
RESEARCH

Received: 30 January 2024 / Accepted: 19 July 2024
© The Author(s) 2024

Extended author information available on the last page of the article

Southern Hemisphere baroclinic activity in seasonal 
forecasts

Laura Trentini1 · Sandro Calmanti2 · Alessandro Dell’Aquila2 · Sara Dal Gesso1 · 
Marco Venturini1 · Marcello Petitta1,3

Bull. of Atmos. Sci.& Technol.            (2024) 5:14 
https://doi.org/10.1007/s42865-024-00074-x

Abstract
Accurate prediction of mid-latitude baroclinic activity is extremely relevant for under-
standing global climate dynamics and improving long-term weather forecasts. However, 
current seasonal forecast models struggle to accurately represent the variability of baro-
clinic activity in the Southern Hemisphere, which may affect their reliability and useful-
ness. Baroclinic instability in the mid-latitudes is a significant component of the climate 
system, as it is associated with the meridional transport of a large amount of energy and 
momentum. Therefore, the ability of the models to correctly predict the properties of the 
atmospheric circulation in this latitudinal region is a very important requirement. The 
aim of this study is to estimate the energy of atmospheric phenomena typical of the mid-
latitudes, such as baroclinic perturbations, and to understand how seasonal forecasts can 
be practically used to assess the energy transfer in the atmosphere. We compare the South-
ern Hemisphere mid-latitude winter variability of the seasonal forecasts of the ECMWF, 
DWD and Météo France forecasting systems with the ERA5 reanalysis. The analysis is 
performed by computing the Hayashi spectra of the 500-hPa geopotential height field. 
Both the reanalysis and the seasonal forecast show a series of peaks in the spectral region 
of eastward-travelling waves, which corresponds to the high frequency and high wave-
number domain. We quantify the amount of energy released from the atmosphere by cal-
culating the Baroclinic Amplitude Index. The results suggest that seasonal forecasts may 
not accurately capture the variability of geopotential height power spectra in the Southern 
Hemisphere, which poses a challenge in correctly distributing the energy over spatial and 
temporal dimensions. This study will show that this problem is particularly pronounced 
for wavenumber 4 over a period of 8 days. This misrepresentation likely contributes to the 
uncertainties in precipitation forecasting, with discrepancies exacerbated by a suboptimal 
description of baroclinic instability and dynamical components in the models. Our find-
ings highlight the need for an improved representation of baroclinic processes in seasonal 
forecast models, which could lead to substantial advancements in long-term weather pre-
diction capabilities and in a more complete understanding of climate dynamics.

Keywords  Baroclinic waves · Seasonal forecasts · Planetary waves · Hayashi spectra · 
Climate services
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1  Introduction

Meteorological forecasts are widely used for prediction up to 10 days. However, the need to 
extend the forecast range is becoming increasingly urgent, and in the last decade the major 
meteorological agencies have made efforts to produce forecasts on a seasonal scale. Unlike 
traditional deterministic forecasts, which are limited by the predictability limit established 
by Lorenz (1979), seasonal forecasts operate within a probabilistic forecasting framework. 
Probabilistic forecasts provide a range of possible outcomes and the likelihood of each out-
come, rather than a single deterministic prediction. This is particularly important in climate 
forecasting, where the inherent uncertainty and complexity of atmospheric systems make it 
impossible to predict exact outcomes. This approach enables a more comprehensive under-
standing of potential future climate patterns, which is particularly useful for the design of 
sector-specific climate services that focus on time scales of one to six months (Crochemore 
et al. 2017), agriculture (Vajda and Hyvärinen 2020), energy (Goodess et al. 2022; Lledó et 
al. 2019) food (Eccel et al. 2016) infrastructure, water (Arnone et al. 2020a, b; Marcos et al. 
2017), tourism, finance and insurance are some of the sectors where seasonal forecasts are 
commonly used for strategic and management decisions. The European Commission has 
made considerable efforts to promote research in the climate services field, funding several 
research projects, and creating specialised agencies and initiatives such as the Copernicus 
Climate Change Service (C3S), which offers open and free climate data for both research 
and business purposes.

The accuracy of seasonal forecasts depends on several factors, including variables, loca-
tion, lead time, and season considered (An-Vo et al. 2021; Manzanas et al. 2022). Several 
metrics are used to measure the skill of seasonal forecasts, including Mean Bias, Mean 
Absolute Error (MAE), Anomaly Correlation Coefficient (ACC), Brier Skill Score (BSS), 
Ranked Probability Score (RPS), and its continuous version (CRPS). A description of the 
mathematical aspects of these metrics can be found in Wilks (2011) and Crespi et al. (2021). 
The seasonal forecasts must be systematically compared with a reference (reanalysis or 
observations) to assess their overall quality. In this paper, the ECMWF ERA5 reanalysis 
(Hersbach et al. 2020a) is used as a reference dataset.

In analysing the performance of seasonal forecasts, it is observed that temperature and 
pressure predictions generally yield higher skill scores compared to precipitation and wind 
(Landman and Beraki 2012; Mishra 2013). This discrepancy poses challenges in the reli-
ability and application of these forecasts in climate services. In Southern Africa, the seasonal 
predictions have a higher skill during the austral summer, mainly due to the high predictabil-
ity of the ENSO and its teleconnection to Southern Africa (Cook 2001). A negative anomaly 
in precipitation in Southern Africa is usually associated with El Niño events, while positive 
anomalies characterise East Africa. Conversely, during La Niña events, negative precipita-
tion anomalies are observed in Southern Africa and positive anomalies in East Africa in 
summer (Indeje et al. 2000). Precipitation skills in Southern Africa are high during El Niño 
and La Niña but significantly decrease in neutral conditions, as observed by Landman et al. 
(2012). During the other seasons, autumn, winter and spring, the seasonal forecasts skills 
are significantly lower probably due to the weakness of the ENSO signal in those seasons. 
Gillett et al. (2006) also emphasised the role of the Southern Annular Mode (SAM) in the 
intra-seasonal variability of the precipitation: positive SAM implies positive precipitation 
anomalies in summer. Seasonal rainfall anomalies in Southern Africa show a low skill, sug-
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gesting a need to understand why this inability of the SF is particularly pronounced in that 
region and whether it is possible to improve the quality of the forecast.

An open question in southern African climate science is whether the relatively low skill 
in predicting seasonal precipitation anomalies in winter and the transition seasons can be 
improved. Such improvements may result from model development, including improved 
initialisation and assimilation systems that better incorporate information about the ocean 
state, or long and planetary waves, which can translate to forecast skill at seasonal time 
scales. It is equally important to explore whether there are forms of external forcing that 
are not adequately accounted for in climate models and which, if included, can significantly 
improve predictive skill. Antarctic stratospheric ozone is a primary example in this regard. 
The importance of its concentrations for climate variability in the Southern Hemisphere tro-
posphere is a relevant recent discovery (Thompson et al. 2011), and its impact on the inter-
annual variability in southern Africa is still largely unexplored (Engelbrecht et al. 2015).

The ability of climate models to correctly predict the intensity of baroclinic instability is 
a very important prerequisite, as this phenomenon is a significant component of the climate 
system, associated with the meridional transport of a large amount of energy and momen-
tum. Moreover, baroclinic instability can be linked to precipitation activity and its intensity. 
Consequently, evaluating the ability of seasonal forecasting to correctly predict baroclinic 
activity can contribute to understanding the ability of precipitation forecasting. These two 
physical phenomena are not directly related, but the energy associated with baroclinic insta-
bilities can easily be associated with the development of mid-latitude fronts. Baroclinic 
instability, a key factor in the development of mid-latitude weather systems, was found to be 
closely linked to precipitation in several studies. Lambaerts et al. (2012) discussed the influ-
ence of water vapour condensation and latent heat release on the development of baroclinic 
instability, with the former finding that condensation significantly increases the growth rate 
of baroclinic instability and the latter assessing the role of hydrodynamic instability in the 
formation of precipitation in a cold-core low. Both Matsumoto et al. (1923) and Sáenz et 
al., (2001) found a correlation between baroclinic instability and precipitation. The former 
found that the interannual variability of winter precipitation in the northern Iberian Pen-
insula can be explained by baroclinic instability, and the latter found that the pre-summer 
rainy season in Japan is influenced by the vertical motions of baroclinic unstable waves. 
Recently, Yang and Li (2023) further investigated this relationship and proposed a theory of 
moist baroclinic instability to explain the development of synoptic disturbances along the 
subtropical Mei-Yu front.

In this paper, we examine the atmospheric dynamics that affect seasonal precipitation 
forecasts, with a particular focus on describing baroclinic instability in the Southern Hemi-
sphere. We assume that the uncertainties in precipitation forecasting, and the relatively low 
accuracy of these predictions can be attributed not only to the inherent complexities in 
modelling the water cycle, but also to the suboptimal description of baroclinic instability 
and high-frequency dynamical components in the forecast models.

This research uses a space-time spectral analysis to quantify the energy content of atmo-
spheric phenomena, by computing the Hayashi spectra of the 500-hPa geopotential height 
field (Hayashi 1971). The subsequent studies of Pratt (1976) and Fraedrich et al., (1978) 
reinterpreted the method for calculating the power spectra of space-time series. The analy-
ses of Dell’Aquila et al., (2007a) and (2005) which we used as a starting point, are partly 
based on these studies. In particular, the methodology adopted in this study proves useful to 
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assess the performance of climate models in describing mid-latitude winter variability (Di 
Biagio et al. 2014; Lucarini et al. 2007). In addition, following the procedure described by 
Dell’Aquila et al., (2007a), we assess the Baroclinic Amplitude Index (BAI), an indicator 
that quantifies the intensity of baroclinic activity.

Dell’Aquila et al. (2007a) show, atmospheric planetary waves, especially in the South-
ern Hemisphere (SH), play a crucial role in shaping the Earth’s climate system. Unlike the 
Northern Hemisphere, the SH lacks a pattern of mountain chains that could lock the phase 
of planetary-scale waves. As a result, the atmospheric variability is predominantly driven 
by eastward-propagating wave trains with both high and low frequencies. High frequencies, 
typically below 10 days, are dominated by the rise and decay of baroclinic disturbances, 
which effectively convert available potential energy into kinetic energy. Remarkably, baro-
clinic activity is more intense in the Southern Hemisphere than in the Northern Hemisphere, 
peaking around 50°S. We also extend this approach to seasonal forecasts to verify if we can 
obtain comparable results.

In a recent study by Zhang et al. (2021), the predictability of baroclinic wave activity 
has been investigated. The research highlights the significant spatio-temporal variability of 
these events and their interaction with other critical atmospheric phenomena, such as tropi-
cal cyclones. This interaction plays a pivotal role in the formation, trajectory, and intensity 
of these cyclones, highlighting the intricate dynamics of the atmosphere. Building on this 
knowledge, our study aims to assess the ability of seasonal forecasts to accurately describe 
these atmospheric patterns, as they have a significant impact on shaping atmospheric anom-
alies on time scales of a few days to several weeks, thus underpinning the accuracy and 
reliability of climate forecasts.

Weisheimer et al. (2020) conducted a thorough analysis of the ability of seasonal fore-
casts to accurately represent atmospheric dynamics and instabilities. This study pays partic-
ular attention to the performance of hindcasts in capturing mid-tropospheric flow, especially 
in relation to the North Atlantic Oscillation (NAO) and eddy-driven jet streams over the 
North Atlantic. Focusing on the predictability of baroclinic wave activities and their impacts 
on weather patterns, our study contributes to a more comprehensive understanding of global 
climate dynamics and seasonal forecasting uncertainties.

The paper is structured as follows: in Sect. 2 we describe the methods, including the 
Hayashi spectral technique and the computation of the Baroclinic Amplitude Index (BAI). 
In Sect. 3 we provide a description of the data and the study area. In Sect. 4 we present our 
analysis of the 500 hPa geopotential height field power content in these datasets, emphasis-
ing the role of baroclinic activity in the Southern Hemisphere. Additionally, we discuss the 
implications of our findings for improving seasonal forecast skills, particularly in terms of 
precipitation prediction in Southern Africa Finally, we conclude with a perspective on future 
research directions.

2  Methodology

In this study, we adopt the same approach as in Dell’Aquila et al. (2005) analysing the abil-
ity of seasonal forecasts to describe energy associated with mid-latitude variability in the 
atmosphere. To this end, we apply spectral analysis to study winter atmospheric variability 
across mid-latitudes of the Southern Hemisphere from 1993 to 2020, considering both the 
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hindcast and the forecast available to cover a larger time interval. Following the conclusion 
of the hindcast period and extending up to 2020, we chose an equal number of ensemble 
members from each originating centre randomly, mirroring the configuration employed 
during the hindcast period. We estimate the power content of the atmospheric phenomena 
typical of mid-latitudes, with a specific emphasis on baroclinic perturbations. We used the 
Hayashi technique, referring to Hayashi (1971) and Pratt (1976), to create the power spec-
tra and distinguish the standing and travelling wave patterns. The spatio-temporal Fourier 
decomposition was introduced by Hayashi (1979) and (1971) to describe the variability of 
the geopotential height field in terms of periods and zonal wavenumbers. This technique 
enables creating power spectra of space-time series as a function of the frequencies ω and 
the wavenumbers k. The Hayashi method states that for a periodic series in space x and 
infinitely extended in time t, the power spectra can be divided into standing and travelling 
components. The total signal is the sum of these two components. Standing waves typi-
cally form due to the interference of two waves travelling in opposite directions (Georgi 
and French 1993). These waves are often associated with geographical features such as 
mountains that disrupt the wind flow, causing it to form a wave pattern. On the other hand, 
travelling waves are generated by instability in the atmospheric flow, often associated with 
variations in temperature and pressure. These waves propagate from one location to another, 
carrying energy and momentum with them. The decomposition of the original signal into its 
standing and travelling parts is based on the physical interpretation of these waves: travel-
ling and standing waves are generated by different mechanisms and therefore attributable 
to different physical phenomena. Therefore, decomposing the signal enables to separately 
analyse the effects of these different phenomena. In our study, we chose the months June, 
July, and August (JJA) to analyse the Southern Hemisphere winter atmospheric variabil-
ity. The three months have lead times equal to 1, 2, and 3 respectively, since we consider 
May as the forecast starting month. By dropping the first month of the forecast, we ensure 
that all ensemble members have lost track of their initial conditions and can be considered 
as statistically independent realisations of the atmospheric dynamics under the same driv-
ing conditions concerning the slow components of the climate systems (i.e. state of the 
ocean, land cover, ice cover). In particular, by dropping the first month of the forecast, the 
statistical independence is ensured both for the forecasts initialised in burst mode, i.e. all 
members start at the same time with perturbation designed to maximise the growth rate of 
initial anomalies (Molteni et al. 1996), and for the forecasts initialised in lagged mode, i.e. 
ensemble members are started on different dates to improve the skill of the forecast at sub-
seasonal time scale (Chen et al. 2013).

To capture most of the baroclinic activity and low-frequency planetary waves, we chose 
the latitude range from 30°S to 75°S for both the reanalysis and seasonal forecasts datasets 
(Dell’Aquila et al. 2007a) and we performed a weighted average of the geopotential field 
within this latitudinal belt, obtaining a one-dimensional longitudinal field representative of 
the atmospheric variability at mid-latitudes. Consequently, the geopotential height field, 
originally varying both zonally and meridionally, exhibits spatial dependence only on lon-
gitude after averaging over the latitudinal direction. Afterward, we employed the Fourier 
space-time decomposition, specifically the Fast Fourier Transform (FFT) method, to obtain 
a geopotential height field in the domain of frequencies and wavenumbers, instead of time 
and longitude. Within this domain, we selectively filtered out frequencies corresponding 
to periods exceeding 10 days and set these values to zero. This high-pass filter enables to 
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isolate only the modes with a period of less than 10 days (Dell’Aquila et al. 2007b) and is 
a fundamental step for the final stage of our analysis, which entails the computation of the 
Baroclinic Amplitude Index (BAI). The BAI is useful for measuring baroclinic intensity and 
understanding how much energy is being released from the atmosphere in the form of rain 
and heat fluxes on Earth: the higher the index, the stronger the baroclinic activity.

The Baroclinic Amplitude Index is derived from the integral of the Fourier coefficients 
confined to zonal wavenumbers between 4 and 7. By focusing on this particular wavenum-
ber range, the aim is to capture those components of atmospheric variability that are most 
affected by baroclinic energy conversion processes. However, as highlighted by Stoll et al. 
(2023), the same wavenumber can correspond to different processes at varying scales, par-
ticularly at higher latitudes. Stoll et al. (2023) propose an alternative approach, differentiat-
ing between synoptic and planetary waves based on wavelength rather than wavenumber. 
This method accounts for the latitude-independent nature of baroclinically induced trans-
port anomalies, emphasising the physical distinction between these scales across different 
latitudes. Our selection of wavenumbers 4 to 7 in the BAI aims to capture baroclinic activity 
within the latitudinal belt of 35°S to 75°S. At higher latitudes, the deformation of the length 
scale becomes significant due to the Rossby deformation radius decreasing with latitude. 
This implies that the same wavenumber may represent different physical scales depending 
on the latitude, making the interpretation of associated phenomena challenging.

Our analysis takes into account that wavelengths larger than 8000 km are classified as 
planetary waves, while those around 5000 km or smaller are predominantly transient and 
baroclinic, aligning with the findings of Stoll et al. (2023). Specifically, our methodology 
acknowledges that while stationary waves dominate the larger wavelengths (with a peak for 
k = 3, as shown in Fig. 1.b), the majority of baroclinic energy is found within higher wave-
numbers (as shown in Fig. 1.c), consistent with the transient nature of baroclinic eddies. 
By distinguishing between these scales, our approach ensures that the contributions of both 
transient and stationary components are appropriately considered, thereby providing a com-
prehensive understanding of atmospheric variability and the change in spatial scale of tran-
sient eddies at higher latitudes.

The BAI is then calculated with the following formula:

	
Z4−7 (t) =

(∑ 7

k=4
2|Zk|2

)1
2

where Zk are the Fourier coefficients of the zonal wavenumbers from 4 to 7.

2.1  Data

The analysis was applied to three seasonal forecast datasets, including the ECMWF Sea-
sonal Forecast System 5 (SEAS5, 25 ensemble members), the Météo-France System 7 (25 
ensemble members) and the DWD GCFS2.1 (30 ensemble members), accessible via the 
Copernicus Climate Data Store (CDS) (“Climate Data Store”). Seasonal forecasts consist 
of ensemble predictions, where each member of the ensemble represents an independent 
realisation of the forecast. Details regarding each model, such as ensemble size and hori-
zontal resolution, can be found in Table 1. Forecasts made with SEAS5 and GCFS2.1 are 
initialised in burst mode, and by dropping the first month in the forecast we ensure statistical 

1 3

   14   Page 6 of 19



Bulletin of Atmospheric Science and Technology…

independence of the ensemble members. For System 7, forecasts are normally initialised in 
lagged mode. However, the model simulations are initialised before the nominal starting 
date on which the forecast and corresponding hindcasts are published. Statistical indepen-
dence is therefore also ensured for System 7. After the end of the hindcast period, until 2020, 
we have randomly selected for each source centre the same number of ensemble members 
as in the hindcast period, i.e. 25 members out of the 50 or 51 members available for the 
forecast period. Note that for the SEAS5 hindcast data are available from 1981 onwards. For 

Forecast-
ing
system 
name

Forecast-
ing
centre

Hindcast
ensemble 
size

Hind-
cast 
period

Horizontal 
resolution

Refer-
ence

SEAS5 ECMWF 25 1981–
2016

36 km x 
36 km

(John-
son et 
al. 2019)

System 7 Météo 
France

25 1993–
2018

0.5° x 0.5° (Vol-
doire et 
al. 2019)

GCFS2.1 DWD 30 1993–
2019

100 km x 
100 km

(Stevens 
et al. 
2013)

Table 1  List of models used with 
the number of the ensemble, the 
resolution, the hindcast period 
and the references. The horizon-
tal resolution is approximate and 
refers to the native resolution of 
the forecasting systems

 

Fig. 1  Hayashi spectra for 500-hPa geopotential height from ERA5 averaged over the 28 winters (1993–
2020) in the Southern Hemisphere (30–75°S). The figure is divided into four panels, each describing the 
geopotential height in terms of period (x axis) and zonal wavenumber (y axis): (a) total Hayashi spectra, 
given by the sum of travelling and standing waves. (b) standing wave component of the spectra, (c) east-
ward-travelling wave component of the spectra (d) westward-travelling wave component of the spectra
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our analysis, however, we only consider data covering the common time frame from 1993 
onwards. The horizontal resolution given in Table 1 refers to the native configuration of the 
atmospheric components of the forecast systems. For the analysis presented in this paper, 
however, we use data with a uniform resolution of 1°x1°, as provided by the CDS.

The reference dataset consists of the geopotential height fields of 500 hPa belonging to 
the ERA5 reanalysis (Hersbach et al. 2020b). Although ensemble members are available 
for ERA5 as a by-product of the data assimilation system, we use the single high-resolution 
realisation provided on CDS as the final reanalysis product. ERA5 is the fifth-generation 
global reanalysis of the ECMWF and spans from 1950 to the present with an hourly tem-
poral resolution, on a regular 0.25° × 0.25° grid. To maintain consistency with the seasonal 
forecasts datasets, we reduced the spatial resolution of ERA5 from 0.25° to 1° before per-
forming the calculations described in Sect. 3. This was achieved through a nearest-neigh-
bour interpolation applied to the time-longitude-dependent geopotential height field.

3  Results

3.1  Hayashi spectra of ERA5 reanalysis

Figure 1 shows the Hayashi spectra of the 500-hPa geopotential height averaged over the 
28 winters from 1993–2020, calculated from the ERA5 reanalysis dataset. In particular, 
the four components of the spectra are displayed: total, stationary, travelling eastward and 
travelling westward.

The spectra express the power density of the wave field in terms of frequency and zonal 
wavenumber. When looking at the total power spectrum (a), the darker colours show that 
a large fraction of the total power is concentrated in periods between 4 and 16 days and in 
wavenumbers between 3 and 7. In this region we can identify the baroclinic disturbances, 
travelling waves with a period in the order of 2–7 days, wavenumbers around 4–7 m−1 
and a spatial extent of several thousand kilometres. This domain is related to the eastward 
propagating waves (c) and includes the synoptic phenomena associated with the release 
of available energy driven by conventional baroclinic conversion (Blackmon 1976). These 
phenomena contribute to the energy transfer in the Southern Hemisphere at mid-latitudes, 
leading to atmospheric stability or instability. Although the overall variability is mainly 
explained by the eastward propagation component, we can see that it also extends to plan-
etary scales, with k = 3–4 and a period of about 16 days.

Standing waves (b) are characterised by low frequencies (long periods) and low wave-
numbers, and in the Northern Hemisphere they are mainly driven by the Rocky Moun-
tains (Holton et al., 2012). In the Southern Hemisphere, they exhibit a peak in wavenumber 
around 3 m−1, which could be associated with blocking episodes due to the presence of the 
Andes. However, they play a smaller role, as the Andes do not appear to contribute signifi-
cantly to the amplification of planetary waves (de Adana et al., 2005).

3.2  Hayashi spectra of SEAS5 seasonal forecast

Figure 2 illustrates the Hayashi spectra average over the members of the SEAS5 ensemble. 
The plots were generated by calculating the Hayashi spectra for each member and then by 
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computing the average over the entire ensemble. This process naturally smooths out the 
peaks, making them less pronounced compared to analysing each element separately. How-
ever, we found that calculating a representative average spectrum of the entire ensemble is 
more informative than analysing the individual members separately, as these were generated 
with random perturbations to the initial conditions. Nevertheless, Fig. 2 indicates that, simi-
lar to the reanalysis, also for the seasonal forecasts the overall variability of the power spec-
trum of the 500-hPa geopotential height is mainly explained by the eastward propagating 
component, extending to the planetary scales (k = 3–4 and period around 15 days or more).

Figure 3 shows the standard deviation of the SEAS5 ensemble. Using this metric, we 
can understand where the greatest variability exists among all the spectra of the ensemble 
members.

The analysis of standard deviation across the spectra of seasonal forecasts highlighted 
distinct patterns. In particular, for wavenumber k = 4, the variability of the signal spans 
frequencies associated with periods ranging from 18 to 8 days. There is a pronounced peak 
within the 18 to 11-day range, accompanied by weaker maxima between 10 and 8 days. For 
wavenumber k = 5, we observe heightened variability for periods between 10 and 5 days, 
with the most pronounced peaks occurring between 8 and 5 days. This pattern indicates 
substantial differences in the behaviour of the various ensemble models compared to what 
is observed in the ERA5 reanalysis data.

Fig. 2  Hayashi spectra for 500-hPa geopotential height from SEAS5 averaged over the 28 winters (1993–
2020) in the Southern Hemisphere (30–75°S). The figure is divided into four panels, each describing the 
geopotential height in terms of period (x axis) and zonal wavenumber (y axis): (a) total Hayashi spectra, 
given by the sum of travelling and standing waves. (b) standing wave component of the spectra, (c) east-
ward-travelling wave component of the spectra (d) westward-travelling wave component of the spectra
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This contrast is also visible when comparing Figs. 1 and 2. For wavenumber 4 and 5, the 
peaks in ERA5 are centered around 15 and 7 days, respectively, with a gradual decline in 
the energy surrounding these values (Fig. 1, panels a and c). Conversely, the ensemble mem-
bers of the seasonal forecasts (Fig. 2, panels a and c) display greater variability in period 
space, which suggests a challenge in the ability of seasonal forecast ensembles to accurately 
capture the dynamical energy distribution of the observed field. This discrepancy indicates 
potential limitations in the representation of atmospheric dynamics by current ensemble 
models, highlighting an area for further investigation and model refinement.

3.3  Difference between seasonal forecasts and ERA5

The comparison between ERA5 and the seasonal forecasting systems covers two different 
aspects. We first consider a comparison between the average spectrum based on ERA5 and 
the corresponding ensemble mean derived from the forecasting systems, to assess the sys-
tematic biases. Afterwards, we focus on the spread of the ensemble members by focusing on 
the spectral components associated to the BAI as defined in Sect. 3.

Figure 4, 5 and 6 show the mean differences between the Hayashi spectra derived from 
SEAS5, System 7 and GCFS2.1, respectively, and those computed using ERA5. For each of 
these three seasonal forecasts, we first computed an ensemble mean of the spectra, and then 
subtracted the reanalysis spectra.

Fig. 3  Standard deviation of the SEAS5 ensemble Hayashi spectra for the 500-hPa geopotential height in 
terms of period and zonal wavenumber, averaged over the 24 winters. The four panels refer to: (a) total 
Hayashi spectra, (b) standing wave component of the spectra, (c) eastward-travelling wave component of 
the spectra (d) westward-travelling wave component of the spectra
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While minimal differences are observed for standing and westward waves in all three 
cases (Figs. 4b-d, 5b-d, 6b-d), larger discrepancies arise for eastward waves (Figs. 4c, 5c, 
6c). For SEAS5 and GCFS2.1, a distinct peak of positive bias (in blue) emerges for periods 
around 12 days and wavenumber 4, indicating that in this spectral region, the variability 
detected by the seasonal forecasts is much larger compared to ERA5. This overestimation 
is less pronounced for System 7 (Fig. 6a-c), where the blue peak around wavenumber 4 and 
12–15 days is partially offset by the negative peaks (light red) around 15–17 days. More-
over, there is greater variability between 4 and 7 days, as can be inferred from the alternating 
red and blue peaks in this region.

For more insight into the intensity and variability of the baroclinic activity, we analysed 
the Baroclinic Amplitude Index (BAI), described in Sect. 3. The BAI is calculated for each 
day of the time series. Through this analysis it is possible, on the one hand, to observe 
the change in the index over the years and, on the other hand, to understand whether sea-
sonal forecasts can calculate it correctly in comparison with the reanalysis. The objective of 
this analysis is twofold. On one hand, the focus is on interannual variability to understand 
how the seasonal forecasts compare with observations. On the other hand, the spread of 
the ensemble members can be compared both with the interannual variability and with the 
model bias to understand whether any useful signal can be extracted from the forecasts.

To illustrate the distribution of BAI within the ensemble, we use box plots (Figs. 7, 8 
and 9), which represent the distribution of BAI values for each year among the ensemble 
members, indicating the variability within the ensemble. The centre line in the box repre-

Fig. 4  Difference between SEAS5 and ERA5 Hayashi spectra for 500-hPa geopotential height averaged 
over the 28 winters and over the ensemble. The four panels refer to: (a) total Hayashi spectra, (b) standing 
wave component of the spectra, (c) eastward-travelling wave component of the spectra (d) westward-
travelling wave component of the spectra
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sents the median of the data and the mean is shown as a green triangle. The BAI values are 
computed considering zonal wavenumbers between 4 and 7 and the latitudinal belt between 
30 and 75°S.

Figures 7, 8 and 9 show that the average annual BAI, calculated using reanalysis data and 
represented by the blue line, exhibits significant interannual variability. Zhang et al. (2021) 
noted how a long-standing obstacle to exploring the predictability of the baroclinic wave 
amplitude is the weak responses of the extratropical atmosphere to climate forcings, such as 
sea surface temperature (SST) forcings. Indeed, the seasonal forecasts reported in Figs. 7, 
8 and 9, show limited variability in the ensemble mean and particularly weak performances 
in capturing extreme fluctuations. In general, the BAI is overestimated by the seasonal fore-
casts, in particular for the DWD forecast model (Fig.  8), consistently with the analysis 
presented in Fig. 6. In this respect, the seasonal forecasts of Météo France have a relatively 
better alignment with the reanalysis data, showing a less pronounced overestimation.

For a quantitative comparison between the variability of the Baroclinic Amplitude Index 
observed in the ERA5 reanalysis and the corresponding variability described by the sea-
sonal forecasts, some statistics of the signals described in Figs. 7, 8 and 9 are reported in 
Table 2. The comparison of the mean BAI reflects the systematic biases already discussed 
above, with GCFS2.1 showing the largest bias among the models considered for the analy-
sis. The variance of the ensemble mean of the seasonal forecasts (the green triangles in 
Figs. 7, 8 and 9) quantifies the relatively low variability of the forecasts compared to the 
ERA5 reanalysis. Furthermore, the mean ensemble variance, which is obtained by comput-

Fig. 5  Difference between GCFS2.1 (DWD) and ERA5 Hayashi spectra for 500-hPa geopotential height 
averaged over the 28 winters and over the ensemble. The four panels refer to: (a) total Hayashi spectra, 
(b) standing wave component of the spectra, (c) eastward-travelling wave component of the spectra (d) 
westward-travelling wave component of the spectra
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Fig. 7  Yearly averaged BAI of the ensemble members for SEAS5 (boxplot) and yearly averaged BAI for 
ERA5 (blue line). The integration is computed between k = 4 and k = 7

 

Fig. 6  Difference between System 7 (Météo France) and ERA5 Hayashi spectra for 500-hPa geopotential 
height averaged over the 28 winters and over the ensemble. The four panels refer to: (a) total Hayashi 
spectra, (b) standing wave component of the spectra, (c) eastward-travelling wave component of the 
spectra (d) westward-travelling wave component of the spectra
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Table 2  Analysis of the BAI in the reanalysis and seasonal forecasts. The “Variance” column is obtained 
by computing the variance of the ensemble mean of the seasonal forecasts. The “Mean ensemble variance” 
column is obtained by computing the variance among the ensemble members for each year and then averag-
ing over all years
Model Mean

[m]
Variance
[m2]

Mean ensemble variance
[m2]

ERA5 901 3214 -
SEAS5 946 143 2508
GCFS2.1 981 271 3096
System 7 917 161 2459

Fig. 9  Yearly averaged BAI of the ensemble members for Météo France (boxplot) and yearly averaged 
BAI for ERA5 (blue line). The integration is computed between k = 4 and k = 7

 

Fig. 8  Yearly averaged BAI of the ensemble members for DWD (boxplot) and yearly averaged BAI for 
ERA5 (blue line). The integration is computed between k = 4 and k = 7
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ing the variance among the ensemble members for each year and then averaging over all 
years, is about 10 to almost 20 times larger than the variance of the ensemble mean. This 
generally corresponds to a relatively low signal-to-noise ratio, making it difficult to extract 
useful information from this limited time series. On the other hand, the ensemble mean 
variance of the forecast systems reported in Table 2 is comparable to the variance of the 
BAI observed in ERA5. This implies that, if the systematic bias were removed, most of the 
BAI values computed with ERA5 would be within one standard deviation of the ensemble 
mean of the corresponding forecast. This effect is more easily seen in the case of System 7 
(Fig. 9), which is characterised by a relatively smaller bias.

Overall, this analysis shows, consistently with the findings of Zhang et al. (2021), that it 
is currently impractical to extract from seasonal forecasts some useful information about the 
expected intensity of the baroclinic activity in the southern hemisphere.

4  Conclusions

In this study, we performed a statistical analysis of baroclinic instability in the Southern 
Hemisphere. Our analysis, based on the spectral decomposition of the 500-hPa geopoten-
tial height field, provides useful insights into the behaviour of seasonal forecast models 
in describing the mechanisms of mid-latitude atmospheric variability, as compared to the 
ERA5 reanalysis.

The results emphasise the expected predominant influence of the eastward propagation 
component in explaining winter variability in the Southern Hemisphere. In particular, the 
analysis reveals a series of peaks and structures that can be attributed to the phenomenology 
of eastward-propagating baroclinic waves.

The focus of our study on the Baroclinic Amplitude Index (BAI) provides valuable 
insights into the intensity of baroclinic activity. However, the seasonal forecasts struggle to 
capture the interannual variability of baroclinic activity as effectively as the reanalysis data. 
This is illustrated by the relatively constant winter BAI in the seasonal forecasts, in contrast 
to the larger fluctuations observed in the reanalysis. In addition, the seasonal forecasts tend 
to overestimate the BAI, a factor that could contribute to reducing the skill of the forecasts 
in predicting the associated events that may be of immediate interest for sectoral applica-
tions (e.g. accumulated precipitation, frequency of extreme temperatures).

The comparison of the ERA5 reanalysis data with SEAS5, GCFS2.1 and System 7 sea-
sonal forecasts revealed remarkable differences in the representation of baroclinic instabil-
ity. These differences were most pronounced for the eastward propagating components of 
the wave spectrum and suggest areas where the seasonal forecast models can be improved. 
In particular, we identified a specific problem in the distribution of energy both in space (for 
an 8-day period) and in time (for wavenumber 4). This indicates difficulties in accurately 
representing the structure of the baroclinic instability, particularly with respect to the spatial 
and temporal distribution of energy. These challenges may result from the limited ability of 
the models to capture the complex dynamics of baroclinic instability, including the interac-
tion of different scales of motion and the influence of various physical processes.

Our results suggest that an improvement in the accuracy and reliability of seasonal fore-
casts entails a better representation of baroclinic waves. At the moment, it appears impracti-
cal to extract from seasonal forecasts some useful information about the expected intensity 
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of the baroclinic activity in the southern hemisphere. Similar to the results discussed in Di 
Biagio et al. (2014) and Lucarini et al. (2007), which focused on CMIP models, our research 
highlights that seasonal forecasts may still benefit significantly from improvements in the 
initialisation of the state of the ocean and the land surface, as well as from an increase 
in horizontal and especially vertical resolution, which are the key factors for an accurate 
description of the atmospheric waves dynamics.

The relationship between the accurate representation of a physical mechanism’s statis-
tics in a model and the resulting predictive ability is not straightforward. It is a common 
misconception that improving the accuracy with which a model represents the statistics of 
a physical process necessarily increases its predictive accuracy. In this study, we emphasise 
that rather the opposite is true: if a physical process is modelled inaccurately, the predict-
ability of the model is likely to be impaired. This principle emphasises the need for a precise 
representation of physical mechanisms in forecasting models, as errors in their representa-
tion can significantly affect the overall predictive ability of the model.
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