate the convective variability
atdifferent spatial and time scales. Figure 8 shows the OLR
raw power spectra averaged over 15°N-15°S for the EH.
Compared with observations, GloSea5 power is too strong
at lower frequency, especially for the westward-moving
component, but too weak in the eastward-moving higher
frequency band. The deficiency in the Kelvin wave band
is clearly seen in MAM and JJA even for the raw power
(Figure 8c), and a too weak MJO signal is also shown
except in September—-November (SON). The raw power for
the WH (Figure S3) also indicates similar model biases, but
the magnitude of the bias in the lower frequency band is
smaller than that in the EH.

Figure 9 further gives the power spectra with the back-
ground red spectrum removed as described in Wheeler and
Kiladis (1999), for the EH and WH. This normalization
procedure clearly highlights the spectral peaks associated
with various equatorial waves in NOAA and GloSea5 with
respect to their climatological variances. The power spec-
tra for the NOAA OLR (Figure 9a,b) show that in all sea-
sons and in both hemispheres, there are prominent spec-
tral peaks in the eastward-moving component which are
consistent with the theoretical dispersion curves of Kelvin
waves for various equivalent depths. A peak can be seen
in the lower frequency band associated with the MJO. It
should be noted that the peak at k = 14 and period of about
9days is caused by the sampling occurring in 14 swaths
of satellite around the globe, as described in Wheeler and
Kiladis (1999). In GloSea5, only SON and DJF show a weak
Kelvin wave peak in the WH (Figure 9c,d), whereas in all
other cases the Kelvin wave peak is entirely missing. This is
consistent with the weak eastward-moving equatorial OLR
SD shown in Figure 7. In contrast, GloSea5 is able to repro-
duce the westward-moving spectral peaks associated with
MRG and R1, except there is an overestimation in MAM
and DIJF for both hemispheres.

It is also shown that in observations the power spec-
tra associated with westward-moving tropical depressions
(k=10~15 and period = 3~5 days) are stronger in JJA and
SON for both hemispheres, whereas in GloSea5 the corre-
sponding power spectra are too strong in MAM and DJF in
both hemispheres but too weak in SON in the WH.

The weak convective signal in the Kelvin wave band is
consistent with the weak Kelvin wave winds in GloSea5.
The better performance of westward-moving convective
activity in GloSea5 is also consistent with its better sim-
ulation of MRG and R1 wave winds. The limited skill
of GloSea5 in simulating the Kelvin wave-related convec-
tion and the better performance in simulating the MRG
and R1 wave-related convection was also shown for the
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GloSea5 and (c) bias of GloSea5s.

earlier versions of Met Office UM (Yang et al., 2009) and
recent real-time global operational NWP forecasts (Yang
etal., 2021).

3.2 | ENSO-related variations

To examine the wave-ENSO relationship, El Nifio
and La Nifa events are identified for each sea-
son using the NOAA Oceanic Nifio Index (ONI).
ONI is defined as the three-month running mean of
the Extended Reconstruction SSTs Version 5 (ERSST.v5:
Huang et al., 2017) anomalies in the Nifio 3.4 region
(5°N-5°8, 120°~170°W).

Both the ONI and standardised ONI are considered
when defining El Nifio and La Nifia events, as the
standardised ONI is useful for seasons with small SST
variability. An El Nifio season is identified if ONI >1°C
or standardised ONI >1 standard deviation that lasts for
at least three consecutive months. A La Nifia season is

identified if ONI < —1°C or standardised ONI < —1 SD
lasts for at least three consecutive months. The number of
ENSO events varies with season, ranging from 2 to 5 for El
Niflo and 3 to 6 for La Nifia in 1993-2015.

3.2.1 | [ENSO variation in ambient zonal
winds and convective activity

As both tropical ambient zonal winds and convective
activity have large ENSO-related variability, they provide
a background to understand the ENSO-wave relation-
ship (e.g. Yang et al.,, 2013, 2016). We first examine the
ENSO-related variation in these two variables.

The analysis of the tropical ambient zonal winds in El
Nifio and La Nifia events indicates that the observed wind
pattern in La Nifia events is quite similar to that in the cli-
mate mean but with a stronger amplitude. Figure 10 shows
the ENSO-related variation of the equatorial (15°N-15°S)
zonal winds (AU, El Nifio minus La Nifia) for both levels.
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The upper-level winds in El Nifio and La Nifia events are
shown in Figure S4. In the upper troposphere (Figure 10a
and Figure S4), in ERAS5, compared to La Nifia events,
the zonal wind pattern in El Nifio events shows three
distinct features. Firstly, the easterly wind in the Indian
Ocean is weaker and shifts eastwards. Secondly, the west-
erly duct over the eastern Pacific is much weaker whereas
the westerly duct over the Atlantic is slightly stronger,
especially in the extended boreal winter, consistent with
that found in ERA-Interim (Yang and Hoskins, 2013,
2016). Thirdly, from JJA to SON, the easterly flow between
the eastern Pacific and Atlantic, which exists in the
climatology (Figure 1) and La Nifia (Figure S4), is replaced

by westerly flow. The lower-tropospheric winds have oppo-
site ENSO-related variation (Figure 10b). These changes
are associated with a weaker Walker circulation in El Nifio
than in La Nifia events.

GloSea5 can reproduce the observed ENSO-related
zonal wind variation, but the upper-level variation shows
aweaker amplitude in the Indo-Pacific region. Again, asin
the climatology, the Atlantic westerly bias appears in both
ENSO phases (Figure S4), especially in boreal summer and
autumn.

To measure the forecast performance, the dotted
regions in Figure 10c (right column) show the interannual
correlations (significant at the 95% confidence level)
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FIGURE 10

ENSO variation (El Nifio — La Niiia, colours) of equatorial (15°N-15°S) basic zonal wind (AU) in ERA5 and GloSea5, at

(a-c) 200 hPa and (d-f) 850 hPa. Black contours in the left and middle columns show the interannual variability of U with a contour interval
of 1 m-s~! for 200 hPa and 0.5m-s™! at 850 hPa. The dotted areas in the right column indicate correlations between observed and GloSea5 U
significant at the 95% confidence level, note in this column AU is shown again.

between the seasonal mean zonal winds of ERA5 and
GloSea5. A significant correlation appears in most sea-
sons and regions, indicating a good consistency between
the interannual variability of zonal winds in ERA5 and
GloSea5. The superimposed black contours in the left and
middle columns of Figure 10 show the interannual vari-
ability in ERAS5 and GloSea5, respectively. In both of them,
the regions with larger ENSO variation are those regions
with larger interannual variability, indicating that ENSO
is the dominant mode in the interannual variability of the
zonal winds.

The ENSO-related variations in the near-equatorial
(15°N-15°S) OLR SDs for eastward and westward com-
ponents are shown in Figure 11a,b, respectively. A dis-
tinct feature in observations is that in El Nifio events the
tropical convection is enhanced over the central-eastern
Pacific but suppressed over the Indian to western Pacific

region. This relationship between the ENSO phase and
convection is well simulated in GloSea5, as indicated
by the significant correlations over a wide area of the
Indo-Pacific region (dotted regions in the third column in
Figure 11).

Figures 12 and 13 show the OLR power spectra
for El Nifo and La Nifia in the EH and WH, respec-
tively. The observed wave-related convective signal varies
with the ENSO phase and hemisphere. In the EH
(Figure 12), the observed wave-related convective signal
(Figure 12a,b) is weaker in El Nifio than in La Nifia
events, for both the Kelvin wave (except in MAM) and the
westward-moving MRG wave.

However, in GloSea5 (Figure 12¢,d) there is no Kelvin
wave-related convection in the EH for both ENSO phases.
In contrast, GloSea5 catches the observed ENSO-related
variation in the MRG-wave related convection except in
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ENSO variation (El Nifio — La Niiia; colours) of equatorial (15°N-15°S) OLR SD (ASD) for (a-c) eastward-moving

component and (d-f) westward-moving component, in NOAA and GloSea5. Black contours in the left and middle columns show the

interannual variability of OLR SD with a contour interval of 2 W-m~2. The dotted areas in the right column indicate correlations between

observed and GloSea5 OLR SD significant at the 95% confidence level.

MAM. In GloSea5, the R1-relative convective signal also
exhibits a similar ENSO variation to that seen for the MRG,
whereas in observations, the R1 wave ENSO variation is
not clear.

In the WH (Figure 13), the observed Kelvin
wave-related convection (Figure 13a,b) shows a dominant
ENSO-variation in all seasons, being much stronger in
El Nifio than in La Nifia, opposite to that in the EH. On
the other hand, for the observed westward-moving con-
vection, its relationship with ENSO varies with season.
In JJA and SON, the power is stronger in El Nifio than in
La Nifia, whereas the change reverses in MAM and is not
clear in DJF. GloSea5 to some extent can reproduce the
ENSO variation of Kelvin wave-related convection in SON
and DJF in the WH (Figure 13c,d); however, the ampli-
tudes are much weaker. In MAM and JJA, the model fails
to simulate the Kelvin wave-related convection in both
ENSO phases. This deficiency is consistent with the too
weak Kelvin wave winds in GloSea5. On the other hand,
GloSea5 does not have a clear ENSO-related variation in

the westward-moving convection, and it has more power
spreading to higher frequency and larger wave-number
band which is related to tropical depressions.

3.2.2 | ENSO-related variation in the Kelvin

wave

Figure 14 shows the ENSO-related variation (El Nifio
minus La Nifia) in the Kelvin wave activity. The variation
in ERAS5 shows a complex pattern at 200 hPa (Figure 14a)
due to the compound effects of the tropical ambient zonal
flow, extratropical forcing and convective activity, and
the relative importance of these effects varying with sea-
sons. In the EH, the observed ENSO-related variation of
Kelvin waves shows a positive variation in 120-180°E in
the extended boreal summer, consistent with the east-
erly anomaly (Figure 10a) there, due to the fact that in
El Nifio the easterly wind in the Indian Ocean is weaker
and shifts eastwards (Figure S4). In the extended boreal
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El Nifio, (b) NOAA in La Nifia; (c) GloSea5 in El Nifio, and (d) GloSea5 in La Nifia. The remaining conventions are the same as in Figure 9.

winter, a positive variation occurs over the east Indian
Ocean to the west Pacific. This is likely to be related to
the fact that in El Nifio winter the NH subtropical jet is
stronger and shifted southwards, leading to stronger sub-
tropical eastward-moving forcing in the Indian Ocean to
west Pacific which laterally forces the Kelvin wave activ-
ity (Hoskins and Yang, 2000; Yang and Hoskins, 2016). In
the eastern Pacific in boreal summer, when the westerly
duct is weaker and hence the extratropical forcing is weak,
the ENSO-related variation in convective activity plays a
main role in the wave activity: enhanced convection in El
Nifio leads to a positive wave variation. For the negative
variation around 240°E in July-September (JAS), this can
be explained by the disappearance of easterly winds in the
region in an El Nifio event (Figure S4). In boreal winter,

when the eastern Pacific westerly duct is stronger and
hence the extratropical forcing is dominant, the stronger
westerly duct in La Nifia winter allows more NH extra-
tropical Rossby wave activity to propagate equatorward
and force Kelvin waves, so the ENSO variation is negative
there. Over the boreal winter Atlantic region, the inten-
sity of the westerly duct does not show a clear connection
to the Kelvin wave activity, consistent with that found in
Yang and Hoskins (2013). In boreal summer the Atlantic
shows a positive variation there; the reason for this is not
clear.

For GloSea5, the ENSO variation of Kelvin waves in
the upper troposphere (Figure 14b) is more confined to
the Pacific and Atlantic. GloSea5 to some extent can cap-
ture the observed variation in the central to eastern Pacific
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FIGURE 13 (a-d)Asin Figure 12 but for WH zonal wave-number-frequency power spectra divided by background power.

but with a too weak amplitude, whereas in the Atlantic in
the extended boreal winter GloSea5 presents an unrealistic
strong positive variation there.

For the observed Kelvin wave activity at 850hPa
(Figure 14d), as the extratropical forcing is weak in the
lower troposphere, the Kelvin wave ENSO variation is
mainly connected to the variation of tropical convec-
tion, with the wave activity over the eastern Pacific being
stronger in El Nifio than La Nifia, consistent with the
stronger eastward-moving convective activity in El Nifio
(Figures 11 and 13). GloSea5 (Figure 14¢) can capture the
observed variation, but the positive variation in the east-
ern Pacific is again too weak, consistent with the generally
too weak Kelvin wave winds (Figure 2) and wave-related
convective signal in GloSea5 (Figure 13).

In both ERA5 and GloSea5, the regions with larger
ENSO-variation of Kelvin waves are those with larger

interannual variability (black solid lines in the left two
columns in Figure 14), indicating that the interannual
variability of Kelvin wave activity is dominated by ENSO.
Significant correlations between ERAS5 and GloSea5 (dot-
ted areas in right panel of Figure 14) are concurrent with
regions where the GloSea5 ENSO-variation is consistent
with that of ERAS. This suggests that the forecast perfor-
mance for wave activity is driven by the representation of
the ENSO-wave teleconnection.

3.2.3 | ENSO-related variation in MRG waves
Figure 15 shows the ENSO-related variation of MRG
waves. At 200 hPa, the observed ENSO variation of the
MRG (Figure 15a) is dominated by a strong negative
anomaly in the central-eastern Pacific in all seasons,
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FIGURE 14 ENSO variation (El Nifio minus La Nifia: colours) of Kelvin wave activity in ERA5 and GloSea5, at (a-c) 200 hPa and
(d-f) 850 hPa. Black contours in the left and middle columns show the interannual variability of Kelvin wave activity in ERAS and the
GloSea5 ensemble mean, respectively, with a contour interval of 0.2 m-s~! at 200 hPa and 0.1 m-s~! at 850 hPa, the same intervals as for the
colours. The dotted areas in the third column indicate correlations between ERA5 and GloSea5 wave activity significant at the 95%
confidence level, note in this column ASD is shown again.

especially in the extended boreal winter. A noticeable  variation around 60-130°E for all seasons. The pattern
opposite-signed variation occurs in the Atlantic in  of variation is well simulated by GloSea5 (Figure 15e).
DJF. The MRG-ENSO relationship is consistent with For both ERA5 and GloSea5, the ENSO-related MRG
the ENSO-driven variation in the two westerly ducts  variation in the Indo-Pacific is consistent with their
(Figure 10a). There is also weak positive variation in the low-level ambient zonal flow variation (Figure 10d,e),
Indian to western Pacific, consistent with the westerly =~ with the westerly (easterly) anomaly corresponding to
anomaly there (Figure 10a). GloSea5 is able to reproduce  the positive (negative) variation of the MRG wave activ-
the observed upper-tropospheric MRG-ENSO variation  ity. The pattern of variation is also consistent with the
in the Pacific, but in the Atlantic the ENSO-related pos-  ENSO-related variation in the westward-moving convec-
itive variation is too weak in January-March (JFM) and tive activity in most seasons (Figure 11d,e), with the
February-April (FMA), and there is an unrealistic large  positive (negative) variation in the convective activity
region of strong negative variation in boreal summer  appearing in the positive (negative) variation in the MRG
(Figure 15b). wave activity.

At 850hPa, MRG-ENSO variation dominates in the The observed interannual variation in the wave activ-
Indo-Pacific (Figure 15d), with strong positive variation ity is also well predicted by GloSea5 with a comparable
around 150-180°E in all seasons except JFM, and negative =~ magnitude. Again, significant correlations (Figure 15c,f)
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FIGURE 15

between ERAS5 and GloSea5 wave activity appear in the
regions where the GloSea5 ENSO variation is consistent
with that in ERAS.

3.2.4 | ENSO-related variations in R1 and R2

waves

Figure 16 shows the ENSO variation of R1 activity. As for
the MRG, the observed R1 at 200 hPa (Figure 16a) has a
strong negative variation in the central-eastern Pacific in
the extended boreal winter. From America to the Atlantic,
there are also various negative variations, which is differ-
ent from that of the MRG. GloSea5 (Figure 16b) is able to
capture these observed features.

At 850hPa, the observed ENSO variation of R1
(Figure 16d) is similar to that for the MRG, but its negative
variation in the Indian Ocean is weaker than that of the
MRG in the extended boreal summer. GloSea5 (Figure 16¢)
reproduces the observed variation reasonably well. The

0.2 0.3 0.4

(a-f) As in Figure 14 but for MRG wave v on the Equator, and at 200 hPa (top) the black contour interval is 0.3 m-s~!

interannual variability of the R1 in GloSea5 is comparable
to thatin ERAS. Asin the Kelvin wave and MRG wave, sig-
nificant correlations of wave activity between ERAS5 and
GloSea5 are concurrent with regions where the GloSea5
ENSO-variation is consistent with that of ERAS5, indicating
that the ENSO-wave teleconnections are well represented
in the model.

The results for R2 are shown in Figure S5. The observed
upper-level R2 variation (Figure S5a) indicates a strong
negative variation in the eastern Pacific in the extended
boreal winter, similar to that of the MRG and R1. GloSea5
(Figure S5b) can capture the negative variation. The
observed low-level R2 variation (Figure S5d) indicates a
similar positive variation in the western Pacific in the
extended boreal summer as for the MRG and R1, but
the negative variation in the Indian Ocean is less clear.
GloSea5 can reproduce the positive variation in the west-
ern Pacific, but presents an unrealistic strong negative
variation over the central Pacific in the extended boreal
winter.
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4 | SUMMARY AND DISCUSSION

The method of spatial projection based on equatorial
wave theory is used in this article to identify equato-
rial waves in ERAS5 and GloSea5. The seasonal variation,
longitudinal distribution and interannual variability of
equatorial wave activity, including the ENSO-wave tele-
connections, are investigated. The extent to which GloSea5
is able to represent the observed wave behaviour and
their relationship with ENSO is examined. The tropi-
cal ambient zonal flow and tropical convection are also
investigated to interpret the behaviour of the equato-
rial wave activity in ERA5 and the GloSea5 seasonal
forecasts.

The results showed that the seasonal and longitu-
dinal distribution of equatorial wave activity is largely
determined by the tropical mean ambient zonal flow, the
associated upper-tropospheric extratropical forcing and
tropical convective activity. The Kelvin wave activity in
ERAS is mainly determined by the ambient flow in both

0.1 0.2 0.3 0.4

the upper and lower troposphere, with the maximum
wave activity appearing in the easterly regions of the
Indian Ocean-western Pacific in the upper troposphere
and eastern Pacific in the lower troposphere, as suggested
by the impact mechanisms discussed in Section 2.3. The
westward-moving MRG, R1 and R2 waves in the upper
troposphere are closely connected to the ambient zonal
flow in the EH and extratropical forcing in the WH, with
stronger wave activity appearing in the ambient westerly
flow. The westward-moving waves in the lower tropo-
sphere are connected to the ambient flow and tropical
convective activity.

For the Kelvin wave, GloSea5 does not well simulate
the seasonal and longitudinal pattern in the upper tro-
posphere, and underestimates the wave activity in both
the upper and lower troposphere. This is consistent with
the fact that GloSea5 has too weak eastward-moving con-
vective activity near the equatorial region and the signal
related to Kelvin waves is entirely missing in the climate
mean.
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On the other hand, GloSea5 performs better for
the westward-moving MRG, R1 and R2 waves in both
the upper and lower troposphere, including their
Doppler-shifted eastward-moving components in the WH
upper troposphere. GloSea5 can capture the seasonal and
longitudinal distribution of these wave activities, in partic-
ular the strong upper-level wave activity over the eastern
Pacific owing to the good simulation of the westerly duct
there, and the strong low-level activity in oceanic regions.
However, there are biases in the magnitude. GloSea5
overestimates the upper-level wave activities in the WH,
especially for MRG waves, due to a systematic west-
erly bias in the Atlantic. GloSea5 also overestimates the
low-level wave activity in the western Pacific for all three
westward-moving waves in all seasons, but underestimates
the wave activity in the Indian Ocean in the extended
boreal summer for the MRG and R1. The bias pattern
in the Indo-Pacific resembles the biases of the low-level
ambient flow, with too strong wave activity coincident
with the westerly bias and too weak wave activity coinci-
dent with the easterly bias. The wave bias also relates to the
bias of the westward-moving convective activity, with too
strong wave activity in the western Pacific coincident to
the too strong westward-moving convective activity there.
The generally too strong low-level wave bias in the west-
ern Pacific may be responsible for the excessive tropical
cyclone activity in the region in GloSea5 (Feng et al., 2020),
since the westward-moving equatorial waves can
significantly impact tropical cyclones (Feng et al., 2023).

The finding that GloSea5 has relatively poor perfor-
mance in simulating the Kelvin waves but performs better
in simulating the westward-moving equatorial waves is
consistent with that found in the older versions of the Met
Office Unified Model (UM) (Yang et al., 2009), suggest-
ing a systematic bias in the model. Also, consistent with
Yang et al. (2009), the poor performance of GloSea5 in
simulating Kelvin waves seems to be associated with its
deficiency in simulating near-equatorial eastward-moving
convection which is often coupled with Kelvin waves.

For the interannual variability of the waves, GloSea5
does not predict well the ENSO-variation of Kelvin
waves in the upper troposphere, due to the fact that the
upper-level Kelvin waves are impacted not only by the
ENSO-driven variation in the ambient zonal flow, but also
by the ENSO-variation in the extratropical forcing, which
could be misrepresented in GloSea5. On the other hand,
GloSea5 can capture the Kelvin wave-ENSO relationship
in the lower troposphere reasonably well over the east-
ern Pacific, with stronger wave activity over the eastern
Pacific in El Nifio, due to the good performance for the
ENSO-related variation in tropical convection, although
the magnitude of the ENSO variation in the Kelvin wave is
too weak.

Royal Meteorological Society

For the westward-moving equatorial waves, GloSea5
predicts well the ENSO-wave relationship, except for the
MRG wave in the upper-tropospheric Atlantic due to the
strong westerly biases there. In the upper troposphere,
the ERA5 westward-moving wave activity over the east-
ern Pacific is consistently weaker in El Nifio than in La
Nifia, which is well represented by GloSea5 due to its good
performance in simulating the ENSO-driven variation in
the intensity of the westerly duct there. In the lower tro-
posphere, GloSea5 also well captures the observed feature
that the wave activity is stronger over the western to central
Pacific but weaker in the Indian Ocean to western Pacific
in El Nifio, owing to the fact that GloSea5 can capture the
ENSO-variation in the low-level ambient zonal flow and
westward-moving tropical convective activity.

For the interannual variability of the waves, the regions
and seasons with the best forecast performance are coin-
cident and collocated with regions and seasons in which
the wave-ENSO relationship is well simulated in GloSea5.
This suggests that the interannual variability of GloSea5
wave activity is dominated by ENSO, and correctly repre-
senting the ENSO-wave teleconnection in GloSea5 is key
to seasonal forecasting of wave activity.

The poor performance of GloSea5 in simulating the
ENSO-Kelvin wave teleconnection is consistent with
the model deficiency in simulating the convective sig-
nal connected to the Kelvin waves. The better perfor-
mance of GloSea5 in simulating the ENSO-variation in the
westward-moving equatorial waves seems to be attributed
to its good simulation of the ENSO-driven variation in
the tropical ambient flow and the associated extratropi-
cal forcing, and the westward-moving tropical convective
activity.

The biases in GloSea5, such as the too strong con-
vective power at low frequencies, too weak Kelvin wave
activity and associated convection, are worthy of further
investigation, since too much convective variance at lower
frequencies would lead to too persistent tropical precipi-
tation, and correctly simulating the convectively coupled
Kelvin waves would provide an important resource in pre-
dicting tropical extreme precipitation (Ferrett et al., 2020,
2023). For future work, it would be interesting to explore
the detailed coupling of equatorial waves with convection
in both reanalyses and models.
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