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Abstract. This study tests the long-standing hypothesis that Rossby wave packet (RWP) envelopes exhibit enhanced pre-
dictability compared to embedded weather systems, here interpreted as the individual troughs and ridges comprising the under-
lying wave pattern. Using a potential vorticity framework and the saturation fraction of the mean square error as a predictability
metric, we derive a tendency equation for envelope errors to diagnose error-growth mechanisms. Contrary to the hypothesis,
our analysis does not reveal any evidence of enhanced envelope predictability. The error dynamics of the envelope and the
underlying wave pattern are strikingly similar. Crucially, while the envelope discards information about the location of troughs
and ridges (phase information), it remains sensitive to the relative phase relationships among constituent wavenumbers. Phase
errors in the individual wavenumbers may directly propagate into envelope errors, demonstrating that "the envelope is the
wave", i.e, the dynamics of the envelope are intrinsically governed by its underlying wavenumbers, not by larger-scale dynam-
ics. At least up to lead times of 10 days, the longest lead times considered herein, envelope predictability is thus governed
by the same dynamical constraints as the synoptic-scale Rossby wave field. The misconception of RWPs as a larger-scale,
dynamical phenomenon may arise by noting the continent- or ocean-basin-wide scale of RWP ~objects” on spatial maps. Con-
firming previous work, we find enhanced predictability in the presence of RWPs compared to situations without RWPs. This
enhanced predictability arises because RWPs organize high-amplitude anomalies coherently over large scales — not from the
envelope itself. The spatial coherence of high-amplitude anomalies within RWPs is arguably facilitated by a strong midlatitude

waveguide, suggesting waveguide characteristics as a promising target for future predictability research.

1 Introduction

Rossby wave packets (RWPs) organize large-scale energy transport in the atmosphere. The significance of this energy transport
for atmospheric predictability and teleconnections has long been recognized (Namias and Clapp, 1944; Cressman, 1948; Grose
and Hoskins, 1979). Here we focus on RWPs along the midlatitude jet (Wirth et al., 2018), which have more recently received
attention as potentially predictable precursors to high-impact weather events (e.g. Shapiro and Thorpe, 2004; Grazzini, 2007,
Martius et al., 2008; Piaget et al., 2015; Fragkoulidis et al., 2018; Grazzini et al., 2021). RWPs are often considered as physical
entities with spatio-temporal scales larger than those of the associated individual troughs and ridges. This perspective leads to

the notion that RWPs are a phenomenon on scales larger than the synoptic scale.
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Figure 1. Illustration of the envelope (in ms™') of an RWP in the North Atlantic — European region, computed using the refined method by

Wolf and Wirth (2017), for August 6-9 at 12 UTC (a) - d)). The case is taken from Fragkoulidis et al. (2018).

Considering RWPs as physical entities underlies the often used practice to identify and track RWPs as coherent regions
in which the Rossby-wave envelope exceeds a certain threshold (e.g. Zimin et al., 2003; Souders et al., 2014; Grazzini and
Vitart, 2015; Wolf and Wirth, 2017, see Fig. 1 for illustration). The envelope is constructed by spectral filtering, retaining
waves only within a wavenumber range that represents midlatitude, baroclinic Rossby waves, e.g., (zonal) wavenumbers 4-15.
Hereafter, we will refer to the superposition of the waves within this wavenumber range as the underlying wave pattern. The
envelope describes spatial variations of wave amplitude but eliminates information about the location of individual troughs and
ridges, i.e., phase information. A formal definition of the envelope will be given below. The envelope perspective has led to the
hypothesis that "the packet envelope should be more predictable than the individual weather systems", "[b]ecause the packet
can remain coherent despite chaotic internal dynamics" (Lee and Held, 1993, their pg. 1428).

To our knowledge, the hypothesis by Lee and Held (1993) has not yet been explicitly tested. Testing this hypothesis is a
primary goal of this study. For our test, we interpret Lee and Held’s "individual weather systems" as the troughs and ridges that
compose the underlying wave pattern. The hypothesis of increased predictability of the RWP envelope is plausible because
there are two potential sources of increased predictability. First, the envelope identifies RWPs as physical entities that are
larger-scale features than individual troughs and ridges (as indicated in Fig. 1). Due to the well-known scale dependence of
predictability (Lorenz, 1969), a larger-scale feature can be expected in general to exhibit higher predictability. Second, the
envelope eliminates information about the phase of individual troughs and ridges. Studies investigating error decomposition
(Jankov et al., 2021) and lead-time dependence of error-growth mechanisms (Baumgart et al., 2018; Baumgart and Riemer,
2019) indicate that early error growth is associated with phase rather than with amplitude errors. Removing phase information

can be expected to reduce errors and may thereby increase predictability.



45

50

55

60

65

70

75

https://doi.org/10.5194/egusphere-2026-3447
Preprint. Discussion started: 29 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

We use ERAS re-forecast data verified against ERAS re-analysis to compare the predictability of RWP envelopes and the
underlying wave pattern. The re-forecasts provide lead times up to 10 days, i.e, we consider medium-range predictability. For
fair comparison, we apply the same forecast metric to both the RWP envelope and the underlying wave pattern, namely the
mean-squared error (MSE). Previous studies have evaluated RWP envelopes in forecasts using object-based (Quinting and
Vitart, 2019; Pérez-Fernandez and Barreiro, 2023) or field-deformation methods (Prestel-Kupferer et al., 2024) to avoid the
well-known double-penalty issue when verifying coherent features using MSE-type metrics (Ebert and McBride, 2000; Bald-
win and Kain, 2006). It is not clear to us, however, how a comparable object-based method could be designed for the underlying
wave pattern. While a field-deformation method could be applied to the wave pattern, to our knowledge, these methods do not
provide a theoretical value of the error saturation level. Considering errors relative to their saturation level, however, is common
practice in studies of intrinsic predictability, going back at least to Lorenz (1969, his Fig. 2). Normalizing errors of different
phenomena by their respective saturation levels is crucial for a fair comparison of predictability. This important point will fur-
ther be illustrated at the beginning of Sect. 4, before presenting our actual results. Arguably, such a normalization effectively
negates the double-penalty issue. We thus consider the MSE, for which the saturation level is well known, as an appropriate
metric for the purpose of this study.

We seek further understanding of predictability characteristics by investigating the underlying error-growth mechanisms.
As noted above, it is plausible to expect that errors of the RWP envelope signifies amplitude errors of the underlying wave
pattern. Errors of the envelope may thus be expected to grow by mechanisms that impact wave amplitude, whereas errors of
the underlying wave pattern grow in addition by mechanisms that impact wave phase. To examine error-growth mechanisms,
we employ a potential-vorticity (PV) framework first introduced by Davies and Didone (2013) to study the dynamics of
forecast errors and subsequently extended to piecewise PV thinking (Hoskins et al., 1985) by Baumgart et al. (2018); Baumgart
and Riemer (2019). This framework provides a tendency equation for PV errors near the tropopause, which is applicable
to RWPs because RWP dynamics can be succinctly described by near-tropopause, piecewise PV tendencies (Teubler and
Riemer, 2016, 2021). The existing framework is directly applicable to errors of the underlying wave pattern using respective
spectral filtering of error tendencies. The extension of the framework to envelope errors will be presented in Sect. 3, along
with a dynamical interpretation of the individual tendency terms. Whereas RWPs are more commonly studied using upper-
tropospheric winds, our interest in understanding predictability from the perspective of the governing error-growth mechanisms
motivates the use of PV as the main variable in this study.

The next section describes established types of data and methods employed in this study, including a catalog of objectively
identified RWP objects, the computation of the (PV) envelope field, and how to determine appropriate saturation levels. Section
3 introduces the piecewise PV-tendency framework. Based on results presented in Sect. 4.1, the hypothesis by Lee and Held
(1993) will need to be rejected. Dynamical insight in this result is discussed in Sect. 4.2. The general notion that the very
presence of RWPs increases predictability (Grazzini and Vitart, 2015) is revisited in Sect. 4.3. Finally, Sect. 5 provides a

summary and concluding discussion.
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2 Data and methods
2.1 Data
2.1.1 ERAS5 re-forecasts

The primary data set for this study are ERAS re-forecasts, which have been produced at the European center of medium-range
weather forecasts (ECMWF) retrospectively using the ERAS model (Hersbach et al., 2020) and ERAS reanalysis as initial
conditions. Accordingly, we verify these re-forecasts against ERAS reanalysis. The ERAS model is version Cy41r2 of the
Integrated Forecasting System, which was operational at ECMWF from March 8 — November 22, 2016. We here use forecasts
initialized daily at 0000 and 1200 UTC from January 2000 — December 2018. Re-forecasts are available to us at 12-hourly lead
times up to +240h on a regular latitude—longitude grid of 1° x 1° horizontal resolution and on 17 pressure levels (1000, 950,
925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, and 50 hPa).

2.1.2 Catalog of Rossby wave packets

We use a catalog of RWP occurrence previously compiled by Prestel-Kupferer et al. (2024). The RWPs in this catalog were
identified and tracked as RWP-objects using 3-hourly ERAS reanalysis data for the years 2000-2018. Following Wolf and
Wirth (2017), RWP-objects are defined based on the envelope of the 300-hPa wind component that is perpendicular to the
streamlines of a background flow (as in Zimin et al., 2006). Asymmetries in the along-flow scale of troughs and ridges are
reduced by the semi-geostrophic transformation suggested by Wolf and Wirth (2015). The specific procedure is described in
detail in Sect.2.2 in Prestel-Kupferer et al. (2024), along with a comparison of the resulting RWP sample with previously
published RWP climatologies. In general, there is a large degree of consistency with previous results. A specific difference
between the Prestel-Kupferer et al. sample and that of Grazzini and Vitart (2015) occurs in the monthly variation of total RWP
numbers, with less winter than summer cases (in relative terms) in the Prestel-Kupferer et al. sample. This difference implies a
potential bias of year-round averages towards summer cases. The results of this study are not affected by such a potential bias,
because we find qualitative agreement when considering summer and winter seasons individually.

Following previous studies, we consider RWP-objects with a life time of 3—14 days, resulting here in a sample of 1147 RWPs.
The occurrence frequency of the RWP-objects considered herein is illustrated for the extended winter and extended summer
seasons (defined as the months November—March and May-September, respectively) in Fig. 2a,b. The occurrence frequency
maximizes in the maritime storm tracks, but RWPs traverse the continental regions also, in particular North America. The
current study uses RWP-objects merely to restrict the verification of field-based metrics to the region of RWP-objects. We

therefore do not expect sensitivity of our results to the precise definition and selection of RWP-objects.
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Figure 2. Occurrence frequency of RWP objects considered in this study (a) and b), in %) and the climatological mean of the RWP PV-
envelope E (c) and d), in PVU, as defined by Eq. 1). Note the different scales of the color bars. Occurrence frequency is defined as the
frequency of a grid point to be located within the area attributed to an RWP object. The left row (a) and c¢)) shows extended winter and the

right row (b) and d)) shows extended summer.

2.2 Methods
2.2.1 Potential vorticity

We consider Ertel (1942) PV (g) on isentropic levels with the hydrostatic approximation ¢ = o~1(y + f), where (y is the
component of relative vorticity perpendicular to an isentropic surface, f is the Coriolis parameter, and o = —g~1(dp/90)
is the isentropic layer density with gravity g, pressure p, and potential temperature 6. Our focus is on PV anomalies, ¢/,
which are defined as deviations from a climatological mean state (specifically: the daily averages of the years 1980-2019,
further smoothed by a 30-day running mean). We analyze ¢’ on isentropic levels that intersect the climatological maximum
of the midlatitude PV gradient. The dynamics of RWPs is well represented by the evolution of ¢’ on these levels, which vary
through the seasons (Teubler and Riemer, 2016, 2021). Following the recommendation of Rothlisberger et al. (2018) we use
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the following levels: 320 K for December, January, February, and March, 325 K for April and November, 330 K for May and
October, 335 K for June and September, and 340 K for July and August. Interpolation from pressure levels to isentropic levels

is performed using the algorithm implemented by May et al. (2022).
2.2.2 Length-scale filter and envelope computation

Using Fourier decomposition of ¢ in the zonal direction, we filter for length scales [Lin, Limas] that correspond to the
wavenumber range 4—15 at S0°N, which is a typical wavenumber range used to identify RWPs (Wirth et al., 2018). We consider
latitudes from 35°N-70°N. At each latitude ¢, only wavenumbers that correspond to the length scale range [Lyin, Limas) are
retained. The PV anomalies ¢y, » Within this range of length scales constitute the underlying wave pattern. The envelope E

(of ¢pyy p) is computed by the (simple) Zimin et al. (2003) method:

kmae

Z Cr ((b)evk/\

k=kmin

E(\¢) =2 , (1

where kyiy, and ki, q are the (latitude-dependent) wavenumbers that correspond to Ly, and Liyqz, ¢/ (0,A) = >0 ¢k (¢)er?,
and ¢y (¢) is the Fourier coefficient of zonal wavenumber k. Importantly, only positive wavenumbers & > 0 are retained in the
construction of E.

More refined variants to compute the envelope are usually applied for the purpose of tracking and characterizing RWP
objects. The goal of these refinements is to reduce merging and splitting of RWP objects and hence to improve tracking with
time and along an undulating waveguide. In the context of the current study, the refinements would impact on both, the envelope
and the underlying wave pattern in a consistent manner. The benefit of more refined methods for the current study is thus not
clear to us. We therefore prefer the simple and computationally much more inexpensive method by Zimin et al. (2003), which
greatly facilitates the lead-time dependent comparison of re-forecasts and re-analyses over an extended time period.

For the purpose of this study, it is important that we can use F as a proxy for RWPs, i.e., characteristics of E within RWPs
should be distinct from characteristics outside of RWPs. As our benchmark for the identification of RWPs we here use the RWP
objects selected from Prestel-Kupferer et al.’s catalog. The climatological mean distribution of E (Fig. 2c,d) compares well
with the occurrence frequency of RWP objects (Fig. 2a,b). In general, the climatological maxima of E coincide with regions
of highest occurrence frequency of RWP object. One more specific difference is that the minimum over the continents is less
pronounced for E than for RWP-object occurrence frequency, in particular over North America. For a more direct comparison
between E and the wind-field envelope that underlies the definition of our RWP objects, F is presented in Fig. 3 for the case
shown in Fig. 1. Overall, ' exhibits a patchier appearance, in particular with less meridional coherence, and a more zonal
orientation. These differences can be attributed to using the simple method by Zimin et al. (2003) for £, which diagnoses the
wave signal in the zonal direction, whereas the wind envelope in Fig. 1 is computed diagnosing the wave signal along the
streamlines of an undulating background flow. Accordingly, the specific maxima of E and of the wind envelope do not exhibit
good spatial agreement. In a more general sense, however, it is clear that enhanced values of F' tend to occur in regions of

enhanced values of the wind envelope, i.e., within RWP objects, and that £/ does exhibit a reasonably high degree of spatial
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Figure 3. As Fig. 1, but for the PV envelope (in PVU) computed along latitude circles (following the *simple’ method by Zimin et al., 2003).

PV envelope PV envelope

Figure 4. The distribution of envelope values E inside (blue) and outside (orange) of the RWP objects considered in this study for a) extended

winter (with median values of 2.45 and 1.19, respectively) and b) extended summer (with median values of 3.21 and 1.58, respectively).

coherence. To quantify the former, we finally examine the distribution of F-values inside and outside of the RWP objects
(Fig. 4). These distributions are clearly distinct, with substantially increased values of E within RWP objects. We therefore
conclude that the characteristics of £ (and hence ¢}y, p) are sufficiently distinct for RWPs compared to regions outside of

RWP such that F constitutes a useful metric to study RWP predictability.
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2.2.3 Mean square error and saturation level

A forecast error A is defined as the difference between the forecast and the analysis. We use the mean square error (MSE) as

our error metric, defined as

1
MSE := Z/A%la, )
A

i.e., the spatial average of the squared error over the region .4 with area A. We will consider two regions: i) the region between
35°N-70° where the amplitude of E exceeds a specified percentile threshold (to filter low-amplitude noise) and ii) the more

specific region of individual RWPs, as available from the catalog of RWP objects. Using the shorthand (-) := % / A(-)da, the

MSE can be written as

MSE:=A2=(f—a)2=(f—c+c—a)2=(f—c)2+(a—c)2=2(f—c)(a—c), 3)

where f and a denote a quantity in the forecast and the analysis, respectively, and ¢ denotes a climatological mean state
computed from the analysis. For computational ease, we define this mean as the temporal mean over the same period over
which we analyze errors. The first two terms on the RHS of Eq. 3 denote the variance in the forecast' and in the analysis,
respectively. The last term denotes the covariance of deviations from climatology in the forecast and in the analysis. When this

covariance vanishes, the errors saturate. The saturation level of the MSE, MSE;, is thus given by

MSE; = (f —¢)?+ (a —¢)?, “)

i.e., by the sum of the variance of the forecast and the analysis. It is important to note that the saturation level depends on the
area A that is used in the specification of the MSE.

The variance of our two RWP metrics, E and ¢y, p are shown in Fig. 5. The spatial patterns of both variances are very
similar and, as can be expected, highlight the storm track regions. Note that the variance of ¢/, p is more than twice as large
as that of F in the storm track region. Accordingly, the saturation level can be expected to be higher. We further note that the
climatological mean of the PV anomalies ¢y, p is by definition (approximately) zero, whereas the climatological mean of £

is comparable to that of the variance (cf. Fig. 2).

3 Error tendency equations and error-growth mechanisms
3.1 Piecewise PV tendencies

The PV tendency equation in isentropic coordinates reads

0
5 = v Vg + N, 5)

IThe assumption that justifies this terminology is that the climatological mean of the forecast equals that of the analysis, i.e., that the forecast does not

exhibit a bias. Even without this assumption, however, the term (f — c)? serves as a metric of variability, or ’activity’, in the forecast. There is a (small) low
bias in Rossby wave amplitude (e.g., Doensen et al., 2024). This bias impacts similarly on both features that we compare, the underlying wave pattern (¢ p)

and the Rossby wave envelope (E), and we find no indication that the bias affects the interpretation our results.
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Figure 5. Variance (in PVU?) of the PV envelope F (a)) and of the underlying wave pattern (b)), exemplified for brevity for extended summer
only. Note the difference scales of the color bars. Values should be compared to the mean of the PV envelope F (Fig. 2d) and that of the

underlying wave pattern, which is approx. 0. The variances for winter (not shown) look qualitatively very similar.

where v is the quasi-horizontal wind on an isentropic surface, Vg is the quasi-horizontal, isentropic gradient, and N represents
nonconservative processes. We here neglect /V because initial condition errors in ERAS reanalysis are of large enough ampli-
tude that the subsequent growth of forecast errors can be expected to be dominated by advective processes (cf. Baumgart et al.,
2018; Baumgart and Riemer, 2019; Selz et al., 2022). Our analysis will focus on the relative importance of these advective
processes.

We decompose the advective PV tendency following standard PV thinking for midlatitude dynamics (Hoskins et al., 1985;

Davis and Emanuel, 1991) and as described in some detail in appendix A of Teubler et al. (2023). The decomposition reads

—v-Vyq =BG+ ADV + WAVE + BC + DIV + EDDY + RES, (6)
where

BG := —vg - Vyqo (7
ADV := —wvq - Vpq 3)
WAVE := —v,,, - Voqo €))
BC := — 000 - Voqo (10)
DIV .= —Vdiv * ng (11)
EDDY := —Vy(v,0tq'). (12)

The index O denotes climatological-mean variables (hereafter referred to as background variables) and the prime derivations
thereof. A Helmholtz decomposition is applied to decompose v’ into its non-divergent and ir-rotational components v,..;

and vg;,, respectively: v’ = v, + Va. Piecewise PV inversion is applied to decompose the non-divergent wind in com-
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ponents associated with low-level (p > 650 hPa) and upper-level (p < 600 hPa) PV anomalies, v;,,, and v, respectively:
Vrot = Vlow 1 Vyp. The piecewise PV inversion is described in detail in Teubler and Riemer (2021). The decomposition of PV
tendencies in Eq. 6 has been successfully used in several previous studies (Teubler et al., 2023; Hauser et al., 2023, 2024, 2025)
and is the decomposition of PV tendencies that is available for the current study. The decomposition into the six terms defined
by Eqgs. 7-12 is mathematically complete. The residuum term RES is introduced in Eq. 6 to represent discretization and inter-
polation errors and inaccuracies inherent in piecewise PV inversion. The term RES is small and does not affect the physical
interpretation of our results, and is thus omitted from further analysis.

The physical interpretation of the individual terms defined by Eqs. 7—-12 is as follows. The term BG represents advection of
background PV by the background flow. This term is very small compared to the other terms and cancels out in the derivation
of the error tendency equation below. The term ADV represents the advection of PV anomalies by the background flow. (In
terms of wave dynamics, this term represents the Doppler shift.) The term WAVE represents advection of background PV by
the flow associated with upper-level PV anomalies, which essentially represents the intrinsic propagation of Rossby waves
along the background PV gradient. The term BC represents advection of background PV by the flow associated with low-
level PV anomalies, which signifies the baroclinic coupling of the upper levels with the lower levels. This mechanism leads
to baroclinic growth of the upper-level PV anomalies, i.e., amplification of upper-level troughs and ridges. The term DIV
represents advection of the full PV, ¢ = ¢g + ¢/, by the ir-rotational flow. Large values of this term are usually associated with
latent heat release below, explicitly shown and further discussed in Teubler and Riemer (2021) and Hauser et al. (2023); see
also Steinfeld and Pfahl (2019); Sanchez et al. (2020). It is thus sensible to interpret this term — at least in large parts — as an
indirect impact of moist processes. Dominant contributions to DIV include latent heat release in warm conveyor belts in the
midlatitude storm tracks and summertime continental convection. Finally, the term EDDY represents the divergence of eddy

PV fluxes, i.e., the redistribution of PV by (highly) nonlinear processes.
3.2 Error tendency equations
3.2.1 PV errors

PV errors are defined as the difference between the forecast and in the analysis: Ag := g — ¢4, Where the indices f and a
denote a variable in the forecast and the verifying analysis, respectively. Davies and Didone (2013) introduced the idea of a

tendency equation for PV errors. A generic version of such an equation reads

9Aq _ 9(qr—4qa) _Oqs Oga _
ot = o ot o Vo= varVodd). 4

Using the individual piecewise PV tendency terms (Sect. 3) and indicating the difference between the individual terms in the

forecast and in the analysis by A, yields

% = AADV + AWAVE + ABC + ADIV + AEDDY. (14)

10
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Note that the term BG is the same in the forecast and the analysis and thus cancels out. Introducing the positive definite

(squared) error metric %(Aq)2 (following Baumgart et al., 2018), we get

10(Ag)®
551 = Aa(AADV + AWAVE + ABC + ADIV + AEDDY). (15)

In this framework, we attribute the growth of forecast errors to differences in the advection of PV anomalies, differences in
the intrinsic propagation of Rossby waves, differences in baroclinic growth, differences in the impact of moist processes, and
differences in the nonlinear redistribution of PV. In the case studied by Baumgart et al. (2018), error growth due to near-
tropospheric dynamics (here: AADV + AWAVE + AEDDY) is dominated by nonlinear dynamics. It can thus be expected that
the terms AADV and AWAVE here play a subordinate role relative to AEDDY.

3.2.2 Envelope errors

To derive a tendency equation for envelope errors, we first derive a tendency equation for the envelope itself. Expanding the

definition of the envelope yields

FE:=2

§ Ck eik;c

k>0

2 2
=2 (RZC;&“”) +<Ichei’”‘> , (16)

k>0 k>0

where k = [kpmin, kmaz] and R and Z denote the real and imaginary part of the sum, respectively. Using R and Z as short-hand

notation for these real and imaginary parts, differentiating yields

8 oty 22 (r2y 1) =4

IR oL
OE _ RIR 4 TIL
ot 2 ot

- a7)

Noting that ¢ = ¢, +ic;, we can write R = %Zik cpe™® and T = %Zik (¢; +ic,)e’ ™. Denoting the Fourier coefficients
of the (piecewise) PV tendencies as cf, = c%. +ict we can write the tendencies 2% =25, cte?*® and ZL =15~ (ct+
ict)et*®. We can thus evaluate the envelope tendency OFE /0t based on the knowledge of (the Fourier coefficients of) the PV
anomalies and the PV tendencies. Being able to compute OE/0t from the (piecewise) PV tendencies further implies that the
decomposition into individual mechanisms introduced in Sect. 3.1 translates to the evolution of the envelope field. Formally,

we may write

or
E:BG|E + ADV|g + WAVE|g + BC|g + DIV|g + EDDY |, (18)

where (-)|g denotes the contribution of the respective mechanisms to the evolution of the envelope field. Introducing the

squared error metric AE?, we can write in direct analogy to the (squared) PV-error equation

2
%% — AE(AADV|g + AWAVE| + ABC|; + ADIV|z + AEDDY ). (19)

Evaluating and comparing Eq. 19 and Eq. 15 enables us to compare the individual mechanisms that contribute to error growth

of the envelope and of the underlying wave pattern.

11
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Figure 6. Error evolution within the (upper) 50" percentile of envelope values E, averaged over all months. a) absolute MSE values (in
PVU) and b) saturation fraction. See the inlays for the meaning of the different colors. In b), the labels ’summer’ and *winter’ refer to the

underlying wave pattern averaged over extended summer and extended winter, respectively.

4 Predictability characteristics
4.1 Error growth and predictability

Figure 6a presents the absolute values of MSE, averaged year-round and over the regions in which values of the envelope
exceed a certain percentile value (here, rather arbitrarily, the median). This threshold is introduced to focus the analysis on the
storm tracks (cf. Fig. 2c,d). Qualitatively, there is negligible sensitivity to the choice of the threshold (not shown). The absolute
MSE is shown for the envelope (blue), the PV anomalies of the underlying wave pattern (orange), and for PV anomalies of
higher (green) and lower (red) wavenumbers. From the perspective of absolute MSE values, the envelope exhibits smaller
errors than the underlying wave pattern. Importantly, however, this perspective does not address the question of predictability.
We illustrate this important point by considering the well known scale dependence of predictability (e.g., Lorenz, 1969), i.e.,
the increase of predictability with scale. Seemingly consistent with this scale dependence, the absolute MSE of the higher
wavenumbers exhibits the largest values initially and saturates around day 7. After day 4.5 and day 8, however, the absolute
MSE values are smaller than those of the underlying wave pattern and of the lower wavenumbers, respectively. Evidently,
considering the absolute values of MSE in isolation does not correctly describe the well known predictability characteristic of
scale dependence.

Rather, a relevant metric for predictability is the MSE relative to the appropriate saturation level (Fig. 6b). Based on this
relative MSE, hereafter referred to as saturation fraction, several previous studies have defined the predictability time of a
feature as the lead time when a certain threshold of the saturation fraction is exceeded. The choice of this threshold is rather
arbitrary. For example, Selz et al. (2022) considered thresholds of 0.8 and 0.5. Using here a threshold value of 0.6 for the mere
purpose of illustration, Fig. 6b indicates predictability times of 3.5 days, 8 days, and 9.5 days for the three different wavenumber

12



270

275

280

285

https://doi.org/10.5194/egusphere-2026-3447
Preprint. Discussion started: 29 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

0.10
a) b)
1.0 c
—— envelope o —— extended winter
underlying wave pattern k] 0.081 __ extended summer
c 084 — higher wavenumbers :_;E = all months
=] —— lower wavenumbers c
kel o
§ % 0.06 1
%+ 0.6 1 5
c =
o ©
S 0
o c J
50414 £ 0.04
= [J]
© o
0 c
o
0.2 & 0.021
oS
0.0
0.00
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
lead time [d] lead time [d]

Figure 7. a) Error evolution (saturation fraction) within the RWP objects considered in this study, averaged over all months. b) Differences
(in absolute terms) between the saturation fraction of the envelope and the underlying wave pattern, averaged over all months, extended

winter, and extended summer, respectively. See inlays for the meaning of the different colors.

ranges, respectively, clearly revealing the scale dependence of predictability. For further illustration, Fig. 6b also demonstrates
that PV anomalies (of the underlying wave pattern) exhibit a lower predictability time during summer (violet, approx. 7.6
days) than during winter (orange, approx. 8.3 days), consistent with the lower predictability of RWPs during summer found by
Prestel-Kupferer et al. (2024) and lower general verification scores of operational centers during summer (e.g. Haiden et al.,
2022). More generally, it can be said that, at any a given lead time, a feature exhibits higher predictability than another feature
if the saturation fraction at that lead time exhibits smaller values. For example, the saturation fraction of PV anomalies with
higher wavenumbers exhibits the largest values throughout. Errors in this wavenumber range fully saturate after day 7. The
agreement with the saturation level at long lead times is very good, providing visual confirmation that the saturation level has
been determined appropriately.

With respect to the saturation fraction of the envelope, Fig. 6 indicates substantially higher values at all lead times than for
the saturation fraction of the underlying wave pattern. In the storm tracks in general, as here identified by a percentile threshold
of envelope values, the hypothesis that the RWP envelope exhibits higher predictability than the underlying wave pattern has
to be rejected. Rather the opposite, a higher predictability of the underlying wave pattern, seems to be the case.

The important question now is: Does this result hold if the analysis is focused specifically on RWPs, i.e., wave packets that,
by definition of common RWP identification and tracking algorithms, exhibit substantial amplitude with coherent structure in
both space and time? Figure 7 gives a confirmative answer. For this figure, the saturation fraction has been determined only in
the regions of RWP objects, as identified and tracked by Prestel-Kupferer et al. (2024) (see Sect. 2.1.2). While the difference
between the saturation fraction of the envelope and that of the underlying wave pattern is smaller than in the storm tracks
in general (cf. Fig.6b), there is still no indication that the RWP envelope exhibits enhanced predictability. This result holds

for both the extended winter and extended summer season, with the smallest differences in predictability found during winter
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Figure 8. Mechanisms underlying error growth of the envelope F (a) and the underlying wave pattern (b) in terms of an average growth rate

(in 10~®ms™'). The growth rate is defined by the climatological mean of the error tendencies divided by the climatological mean of the

error, averaged over all months (following, e.g., Baumgart et al., 2019). See inlays for the meaning of the different colors.

(Fig. 7b). The result holds also for any region defined by a percentile threshold on the envelope field that we have considered
(namely the 0, 50", 67, 751, 80, 85, 90, 95, and 98™ percentile). We thus reject with confidence the hypothesis that
the RWP envelope exhibits higher predictability than the underlying Rossby-wave pattern.

4.2 Error-growth mechanisms

As discussed in the introduction, one plausible explanation for enhanced predictability of the wave envelope is that it removes
phase information and, consequently, phase errors, which may dominate early growth of forecast errors. If this hypothesis
were correct, errors in the envelope would grow primarily through mechanisms that affect wave amplitude rather than phase.
Errors of the underlying wave pattern, in contrast, grow through mechanisms that impact both, amplitude and phase. The
hypothesis that the wave envelope exhibits higher predictability by removing phase information thereby implies that error-
growth mechanisms differ substantially between the envelope and the underlying wave pattern. In the context of the piecewise
PV tendencies available to us, as described in Sect. 3.1, the terms that represent moist-baroclinic growth (BC and DIV) and
wave (group) propagation (WAVE) have substantial impact on the amplitude of PV anomalies, whereas the terms that represent
advection by the background flow (ADV) and the divergence of nonlinear PV fluxes (EDDY) have subordinate impacts on
amplitude. A plausible expectation is thus that the terms BC, DIV, and WAVE play a more dominant role for the growth of
envelope errors than for the underlying wave pattern.

Figure 8 addresses this expectation by presenting the average error-growth mechanism as a function of lead time, scaled by
the average MSE at each lead time. This scaling helps to compare error-growth mechanisms over a range of error amplitudes
without compromising the identification of the relative importance of different mechanisms. The striking main feature of Fig. 8

is the similarity of the mechanisms that govern error growth of the envelope and error growth of the underlying wave pattern.
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f(x)

Figure 9. Synthetic wave packets consisting of wavenumbers 6-9 (dashed) and their envelope (solid). The black wave packet differs from
the blue wave packet by small phase shifts of the constituent wavenumbers, specifically 0.1, 0.05, -0.05, and -0.1 for wavenumbers 6, 7, 8,

and 9, respectively. Note that the sum of the phase shifts add to zero.

The EDDY term impacts the growth of envelope errors to the same extent as the growth of errors in the underlying wave
pattern. In addition, there is no indication that terms that dominate amplitude evolution (BC, DIV, WAVE) are of substantially
larger importance for the envelope than for the underlying wave pattern.

Figure 9 provides an explanation for the striking similarity of error-growth mechanisms. The envelope eliminates phase
information in the sense that the phase of the underlying wave pattern, i.e., the location of individual troughs and ridges, cannot
be inferred from the envelope. Eliminating this information, however, does not imply that the envelope is not sensitive to the
phase of the individual wavenumbers that comprise the envelope. Figure 9 illustrates this sensitivity for a synthetic wave packet
of underlying wavenumbers 6-9. Introducing small phase shifts to the individual wavenumbers, specified in the figure caption,
leads to a modification of the wave pattern resulting from the superposition of these wavenumbers. In this case, although the
sum of the individual phase shifts is zero, the modified wave pattern exhibits higher-amplitude troughs and ridges to the East
of peak amplitude and lower-amplitude troughs and ridges to the West (compare the blue and black dashed curves in Fig. 9).
Consequently, the envelope shifts to the East (compare the corresponding black and the blue envelopes in Fig. 9). The emerging
“errors”, i.e., the differences in the wave pattern and in the envelope are of comparable amplitude.

In summary, our interpretation is that ”the envelope is the wave”: Errors in the phase of the wavenumbers that comprise the
envelope translate into errors of the envelope. The envelope is a direct function of its underlying wavenumbers, as is evident
already from the definition of the envelope (Eq. 1). In particular, the notion is mistaken that the evolution of RWPs (as identified

by their envelope) involves larger-scale dynamics than that of the underlying wavenumbers.
4.3 Rossby wave packets and atmospheric predictability

While the RWP envelope does not provide increased predictability relative to the underlying wave pattern, a further important

question is if the very presence of an RWP increases predictability. This question has been addressed by Grazzini and Vitart
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Figure 10. a) Error evolution (saturation fraction) within (black) and outside (colors) of the RWP objects, averaged over all months. The
different colors denote different percentile thresholds used on the envelope field outside of RWP objects (see inlay). Note that the saturation
fraction systematically decreases for higher percentile thresholds. b) Seasonal variation in the difference of the saturation fraction above the
50™ outside of RWP object and within RWP objects (dashed, see inlay for the meaning of the colors) and the differences of the saturation
fractions when the percentile threshold is chosen such that the PV anomalies outside and within RWP objects are on average the same (solid).

Note that the differences in saturation fraction essentially vanish when controlled for the amplitude of the PV anomalies.

(2015) by investigating various skill scores of an operational forecast model over the northern hemisphere and over Europe for
October—May from 2010-2012. These authors find increased predictability in the presence of RWPs, compared to situations in
which RWPs are absent. We here revisit this question, considering a longer time period, a more recent operational model, and
year-round predictability. Importantly, we use saturation fraction as predictability metric, whereas Grazzini and Vitart (2015)
mostly present (non-normalized) MSE-type metrics. Furthermore, we focus on PV anomalies on the spatial scale of the under-
lying wave pattern only and shift focus from specified geographical regions to the region within RWPs. We thereby ask: Do
synoptic-scale (near-tropopause) PV anomalies embedded within the envelope of an RWP object exhibit higher predictability
than in average conditions?

We here define these average conditions as conditions outside of identified RWP objects where the envelope field still exceeds
its median value. Comparing the saturation fraction of average conditions with that within RWP objects clearly indicates higher
predictability within RWPs (Fig. 10a). Using (as above) an arbitrary threshold value of 0.6, the predictability time within RWPs
is approx. 18 h longer, consistent with the results of Grazzini and Vitart (2015).

Figure 10a further shows, however, that predictability outside of RWP objects depends systematically on the value of the
percentile threshold applied to the envelope field. Predictability monotonically increases when regions within higher percentiles
of the envelope are considered (illustrated for the 80", 90, and 93™ percentile in Fig. 10a). Prestel-Kupferer et al. (2024) have
found that higher-amplitude RWPs exhibit higher predictability than their lower-amplitude counterparts. Here we find that

this dependence on amplitude extends to outside of the RWP objects. To control for amplitude, we select for each month a
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percentile value for which the area-averaged amplitude of the PV anomalies outside of the RWP objects matches best with that
within the RWP objects. We select from the 80™, 8279, 84™ g6, 88™, 89™ 90, 915, 927 and 93" percentiles. Resulting
differences in amplitude are within 1-2 % of the average for each individual month. Comparing PV anomalies within RWPs
with PV anomalies that exhibit on average the same amplitude outside of RWPs, differences in predictability largely disappear
for the year-round average (Fig. 10b). Because there are distinct differences between seasons, Fig. 10b presents also the results
for extended summer and extended winter separately. While the predictability differences are substantially smaller for both
seasons when controlling for amplitude, extended summer still exhibits higher predictability within RWPs, whereas extended
winter exhibits lower predictability. We report this result here as an intriguing difference between the seasons, but leave open
an interpretation of the relevance of these observed, small absolute differences for future studies. A more relevant and robust
difference between the seasons is that the increase in predictability within RWPs is larger in summer than in winter if amplitude
is not controlled for (Fig. 10b). Consistently, the amplitude of PV anomalies within RWPs correspond to that of an average
percentile of 88.8 in extended summer and 85.6 in extended winter, i.e., RWPs constitute more extreme PV anomalies in
extended summer than in extended winter.

Our results suggest that, to leading order, the predictability of midlatitude, synoptic-scale (PV) anomalies is controlled by
their amplitude. It seems plausible that high-amplitude anomalies in general exhibit a stronger "predictive signal". The PV
anomalies averaged over RWP objects are approx. within the upper 15% percentile of our data, and thus constitute substantial,
high-amplitude deviations from average conditions. Within RWPs, high-amplitude anomalies are organized coherently in space
and time, extending over large geographical regions for several days. It is this ability of RWPs to organize high-amplitude
anomalies that is at the heart of the increased predictability that is found in the presence of RWPs.

The dynamical process underlying this organization is downstream (moist-)baroclinic development (Orlanski and Sheldon,
1995; Teubler and Riemer, 2021): Anomalies locally amplify by moist-baroclinic growth, subsequently disperse downstream
by group propagation, and moist-baroclinic growth is again initiated in the downstream region. High-amplitude anomalies are
thereby organized as a wave pattern along a Rossby waveguide (Manola et al., 2013; Wirth et al., 2018). While the downstream
dispersion by group propagation has been stressed as a potential source of predictability since the seminal work by Cressman
(1948), the state of the Rossby waveguide that would facilitate the coherent propagation of high-amplitude anomalies has
received much less attention in the context of predictability. Grazzini and Vitart (2015) suggest in their concluding discussion
to focus on the atmosphere’s "capacity to transmit wave packets”, i.e., waveguide characteristics at lead times when "the
predictability of individual waves becomes very uncertain". We support their notion, but go a step further and hypothesize that
waveguide characteristics impact atmospheric predictability even more directly by allowing or constraining RWP coherence in

the first place.

5 Conclusions

The long-standing hypothesis has been tested that RWP envelopes are more predictable than the individual troughs and ridges

that form the underlying wave pattern. To this end, we have adopted a PV perspective and used the saturation fraction of the
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MSE as predictability metric. Deriving a tendency equation for envelope errors, the PV perspective enables the quantification
of error-growth mechanisms and hence insight into predictability characteristics from an atmospheric dynamics perspective.

Very robustly, our analysis does not provide any indication of enhanced predictability of the RWP envelope. The hypothesis is
therefore rejected. The error-growth mechanisms of the envelope and of the underlying wave pattern exhibit striking similarity.
We demonstrate that the envelope — although it eliminates phase information in the sense that the location of individual troughs
and ridges can no longer be inferred — is still sensitive to the phase relation of the individual wavenumbers that comprise the
envelope. Phase errors in the underlying wave pattern thereby translate into envelope errors. In short, our interpretation is that
"the envelope is the wave", i.e., the envelope is a direct function of its underlying wavenumbers, as one could expect from
the formal definition of the envelope (Eq. 1). In particular, the notion is mistaken that RWPs (as identified by their envelope)
involve larger-scale dynamics than that of the underlying wavenumbers, and that enhanced predictability may be inherited from
this putative larger-scale dynamics. This erroneous notion may seem plausible when considering the RWP envelope on spatial
maps (such as Fig. 1 presented herein).

We stress that still there are sensible applications of the envelope perspective in the context of predictability. In particular,
because the envelope is a positive definite metric, one may extract predictive signals by averaging, e.g., over ensemble members
or when time-averaged metrics are of interest, as for sub-seasonal to seasonal predictions. Averaging over the underlying wave
pattern, on the other hand, the signal increasingly weakens due to the compensation between negative and positive anomalies
when phase correlations between the forecast and the analysis diminish. We further note, as a limitation of our analysis, that
we considered lead times up to 10 days only. While the saturation fraction of the underlying wave pattern is already large
at 10-day lead time (around 0.75 - 0.8), errors are not yet fully saturated. There is indication that predictability differences
diminish for high saturation fraction, and our analysis does not rule out the possibility that the RWP envelope may be indeed
more predictable than the underlying wave pattern for even higher values of the saturation fraction of the underlying wave
pattern.

In addition, we have revisited the important question if predictability is in general increased in the presence of RWPs. Consis-
tent with previous work (Grazzini and Vitart, 2015), we find that predictability time is approx. 18 h longer for anomalies within
RWPs than on average outside of RWPs. We furthermore find, however, that predictability of PV anomalies outside of RWPs
systematically increases with increasing amplitude of the anomalies. Controlling for amplitude, i.e, comparing PV anomalies
within and outside of RWPs that exhibit on average the same amplitude, predictability differences vanish. Our interpretation
of this result is that it is the ability of RWPs to organize high-amplitude anomalies coherently over large geographical regions
that is at the heart of the increased predictability found in the presence of RWPs. In turn, this ability to organize is facilitated
by the presence of a sufficiently strong waveguide (Manola et al., 2013). Investigating the role of the Rossby waveguide for

atmospheric predictability therefore emerges as a potentially fruitful topic for future studies.
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