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ABSTRACT: The representation of the stratosphere and stratosphere-troposphere coupling processes is evaluated in the
subseasonal Global Ensemble Forecast System, version 12 (GEFSv12), hindcasts. The GEFSv12 hindcasts develop system-
atic stratospheric biases with increasing lead time, including a too strong boreal wintertime stratospheric polar vortex. In
the tropical stratosphere, the GEFSv12 winds and temperatures associated with the quasi-biennial oscillation (QBO) tend
to decay with lead time such that they underestimate the observed amplitudes; consistently, the QBO-associated mean me-
ridional circulation is too weak. The hindcasts predict extreme polar vortex events (including sudden stratospheric warm-
ings and vortex intensifications) about 13-14 days in advance, and extreme lower-stratospheric eddy heat flux events about
6-10 days in advance. However, GEFSv12’s ability to predict these events is likely affected by its zonal-mean circulation
biases, which increases the rates of false alarms and missed detections. Nevertheless, GEFSv12 shows stratosphere—troposphere
coupling relationships that agree well with reanalysis and other subseasonal forecast systems. For instance, GEFSv12 reproduces
reanalysis relationships between polar vortex strength and the Northern Annular Mode in the troposphere. It also exhibits en-
hanced weeks 3-5 prediction skill of the North Atlantic Oscillation index when initialized during strong and weak polar vortex
states compared to neutral states. Furthermore, GEFSv12 shows significant differences in Madden—Julian oscillation (MJO)
amplitudes and enhanced MJO predictive skill in week 4 during easterly versus westerly QBO phases, though these results are
sensitive to the level used to define the QBO. Our results provide a baseline from which future GEFS updates may be measured.

KEYWORDS: Stratospheric circulation; Stratosphere-troposphere coupling; Climate prediction; Ensembles;
Forecast verification/skill

1. Introduction The ability to leverage the stratosphere as a source of
predictability may be limited by stratospheric biases and
deficiencies that are relatively common in global models
(Charlton-Perez et al. 2013; Richter et al. 2020; Rao et al.
2022; Serva et al. 2022), including in S2S and seasonal predic-
tion systems (Lawrence et al. 2022; Rao et al. 2023). For ex-
ample, many S2S systems exhibit biases in two key circulation
features of the stratosphere, the stratospheric polar vortices
(Waugh and Polvani 2010; Waugh et al. 2017), and the quasi-
biennial oscillation (QBO) (Baldwin et al. 2001). There can
be many reasons for such model errors (see Lawrence et al.
2022, for a more detailed discussion with a focus on S2S models),
but generally they are tied to deficiencies in resolved and/or pa-
rameterized wave drag (McLandress et al. 2012; Garfinkel et al.
2022; Schwartz et al. 2022), low model lid heights and/or vertical
resolution in the stratosphere (Charlton-Perez et al. 2013; Richter
et al. 2014; Shaw et al. 2014), radiative effects from trace gases
such as water vapor and ozone (Hogan et al. 2017; Bland et al.
2021), and even model numerics (Polichtchouk et al. 2019, 2021).
Some modeling centers such as the European Centre for

& Supplemental information related to this paper is available at ~ Medium-Range Weather Forecasts (ECMWF) have prioritized
the Journals Online website: https//d010rg/101175/MWR—D—22— j_rnproving the representaﬁon of the Stratosphere in their models

A growing body of research has established that the strato-
sphere can influence tropospheric weather and climate on
subseasonal-to-seasonal (S2S) time scales (see Butler et al.
2019; Domeisen and Butler 2020, for reviews). These relation-
ships arise as a result of two-way coupling across atmospheric
layers involving interactions between planetary-scale atmo-
spheric waves and the mean circulation. The stratospheric
circulation features that may subsequently influence the tro-
pospheric state generally exhibit high persistence and pre-
dictability, at least relative to the troposphere (Domeisen
et al. 2020a; Son et al. 2020). Therefore, the stratosphere is
recognized as an important potential source of predictive
skill for S2S forecasts (Merryfield et al. 2020; Domeisen et al.
2020b; Scaife et al. 2022), including as a driver of “forecast
windows of opportunity” (Mariotti et al. 2020; Albers and
Newman 2021).

0283.51. because of the potential benefits for tropospheric prediction
(Shepherd et al. 2018; Polichtchouk et al. 2021).
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(GEFSv12) was released in 2020, five years after its predeces-
sor. Major updates implemented in GEFSv12 include a change
to the dynamical core from the previous hydrostatic Global
Spectral Model to a finite volume-based (FV3) nonhydrostatic
model (Lin 2004; Putman and Lin 2007), new and updated
physics schemes, an increase in operational ensemble size
from 20 to 30 members, and the extension of forecasts from
16 to 35 days (Zhou et al. 2022). The release of GEFSv12 also
included a 30-yr set of GEFSv12 hindcasts from 1989 to 2019
(Guan et al. 2022), and a 20-yr GEFSv12 reanalysis that
was used to initialize the hindcasts from 2000 to 2019 (Hamill
et al. 2022). With these characteristics, GEFSv12 represents
NOAA'’s latest operational subseasonal prediction system
since the release of the Climate Forecast System version 2
(CFSv2) in 2011 (Saha et al. 2014).

Generally, the representation of the stratosphere and
stratosphere-troposphere coupling processes has not been
methodically assessed and documented for NOAA S2S pre-
diction systems. The CFSv2 has seen widespread use in stud-
ies focused on aspects of stratospheric predictability and
stratosphere—troposphere coupling (see, e.g., Zhang et al.
2013; Riddle et al. 2013; Yu et al. 2019; Miller and Wang 2019;
Rao and Garfinkel 2020), including in model intercomparison
studies such as those by Domeisen et al. (2020a,b) and Lawrence
et al. (2022). Since the GEFSv12 is relatively newer, it has not
yet seen similar use. Lawrence et al. (2022) showed that the
“NOAA family” of systems including the GEFSv12 and CFSv2
show some similar and different stratospheric biases; for instance,
both systems exhibit warm global and annual mean stratospheric
temperature biases, but the GEFSv12 exhibits a strong Arctic po-
lar vortex bias in boreal winter, while the CFSv2 exhibits a weak
vortex bias instead.

The community-based Unified Forecast System (UFS) is in-
tended to be the source system for NOAA operational fore-
casting models going forward, including for S2S applications
(Cikanek et al. 2019; Jacobs 2021). In addition to being the
most major update to NOAA’s S2S forecasting capabilities
in roughly a decade, the GEFSv12 is considered to be the
first UFS-based application for NOAA S2S prediction. Thus,
there is a significant need to evaluate processes relevant for
S2S predictability such as stratosphere-troposphere coupling
in the GEFSv12. Such evaluations can inform community-
driven UFS development and provide benchmarks for future
iterations of the GEFS. A better understanding of the inter-
play between stratospheric biases, coupling processes, and
predictive skill in one S2S system such as GEFSv12 may also
provide insight into the behavior and performance of other
models.

Herein we provide a thorough evaluation of relevant strato-
spheric metrics and stratosphere—troposphere coupling pro-
cesses in the GEFSv12 hindcasts. In section 2 we briefly
describe the GEFSv12 hindcasts, the reanalysis data we use
for comparison, and our methods. In section 3 we present our
results, focusing on the zonal-mean state, extreme strato-
spheric events, and aspects of stratosphere—troposphere cou-
pling. Finally, in section 4 we summarize and discuss our
results.
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2. Data and methods
a. GEFSv12 hindcasts

We evaluate the 35-day “phase 2” GEFSv12 hindcasts which
cover the period from 2000 to 2019. These hindcasts were run
once weekly (beginning 5 January 2000) with 11 members, for a
total of 1043 initializations. The GEFSv12 hindcasts were out-
put with higher temporal and spatial resolutions for earlier time
steps and pressure levels. For our purposes, we thin all data to
match the output grid for leads beyond 10 days, which is 0.5° in
the horizontal with 6-hourly time steps. Pressure level fields are
provided on 25 standard levels between 1000 and 1 hPa, with
10 between 100 and 1 hPa. Guan et al. (2022) provide further
details on the GEFSv12 hindcast configuration, data archive,
and performance.

b. GEFSvI2 reanalysis (GEFS-R)

The GEFSv12 reanalysis (hereinafter, GEFS-R) was cre-
ated to initialize the phase 2 GEFSv12 hindcasts. It was devel-
oped so the assimilation system and initial conditions for the
hindcasts would be as consistent as possible with the opera-
tional system of the real-time GEFSv12 forecasts. This was
done to minimize differences in short-term forecast biases
that may otherwise arise from differing characteristics of the
systems used to generate analyses for the hindcasts versus
operational forecasts. Hamill et al. (2022) provide a more
comprehensive description of GEFS-R and the motivations
behind it.

Herein, we compare GEFS-R to another more commonly
used reanalysis (ERAS, described in the next subsection) to
better understand how biases in the GEFSv12 hindcasts may
be tied to its initial conditions versus drift in the underlying
model, including in uncertain regions such as the upper strato-
sphere. We also use GEFS-R for the period of 2000-19 as a
comparison to ERAS’s longer reanalysis period dating back to
1979 to demonstrate the sensitivity of stratosphere—troposphere
coupling statistical relationships to the period of years
considered.

The GEFS-R atmospheric fields are provided on a 0.25° X 0.25°
grid with 6-hourly frequency (0000, 0600, 1200, and 1800 UTC
times). Pressure level fields are given on 31 standard levels be-
tween 1000 and 1 hPa, with 11 between 100 and 1 hPa.

¢. ERAS reanalysis

We use ERAS (Hersbach et al. 2020) for direct comparisons
and verification of the GEFSv12 hindcasts with reanalysis. For
the 200006 period, we use the revised ERAS.1 data that in-
cludes reduced biases in stratospheric temperatures and humidity
(see Simmons et al. 2020, for more details). We use ERAS atmo-
spheric fields on a 0.25° X 0.25° grid with 3-hourly temporal reso-
lution. Pressure level data are provided on 37 standard levels
between 1000 and 1 hPa, with 11 levels between 100 and 1 hPa.

d. Data preprocessing
1) ZONAL-MEAN DATASETS

Variations in the stratospheric circulation can largely be under-
stood through wave-mean flow interactions (Andrews et al. 1987).



JuLYy 2023

For our study, we created a publicly available archive of
GEFSv12 hindcast “zonal-mean datasets.” These include
zonal means of wind components (i, v, w), temperatures (7),
geopotential heights, and eddy fluxes. Here, “eddy fluxes” re-
fer to the meridional and vertical fluxes of heat and momen-
tum, such as the eddy heat flux v T’, where X refers to the
zonal mean of field x, and x’ = x — X. These eddy fluxes are
additionally computed for zonal wavenumbers 1-3.

2) REGIONAL AVERAGING AND ANOMALIES

Throughout the paper, we use diagnostics averaged over
different regions or latitude bands. In such cases, we use co-
sine-latitude weighted averages to account for the area of grid
cells.

Similarly, whenever anomalies are needed from the hind-
casts, they are computed by removing a lead-dependent cli-
matology. Because the GEFSv12 hindcasts were initialized
once per week, they have nonuniform sampling across days of
year in the 2000-19 period. Therefore, we smooth the lead-
dependent climatologies according to the “SubX method”
described in Pegion et al. (2019, see their appendix B). This
entails applying a 31-day rolling triangular weighted average
across the days of year of the raw climatologies.

3) WEATHER AND CLIMATE INDICES

Section 3 includes results that quantify the ability of
GEFSv12 to predict aspects of weather and climate variabil-
ity, including polar vortex geometry (Waugh 1997; Seviour
et al. 2013), the North Atlantic Oscillation (NAO; Hurrell
et al. 2001), Northern Annular Mode (NAM; Thompson and
Wallace 2000), and the Madden—Julian oscillation (MJO;
Wheeler and Hendon 2004). The full details for how we com-
pute the indices that describe these phenomena from reanaly-
sis and hindcast data are included in the appendix.

e. Forecast evaluation

When referring to forecast lead times, we use the conven-
tion that weeks 1, 2, ..., refer to aggregates over days 1-7,
8-14, ..., etc., and similarly for pentads. In cases where we
compare values with reanalysis, we equivalently sample the
reanalysis data to match the valid times in the GEFSv12 hind-
casts. For instance, a “week 3-5” aggregate of reanalysis data
would correspond to using the GEFSv12 day 15-35 valid
times within a specified season (e.g., only DJFM valid times),
or from a set of initializations (e.g., only NDJF initializations)
to sample the reanalysis.

1) EXTREME STRATOSPHERIC EVENTS

Our analysis considers GEFSv12’s ability to predict differ-
ent extreme stratospheric events. We define such events using
thresholds so that the target observations and forecasts are di-
chotomous, corresponding to whether the given threshold is
met at a given lead time. For aggregate leads (pentads or
weeks), we mark the entire period with “1” if the given
threshold is met for any day in the bin (and “0” otherwise). In
this way, we judge the performance of the hindcasts at pre-
dicting the presence of extreme stratospheric conditions
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without requiring ensemble members to align perfectly in
time for pentad or weekly time scales, in a manner appropri-
ate for S2S predictions (so-called “fuzzy verification” Ebert
2008; Yu et al. 2019). We then compile statistics about the hit
(forecast and observations = 1), miss (forecast = 0, observa-
tions = 1), and false alarm (forecast = 1, observations = 0)
rates. With these, we show the lead time at which the number
of hits equals the sum of misses and false alarms, attributes di-
agrams, and receiver operator characteristic (ROC) curves
(Hsu and Murphy 1986; Wilks 2019).

We focus on four extreme stratospheric events: SSWs
(Baldwin et al. 2021), vortex intensifications (VIs; Limpasu-
van et al. 2005; Tripathi et al. 2015), and extreme positive and
negative heat flux events (Shaw et al. 2014; Dunn-Sigouin and
Shaw 2015). We define SSWs using the common threshold for
10-hPa 60°N zonal-mean zonal winds below 0 m s~ ' during
the NDJFM period. We then use the percentile of 0 m s~ ! for
SSWs in the 2000-19 NDJFM reanalysis record (~7.5 percen-
tile) to define the equivalently rare extreme (92.5 percentile)
to define VIs, which corresponds to winds above 49 m s
We use the same percentiles to define the extreme heat flux
events from 50 hPa, 45°~75°N wave-1 v/ T” in the NDJFM re-
analysis record, which gives thresholds of —2 and 38 K m s~ .
We only focus on wave-1 eddy heat fluxes, which generally
dominate the total eddy heat flux and the occurrence of nega-
tive heat flux events (Shaw and Perlwitz 2013; Dunn-Sigouin
and Shaw 2015).

2) SKILL METRICS

We make use of common correlation metrics to examine
the effect of background stratospheric conditions on GEFSv12
hindcasts of the NAO and MJO indices. The correlation skill
score (CSS; Charlton-Perez et al. 2021) is

=

x(t, Dy + 1)
CSS =

1

N N ’
2, 2 Yt + 1)
=1 i=1

i

where X(t;, 7) is an ensemble mean forecast for initialization
at lead time 7, y(t; + 7) is the corresponding observation for
the same valid time period, and N is the number of initializa-
tions. Here it is assumed that appropriate climatologies have
been removed such that x and y are anomalies, or are repre-
sentative of anomalies in the case of EOF-based indices. The
subset correlation (SSC; Charlton-Perez et al. 2021) is

SSC = A’/ ~
\/,-§ F®(t,m) — [x]}zgl O + 1) — 1Y

N
2%t = XDy + 1) = Dl

@

where [X] and [y] are the means of the forecast and observa-
tion anomalies within the subset of N initializations, which are
functions of 7 only. Finally, for bivariate variables such as the
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FIG. 1. (a),(b) Annual and (c),(d) December-March differences between GEFS-R and ERA5 (2000-19) for

(a),(c) zonal-mean zonal winds (m s ') and (b),(d) temperatures (K). Additionally, differences between GEFS-R and
ERAS are contoured with thin black/dashed lines every 2 m s~! in (a) and (c), and every 1 K in (b) and (d). The
ERADS5 climatologies are shown in the thick gray contours, with winds contoured every 10 m s~ !, and temperatures
every 20 K. Stippling shows where the reanalysis differences are not statistically significant at the 95% level as deter-

mined from bootstrap resampling 50 000 times.

real-time multivariate MJO indices, the bivariate anomaly
correlation (BCOR; Rashid et al. 2011) is

|

where the subscripts denote the two components of the en-
semble mean forecasts X and observations y as in Eq. (1).

z
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3. Results
a. Biases in the zonal mean

The stratospheric circulation can largely be explained by
the balance of radiatively and dynamically induced tempera-
ture variations, the latter of which can be well-understood
within the framework of waves interacting with the zonal-
mean flow (Andrews et al. 1987). Therefore, model biases in
stratospheric zonal-mean temperatures and winds can be di-
rectly tied to the model’s representation of radiative and
dynamical processes. In forecasts, biases may be related to
the conditions used to initialize the forecast model (versus the
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observations used to verify), and/or they may develop with
lead time when model-internal processes cause a systematic
drift in modeled fields. Below we assess both of these aspects
for GEFSv12 zonal-mean zonal winds and temperatures.
First, we determine how using ERAS for verifying the
GEFSv12 hindcasts may be influenced by differences in
the initial stratospheric states from GEFS-R. Figure 1 shows
the 2000-19 annual (Figs. 1a,b) and DJFM (Figs. 1c,d) aver-
age differences between GEFS-R and ERAS zonal-mean
winds and temperatures. Differences in the zonal-mean zonal
winds poleward of about 30° in both hemispheres are gener-
ally small, less than 1 m s~! in magnitude throughout the
troposphere and stratosphere (Figs. la,c). The largest wind
differences occur in the tropical middle-to-upper stratosphere,
with GEFS-R winds being more westerly than in ERAS by
2-6m s~ ! between about 10-3 hPa, and from —10° to 10° lati-
tude in the region of climatological easterlies. These westerly
differences extend poleward and upward to about 1 hPa and
+20° in latitude, which are stronger in the DJFM-only com-
posite. The temperature differences between GEFS-R and
ERAS do not have a strong seasonal dependence, but they
are globally layered, with GEFS-R being warmer between
100 and 10 hPa, colder from 5 to 2 hPa, and warmer above
2 hPa (Figs. 1b,d). The differences are relatively small be-
tween 100 and 10 hPa, with GEFS-R warmer by less than 1 K;
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GEFSv12 Zonal Mean Biases from ERAS5 (DJFM)
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FIG. 2. GEFSv12 biases in zonal-mean (top) zonal winds (m s~ ') and (bottom) temperatures (K) relative to ERAS reanalysis for DJFM
valid times. (a),(d) The biases averaged over week 3-5 lead times as a function of pressure and latitude, and (b),(c),(e),(f) biases as a func-
tion of pressure and lead time. Panels (b) and (e) highlight zonal wind and temperature biases in the latitudes of the Arctic polar vortex
while (c) highlights biases in the tropical zonal winds (10°S-10°N); (f) shows global mean temperature biases.

however, above this region the temperature differences have
higher magnitudes that exceed 1-2 K. These reanalysis differ-
ences remain similar for composites of different years, but the
temperature differences appear to be more amplified from
2000 to 2009 (not shown), possibly suggesting an effect related
to assimilated observations.

The GEFS-R versus ERAS reanalysis differences are con-
sistent with differences seen between other modern reanalysis
datasets. The regions with the largest GEFS-R minus ERAS
differences are in the middle-to-upper stratosphere, which is
where reanalysis differences tend to be largest in general due
to the relatively sparse observations available for assimilation
(Long et al. 2017; Fujiwara et al. 2022). However, the tropical
westerly wind differences from ~10- to 3-hPa apparent in
Figs. 1a and 1c appear to be unique to GEFS-R, as they also
appear when comparing GEFS-R to other modern reanalyses
(not shown). ERAS5 temperatures have been shown to agree
well in the middle-to-upper stratosphere up to 1 hPa relative
to Rayleigh lidar measurements (Marlton et al. 2021). These
results suggest that some of the GEFS-R differences may be
biases inherent to GEFS-R, which will be in the GEFSv12
hindcast initial conditions.

With these reanalysis differences in mind, we now view
zonal-mean biases in the GEFSv12 hindcasts to better under-
stand the behavior of the prediction system. Figure 2 shows
the DJFM weeks 3-5 biases relative to ERAS in zonal-mean
zonal winds and temperatures (Figs. 2a,d). We show DJFM
only since the biases are similar for the Southern Hemisphere
during its winter season and in the annual mean (as shown in
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Lawrence et al. 2022). Notable features of the biases include: a
westerly polar night jet/cold polar cap bias; tropical middle-to-
upper stratosphere wind biases; extratropical upper tropospheric/
lower stratospheric (UTLS) cold biases in both hemi-
spheres; and a global mean stratospheric warm bias. The
westerly polar night jet bias becomes apparent at the highest
levels within the first week of the forecasts (Fig. 2b). Due to
the competing effect of the global warm bias encroaching
into the polar region, the cold pole bias is only apparent
down to 2 hPa in the 70°-90°N average (Fig. 2¢). However,
the apparent negative equator—pole gradient in the temper-
ature biases in Fig. 2d agrees with the deeper extent of the
westerly polar vortex wind biases, which exceed 3 m s !
down to 10 hPa by day 24-25 of the hindcasts. The westerly bias
in the tropical middle-to-upper stratospheric winds is an example
of a bias present in the initial conditions (Fig. 1c) that is main-
tained and even amplified throughout the forecasts (Fig. 2c). The
extratropical UTLS cold bias is present in both hemispheres and
is more amplified in the summer hemisphere (Fig. 2d); however,
even in the winter hemisphere this bias becomes apparent within
the first week, and amplifies further with cold biases below —2 K
becoming predominant by about day 14 (Fig. 2¢). In the global
mean, the layered nature of the GEFS-R minus ERAS tempera-
ture differences (Figs. 1b,d) is apparent at short lead times, but
quickly becomes overwhelmed by a monotonic increase in the
temperature biases throughout the stratosphere, with biases ex-
ceeding 2 K down to 50 hPa by around day 14 (Fig. 2f).

Many of the biases shown in Fig. 2 were discussed in Lawrence
et al. (2022) in the context of other S2S forecast systems.
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GEFSv12 Tropical Stratosphere Biases (Weeks 3-5)
50 hPa EQBO Inits (469) 50 hPa WQBO Inits (574) EQBO minus WQBO
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FIG. 3. GEFSv12 tropical zonal-mean zonal wind (m s~ ') and temperature biases (K) averaged over weeks 3-5 for all initializations in
(a) EQBO, (b) WQBO, and (c) their difference. The phase of the QBO is defined by the 50-hPa zonal-mean zonal winds averaged from
10°S to 10°N. Zonal wind biases are plotted in the colors, whereas temperature biases are plotted in the line contours. In (c), wind bias dif-
ferences are plotted in color only where differences are significantly different from 0; stippling shows where temperature differences are
not significantly different from 0. Statistical significance is assessed at the 95% level via bootstrap resampling 50000 times. The 50-hPa

level is indicated by the magenta dashed line.

However, Fig. 2 additionally shows levels above 10 hPa that
are generally not available for other S2S systems, which
provides further insight into the structure of GEFSv12
biases and how quickly they develop in time. At the highest
levels near 2-1 hPa, the influence of the model sponge layer
likely cannot be ignored; the FV3-based dynamical core of
GEFSv12 (Lin 2004; Putman and Lin 2007) uses a diffusive
sponge layer that applies stronger damping (relative to
lower model levels) and three-dimensional Rayleigh drag at
the highest model levels (Harris 2021). These numerical
characteristics of the model directly influence the winds and
temperatures in these layers, and can feedback on the
model dynamics (Shepherd et al. 1996).

GEFSv12’s biases in the tropical stratosphere from 100 to
10 hPa are best viewed as a function of the alternating phases
of westerly and easterly QBO winds (WQBO and EQBO, re-
spectively). Lawrence et al. (2022) showed that the GEFSv12
performed on par with high-top S2S forecast systems in main-
taining QBO winds and temperatures, but their analyses were
limited to simple time series diagnostics. Figure 3 shows
GEFSv12 biases in weeks 3-5 zonal-mean zonal winds and
temperatures composited by the sign of the 50-hPa tropical
(from —10° to 10° latitude) zonal winds (QBOS50) at initializa-
tion. Between 100 and 50 hPa, GEFSv12 winds generally
decay such that they underestimate the amplitude of the ob-
served QBO. This appears as a westerly bias during initially
EQBOS0 phases (Fig. 3a), and an easterly bias during initially
WQBO30 phases (Fig. 3b). The raw amplitude of QBO50 in ob-
servations is asymmetric, with winds typically reaching ~10 ms™*
during WQBO50, but ~—15 m s~ ! during EQBOS50; thus, the
easterly GEFSv12 bias for hindcasts initialized in WQBOS0 rep-
resents a degradation of a larger fraction of the observed signal.
From 30 to 10 hPa, GEFSv12 exhibits a general westerly bias (as
shown in Fig. 2), but with a much greater amplitude and
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latitudinal extent for WQBOS50 initializations (Fig. 3b). In obser-
vations, the direction of winds around 10 hPa are often opposite
to those at 50 hPa (i.e., EQBOS50 often corresponds to WQBO10;
Wallace et al. 1993), meaning the large 30-10-hPa westerly biases
in the WQBOS0 composite indicates the winds in the middle
stratosphere are not easterly enough.

This dipole pattern between the lower and middle strato-
sphere is more clear in the difference between the two QBO
composites (Fig. 3c), which also highlights the impact on the
temperature biases. Under observed conditions, cold anoma-
lies are expected in the tropical tropopause region under
EQBOS0 (related to negative vertical wind shear), and oppo-
site for WQBOS50 (Collimore et al. 2003; Gray et al. 2018).
However, Fig. 3c shows a relative warm bias near the equato-
rial tropopause (and a relative cold bias at levels above) in
the hindcasts with initially easterly versus westerly QBOS50,
which is consistent with an underestimation of the true wind
shear. The relative cold biases centered around *=20° in the
lower stratosphere further demonstrate that the mean meridi-
onal circulation associated with the QBO becomes too weak
in the hindcasts. Under observed EQBOS50 conditions, tropi-
cal tropopause cold anomalies arise in association with anom-
alous upwelling near the equator, which tie to anomalous
downwelling and warm anomalies in the subtropics (the oppo-
site is true for WQBOS50; Baldwin et al. 2001; Collimore et al.
2003). The “checkerboard” pattern of relative temperature
biases in Fig. 3c, which are opposite in sign to that expected
for raw EQBOS50 conditions, points toward these circulations
being too weak.

b. Extreme stratospheric polar vortex events

In the NH, extreme polar vortex events have been highlighted
as potential “forecast windows of opportunity” for tropospheric
prediction (Butler et al. 2019; Domeisen et al. 2020a; Albers and
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FIG. 4. GEFSv12 dichotomous predictions of (a)—(c) SSWs and (d)

—(f) VIs. (left) The rate of GEFSv12 hits, false alarms, and misses as

a function of daily lead time for forecasts predicting greater than 50% probability of an event/nonevent. (center) The attributes diagrams
and (right) ROC curves for predictions of these events under varying probability thresholds. The attributes diagrams are computed by bin-

ning forecast probabilities from 0% to 20%, 20% to 40%, ...

, 80% to 100% (plotted at the midpoint of the bins), whereas the ROC

curves use probability thresholds corresponding to a change of 1 ensemble member each [from right to left of (c) and (f)], up to 11. The
area under the ROC curves is indicated by the numbers in the bottom right of (c) and (f). The sample sizes associated with the attributes
diagrams and ROC curves are provided in the supplemental Fig. 1. Results are based on NDJF initializations only.

Newman 2021). These events represent large and sudden
changes to the strength of the stratospheric polar vortex such
as SSWs (Baldwin et al. 2021) and VIs (Limpasuvan et al.
2005). SSWs and VIs can drive persistent temperature and
wind anomalies in the lower stratosphere that may subse-
quently influence the tropospheric circulation. Skillfully pre-
dicting these events may thus extend S2S prediction skill even
further (Cai et al. 2016; Scaife et al. 2022). Figure 4 assesses
the ability of GEFSv12 to predict these extreme polar vortex
events [as defined in section 2e(1)] for forecasts initialized in
November-February.

The GEFSv12 hindcasts predict extreme polar vortex
events about 2 weeks in advance, but predictions at longer
leads exhibit issues possibly related to circulation biases. For
SSWs (Fig. 4a), GEFSv12 forecasts with >50% ensemble
agreement have a higher fraction of hits out to ~13-14 days
compared to false alarms and misses. Across all lead times,
the number of missed days with easterly winds exceeds the
false alarm rate for this confidence level. The attributes dia-
gram (Hsu and Murphy 1986; Wilks 2019) for SSWs (Fig. 4b)
similarly shows that the week 2 predictions are reliable, but
the weeks 3-5 predictions exhibit poor resolution (overconfi-
dence) for moderate forecast probabilities. In addition, the
areas under the ROC curves (Fig. 4c) drop quickly beyond
week 2. Results are similar for forecasts of strong westerlies
associated with VIs (Fig. 4d), but here the false alarms exceed
misses across the lead times. This is particularly apparent in the
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attributes diagram (Fig. 4e), where the weeks 3-5 predictions
show consistently high overconfidence near the line of “no
skill.” The VI ROC curves (Fig. 4f) show that the GEFSv12
predictions tend to have higher hit rates (and larger areas under
the ROC curves) relative to SSWs, but also higher false alarm
rates. A caveat of these results are the small sample sizes incor-
porated in these figures (see Fig. 1 in the online supplemental
material), but they are consistent with results above: GEFSv12
exhibits a strong polar vortex bias (Fig. 2), which leads to an
overprediction of threshold-based VIs on S2S time scales. On
the other hand, SSWs are highly nonlinear events that can
depend on both tropospheric and internal stratospheric condi-
tions (Birner and Albers 2017; de la Camara et al. 2017, 2019;
White et al. 2020), making them generally difficult to predict on
S2S time scales (possibly exacerbated by model stratospheric
biases; Lawrence et al. 2022).

The methods we employ differ slightly from those that have
been used in prior work investigating S2S predictability of ex-
treme vortex events. For instance, studies such as Taguchi
(2018), Domeisen et al. (2020a), Rao et al. (2021b), and
Chwat et al. (2022) define hits as forecasts that successfully
predict an observed event onset within a window of time (typ-
ically £2-3 days). Using similar methods (see supplemental
Fig. 2), we obtain results consistent with the above: The
GEFSv12 hindcasts show an average ensemble confidence
level of 45%-50% for week 2 predictions of SSWs and VIs in
the reanalysis record.



1742 MONTHLY WEATHER REVIEW VOLUME 151
% 20 Week 1 i Week 2 - Week 3 - Week 4 - Week 5
3 |(@)RMsE=0.82 (b)RMSE = 4.47 (c)RMSE = 6.57 (d)RMSE = 7.53 (e)RMSE = 8.03
'S 857 r=099 851 r=07y 851 r=0.6p 7 ® 857 1 qko4s Ll ‘ i o2 |
T 80 X 80 80 Dl L s | A g0 |1 { 80 | ]
c : . %7 o
3 751 15043/ 75 Ol“T“ L/J!{J 75 H‘ ﬂi 1L u;l 754 oot ol T 75 li“ql
£ 0] gg(‘“ o 70 %“ y 1 0] & A 701 |og P 70 uu !
2 141 iy 3
o659 g 65 ® ‘f"/, 654 | | 65 It 65 !
.g @8 Displacements ‘
= 60 Splits 60 x 60 . 60 60
& 55— : : 55— ; : 55— ; 5 55— ; ; 55— : ;
60 70 80 90 60 70 80 ) 60 70 80 90 60 70 80 90 60 70 80 %0
Observed 10 hPa Centroid Lat
25 5 5 5 5
& |(HRMSE=0.07 (9)RMSE = 0.34 (h)RMSE = 0.64 (i) RMSE = 0.76 (j) RMSE = 0.75
5 r=099 r=0.84 f=0.23 r=-0.05 r=-0.04
@ 4+ 4 4 4 4
7] s
<
§ 3 / 3 S 3 )
off %o X ‘
o o
- e ; iy /|
Lt T gk ek |
° g7 -l Wi 1 131 BTl ®
E 06 1 it 'J‘ LIPT 1110-1 J 'J JﬂﬂT J
=1 r T T 1 T T T 1 T T T 1 T T T T T
a g 2 3 4 5 1 2 3 4 1 2 3 4 5 1 2 3 4 5 3 4 5

5
Observed 10 hPa Aspect Ratio

FIG. 5. Scatterplots of weekly mean, ensemble mean 10-hPa polar vortex elliptical diagnostics for hindcasts matched to historical SSWs
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2010 event). Each point is plotted with whiskers representing the full ensemble spread. Each panel includes an identity line to show where
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Figure 4 suggests that GEFSv12 can predict SSWs up to
2 weeks in advance, but SSWs can be further classified as dis-
placement or split events depending on the geometrical evolu-
tion of the vortex during the SSW. It has been found that
vortex-split events are generally less predictable than vortex-
displacements (Taguchi 2016, 2018; Rao et al. 2019; Domeisen
et al. 2020a). Figure 5 shows scatterplots of GEFSv12 weekly
ensemble-mean 10-hPa vortex elliptical diagnostics (see sec-
tion a of the appendix), including centroid latitudes and aspect
ratios. These metrics are compiled for hindcast initializations
that place the onset dates of observed SSWs within each
weekly bin, including the 13 SSW events from 2000 to 2013
listed in Butler et al. (2017), the dynamically driven “major
final warming” from early March 2016 (Manney and Lawrence
2016), and the two SSWs from early 2018 and 2019 (Rao et al.
2020; Butler et al. 2020).

The GEFSv12 predictions of centroid latitude for SSWs
show high correlations above 0.6 out to week 3. The correla-
tions for aspect ratio predictions are only above 0.6 out to
week 2. However, these predictions must be viewed in light of
the event classifications. For instance, some of the high corre-
lation for the weeks 2-3 centroid latitudes is attributable to
GEFSv12 predicting vortex-split events to have higher cen-
troid latitudes (Fig. 5c). In contrast, many of the week 3 cen-
troid latitude predictions are too high for vortex-displacement
events, and this is associated with relatively large root-mean-
square error (RMSE) of 6.6°. The results are similar for the
aspect ratio predictions, with GEFSv12 generally predicting
lower weeks 2-3 aspect ratios for most of the events that de-
velop as displacements (Figs. 5g,h). The ensemble spread for
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these diagnostics can grow to be very large from weeks 3-5,
suggesting GEFSv12 shows a large amount of uncertainty, as
might be expected. In week 2, GEFSv12 misses some ob-
served events within its ensemble spread, but it is clear that it
can distinguish between the event types as demonstrated by
the stratification of the centroid latitudes and aspect ratios.
Taken together with Fig. 4, the GEFSv12 hindcasts reliably
predict the occurrence and geometrical evolution of SSWs up
to 2 weeks in advance.

c. Extreme meridional heat flux events

The strength of the polar vortex is determined by a relative
balance between radiative and dynamical influences, the latter
of which is primarily driven by vertically propagating
planetary-scale waves. These upward/downward propagating
waves, most commonly from zonal wavenumber 1, can be di-
agnosed with meridional eddy heat fluxes (Andrews et al.
1987). Extremely positive heat flux events weaken the polar
vortex and make it more susceptible to break down from fur-
ther wave driving, whereas negative heat flux events are asso-
ciated with the downward reflection of planetary waves, which
can dynamically strengthen the polar vortex and affect the tro-
pospheric circulation (Dunn-Sigouin and Shaw 2015). Because
these events [as defined in section 2e(1)] tend to occur on
shorter time scales relative to SSWs and VIs, we examine the
GEFSv12 hit, miss, and false alarm rates as a function of pen-
tad lead time to make the results less sensitive to onset date
and event duration.

Extreme heat flux events are only predictable by GEFSv12
up to 6-10 days in advance. Figure 6 shows that by

Library | Unauthenticated | Downloaded 08/02/23 02:16 PM UTC



JuLYy 2023

Negative Heat Fluxes: 50 hPa, 45°-75°N vT .1 < -2 K-m/s
(a) — Hits
— False Alarms

—— False Alarms+Misses
Misses

B

60

40

20

0 T T T T
Extreme Heat Fluxes: 50 hPa, 45°-75°N vT-; = 38 K-m/s
(b)

Count

60

40

204

0 T T T T
2 3 4 5 6

Lead time [pentads]

FIG. 6. As in Figs. 4a and 4d, but for (a) negative and (b) ex-
treme positive wave-1 heat flux events. In this case, the results are
shown as a function of pentad lead time.

11-15 days, the hit rate of forecasts with greater than 50% en-
semble confidence is exceeded by the false alarms and misses.
For the extreme positive events (Fig. 6b), GEFSv12 predicts
roughly equal numbers of hits and false alarms beyond pentad
3, but misses overall exceed the false alarms. In contrast, for
negative heat flux events (Fig. 6a), GEFSv12’s hits and false
alarms approach 0 by pentad 5, meaning such events are rarely
ever predicted to happen with high ensemble confidence.
Using the alternative definition for hits and false alarms
(e.g., as in Domeisen et al. 2020a) gives similar results, with
GEFSv12 only having a hit rate of about 35%-40% for ex-
treme heat flux events in week 2 (supplemental Fig. 2).
GEFSv12’s zonal-mean circulation biases may affect its pre-
dictions of negative heat flux events. Its polar vortex wind
biases that develop in the upper stratosphere (Figs. 2a,b) af-
fect the vertical wind shear, which in turn influences the prop-
agation characteristics for planetary waves by altering the
index of refraction (Perlwitz and Harnik 2003). Perlwitz and
Harnik (2003, 2004) defined a simple reflection index “&, ,,,”
defined as the 2-10-hPa difference of 58°-74°N zonal-mean
zonal winds; negative values of u,_,, indicate negative vertical
wind shear, which correspond to states that support down-
ward wave reflection described by negative heat flux events.
Figure 7 shows the GEFSv12 distributions of u, ,, and the
midlatitude 50-hPa wave-1 eddy heat fluxes as a function of
pentad lead time compared to ERAS. There is a clear positive
shift in the GEFSv12 u,_,, distributions relative to ERAS ap-
parent from pentad 1 that amplifies over time (Fig. 7), in
agreement with the quick development of zonal wind biases
shown in Fig. 2b. Consequently, the frequency of 0 m s~
wind shear events (indicating the threshold for negative
shear) starts out around 24% and drops to 19% by pentad 3,
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compared to ERAS5’s approximately constant 28% (Fig. 7b).
The results are similar for the 50-hPa eddy heat fluxes; the
GEFSv12 distributions show a positive shift with lead time
(Fig. 7c), and the frequencies for 0 K m s™! drop from 15%
to 10%-11% by pentads 3-5. These results suggest that
GEFSv12’s strengthening of the polar vortex with lead time
(Fig. 2b) often prohibits the development of negative vertical
wind shear (Fig. 7b), which may undermine the ability of
GEFSv12 to simulate wave reflection events.

d. Extratropical stratosphere—troposphere coupling

On S2S time scales, the NH stratospheric polar vortex can
influence the evolution of the tropospheric NAM/NAO. This
coupling can be described, in simple terms, as a two-step pro-
cess: First, anomalous time-integrated wave fluxes from the
troposphere drive anomalies in the strength of the polar vor-
tex (“upward coupling”; Newman et al. 2001; Polvani and
Waugh 2004). Subsequently, the strength of the polar vortex
(represented by the stratospheric NAM) may then influence
the tropospheric NAM state down to the surface (“downward
coupling”; Kidston et al. 2015), particularly if the anomalous
vortex strength is persistent and reaches into the lowest levels
of the stratosphere (Karpechko et al. 2017; White et al. 2020).
This is a simplified description since the tropospheric telecon-
nections that drive upward wave fluxes can also “directly” in-
fluence the NAM/NAO (i.e., separate from the stratosphere;
Jiménez-Esteve and Domeisen 2018; Barnes et al. 2019;
Domeisen et al. 2019; Albers and Newman 2021), and ex-
treme polar vortex events can be related to internal strato-
spheric variability separate from vertical wave fluxes (Birner and
Albers 2017; White et al. 2019). Nevertheless, stratosphere—
troposphere coupling relationships are clear in reanalysis data,
but they are subject to a large amount of interannual variabil-
ity associated with the occurrence of extreme polar vortex
events, and the varying tropospheric responses that can ensue
(Gerber and Martineau 2018; Hitchcock 2019). Sampling un-
certainty can thus affect statistical relationships when limited
to specific periods of years. However, the above processes
underpin why many S2S forecast systems show enhanced
NAM/NAO predictive skill following extreme weak or strong
states of the polar vortex (Sigmond et al. 2013; Tripathi et al.
2015; Domeisen et al. 2020b; Sun et al. 2020).

We first examine the “two-step coupling” relationships in
Fig. 8, with polar cap-averaged geopotential height anomalies
acting as proxies for the NAM (Baldwin and Thompson
2009). The left and right columns of Fig. 8, respectively, are
intended to correspond to the upward and downward cou-
pling processes discussed above, with the 100-hPa anomalous
eddy heat flux acting as a proxy for anomalous vertical wave
fluxes from the troposphere. GEFSv12 captures the strong re-
lationship between wave fluxes and polar vortex strength with
a correlation of 0.71 for NDJF initializations, indicating that
weaker (stronger) heat fluxes earlier in the forecasts also cor-
respond to stronger (weaker) vortex states later in the fore-
casts. This correlation is particularly strong in the full ERAS
record with a 99% confidence interval from 0.73 to 0.8, which
excludes the GEFSv12 correlation. However, in the 20-yr
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FIG. 7. (left) Boxplots showing the distributions of daily (a) 58°-7

4°N zonal wind shear between 2 and 10 hPa, and
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GEFSv12 hindcast period, the GEFS-R correlation is 0.72,
with a 99% confidence interval from 0.65 to 0.78. The results
are similar for “downward coupling” between the 100- and
1000-hPa NAM states, with GEFSv12 showing a correlation
of 0.46 for DJFM initializations. This correlation is smaller
than those from the reanalyses, but the associated sampling
uncertainty for the shorter period of 2000-19 covers the
GEFSv12 value in the GEFS-R 99% confidence interval from
0.4 to 0.6. These relationships hold for different nonoverlap-
ping combinations of weeks/pentads, but with correlations
that are somewhat weaker (not shown). Generally, these cor-
relations are largest for time averages that exceed the number
of days available in the hindcasts (e.g., Polvani and Waugh
2004), which justifies our use of longer overlapping periods.
Nevertheless, the GEFSv12 hindcasts show NAM-coupling
relationships that match closely with reanalysis.

The persistence of the near-surface NAM is known to be
longer during boreal winter, which is partially related to
stratospheric variability (Baldwin et al. 2003; Gerber et al.
2010; Simpson et al. 2011; Kidston et al. 2015). Figure 9 shows
different lead-lag correlations of the NAM index, comparing
the correlation of the NAM at 1000 hPa with the NAM at
100 hPa and with itself (persistence) for different weekly lead
times and DJFM initializations. The reanalyses are sampled
to match the GEFSv12 hindcasts, which means their patterns
of correlations are nearly identical for every lag, by definition.
The influence of sampling uncertainty is clear from comparing
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and 0 K ms ™!, respectively).

the correlations from GEFS-R to those from ERAS; the cor-
relations for GEFS-R are generally smaller for both the
stratosphere—-troposphere and persistence relationships. For
GEFSv12, every “pixel” is based on predicted NAM values.
The hindcasts show stratosphere-troposphere and persistence
correlations that are nearly constant for every equal lag, simi-
lar to the reanalyses (e.g., the week 1 100-hPa NAM corre-
lates with the week 3 1000-hPa NAM to the same extent as
week 2 with week 4, and week 3 with week 5). The GEFSv12
correlations are somewhat smaller than those from the reanal-
yses, but they are not significantly different from GEFS-R.
Comparing the stratosphere—troposphere and persistence cor-
relations makes it clear that, on S2S time scales, the surface
NAM is more highly correlated with the stratospheric NAM
than persistence, with positive differences (Figs. 9g—i) for lags
of 2-4 weeks. In GEFSv12 and ERAS, these differences are
statistically significant at the 95% level.

To assess the influence of the initialized polar vortex
strength on GEFSv12 NAO forecasts, we dividle GEFSv12
hindcasts into composites with initially weak, strong, or neu-
tral polar vortex winds following Sun et al. (2020). We use
equivalent percentiles and methods to identify strong (80th
percentile, 39.3 m s~ 1), weak (15th percentile, 6.6 m s~ 1), or
neutral initial vortex conditions for NDJFM seasons in the
2000-19 period, which gives 62 weak, 86 strong, and 201 neu-
tral cases (Fig. 10a). Figures 10b and 10c show the weekly cor-
relation skill scores (CSS) and subset correlations (SSC) of
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the ensemble mean NAO forecasts for each of the vortex
composites as defined in Charlton-Perez et al. (2021). Similar
to prior studies (Sigmond et al. 2013; Tripathi et al. 2015; Sun
et al. 2020), GEFSv12 exhibits enhanced NAO correlation
skill at weeks 3-5 for forecasts initialized with weak and
strong polar vortex conditions relative to neutral (Fig. 10b).
However, these differences are generally not statistically sig-
nificant in GEFSv12, except for the strong vortex composite
at week 4. The results for SSC (Fig. 10c) are similar to those
for the correlation skill, but they differ in one important way:
the SSC values for strong and weak states do not differ as
much from the neutral composite. Furthermore, from weeks 3-5,
the strong vortex composites have higher SSC values than the
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weak vortex composites, especially at week 4. In light of the dis-
cussion in Charlton-Perez et al. (2021), we interpret the CSS re-
sults as reflecting a shift in the distribution of NAO states within
the forecasts (i.e., a shift in the signal resulting in a higher signal-
to-noise ratio) related to the polar vortex events. In contrast, the
SSC results indicate that forecasts initialized during strong polar
vortex states can be significantly more skillful at predicting NAO
variations within the shifted background state than those initial-
ized during neutral states.

e. Tropical stratosphere—troposphere coupling

The MJO tends to be more strongly organized and active
during EQBOS0 relative to WQBOS50 (Yoo and Son 2016;
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FIG. 9. Lag correlations of the NAM index for (a)—(c) stratosphere-troposphere (100-hPa NAM leading 1000-hPa NAM) and
(d)—(f) persistence (1000-hPa NAM leading 1000-hPa NAM) relationships, and their (g)—(i) difference (top row minus middle row). In
(d)—(f), the diagonal is omitted, since by definition the correlations are equal to 1. In (g)—(i), statistically significant differences are marked
with an x, which are determined at the 95% level from bootstrap resampling 50 000 times.

Son et al. 2017). While studies continue to investigate QBO-
MIJO relationships (Lim and Son 2022), many unknowns
remain. For instance, it is not clear why the QBO-MJO rela-
tionship appears to have emerged after 1979 (Klotzbach et al.
2019) or why it is predominantly a boreal winter phenomenon
(Son et al. 2017; Sakaeda et al. 2020). Moreover, the QBO-
MJO relationship is often not well captured by models
(Martin et al. 2021; Kim et al. 2019, 2020), which makes it dif-
ficult to study the relationship in the absence of other forcings
such as El Niflo-Southern Oscillation. Nonetheless, there is a
growing understanding that the tropical lower stratospheric
temperature and stability perturbations imparted by the QBO
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can make for more or less favorable conditions for the MJO.
When the tropical lower stratosphere is cooler during EQBO,
the MJO typically propagates more slowly and with larger
amplitude compared to WQBO (Son et al. 2017; Lim et al.
2019; Densmore et al. 2019). Among S2S forecast models, the
MIJO is typically predictable at longer lead times during
EQBO (Marshall et al. 2017; Abhik and Hendon 2019; Lim
et al. 2019; Wang et al. 2019), but the relationship between
QBO phase and MJO skill is often not statistically significant
(Kim et al. 2019).

We first examine whether GEFSv12 exhibits MJO amplitude
differences consistent with the phase of the QBO. Figure 11



1747

JuLYy 2023 LAWRENCE ET AL.
- @ ]
& 7 £ { ! i
z “1 1 v 5"#!”.’{[‘ ‘%H'
S 20-' JI ”'. | l‘! l‘ ) | [ | ' .q A ‘l L ﬁ ﬂ-‘l 1'
go—lil{b fi'tl- f{% fitl"if-
= f [ Pl
000‘10’20‘30‘40’50‘60‘70’30‘9\’1;)1'1 12 13 14 15 16 17 18 19
10 (b)E = = m Weak (n=62)
0.8 Neutral (n=201) L

1.0

mmm Strong (n=86)

0.8 4

0.6

sSsC

0.4

024

0.0 -

3 4

Lead time [weeks]

FI1G. 10. (a) Time series of NDJFM 10-hPa 60°N zonal-mean zonal winds from 2000 to 2019 in
ERAS reanalysis. (b) Correlation skill scores (CSS) and (c) subset correlations (SSC) for
ensemble-mean NAO hindcasts composited by the initialized polar vortex state. The weak,
neutral, and strong composites and initializations are shown in red, gray, and blue, respectively.
The number of initializations in each composite are shown in the legend in (b). As in Sun et al.
(2020), the error bars in (b) and (c) are 90% confidence intervals determined from 50 000 bootstrap

resamples.

shows how the MJO amplitude (VRMM1? + RMM2?) varies
according to MJO phase [arctan(RMM1/RMM?2) when the ini-
tialized QBO is defined using 30-hPa (QBO30) versus 50-hPa
(QBOS50) tropical zonal winds. Unlike other studies (Kim et al.
2019; Lim et al. 2019), we simply use the sign of the GEFS-R
QBO winds at initialization to delineate between QBO phases
for the hindcasts. In ERAS, the amplitude of the MJO is gener-
ally larger during EQBO than WQBO. For QBO30, the ampli-
tudes are well separated between phases 3-6 (Fig. 11a). This
amplitude separation is weaker but still present for QBOS50
(Fig. 11b). GEFSv12 MJO amplitudes for individual members
(Figs. 11c,d) are biased high relative to those from ERAS at ex-
tended lead times (see supplemental Fig. 3). Note, however,
that the GEFSv12 ensemble-mean MJO amplitudes at these
same lead times are biased low compared to ERAS (not
shown); this discrepancy arises because the amplitude equation
is nonlinear, so the amplitude of the ensemble-mean MJO is
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not the same as the average of individual MJO amplitudes
(Kim et al. 2014). Regardless, the GEFSv12 hindcasts show sig-
nificant week 3-5 MJO amplitude differences under QBO30
(Fig. 11c) that mostly disappear under QBO50 (Fig. 11d). These
results suggest that the amplitude of the MJO in the GEFSv12
hindcasts, particularly when the MJO passes over the Maritime
Continent (phases 4-5) and the tropical western Pacific (phase 6),
is sensitive to the level used to define the QBO. Perhaps in agree-
ment with this, Densmore et al. (2019) showed that the amplitude
of the MJO increases more after passing over the Maritime Conti-
nent during middle stratospheric EQBO than during lower strato-
spheric EQBO.

The pressure level used to define the QBO also impacts the
GEFSv12 MJO prediction skill. Figure 12 shows the bivariate
anomaly correlations (BCOR) for MJO RMM1 and RMM2
of the GEFSv12 hindcasts with ERAS reanalysis for DJFM
initializations. We consider only initially strong MJO events
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FIG. 11. MJO amplitudes as a function of MJO phase, composited by (a),(b) the initial QBO state for ERAS5 and
(c),(d) the weeks 3-5 GEFSv12 hindcasts for all individual members. Results for (left) QBO30 and (right) QBOS50
are shown. The ERAS data are sampled equivalently to the GEFSv12 hindcasts. The colored envelopes represent
95% bootstrap confidence intervals around the EQBO and WQBO composites. The black lines show the amplitudes

after compositing regardless of QBO phase.

with ERAS MJO amplitudes greater than 1.5, and use a
BCOR threshold of 0.5 to delineate skillful MJO prediction.
Across all DJFM initializations, the GEFSv12 BCOR remains
above 0.5 out to 26 days when verified against ERAS, which is
on par with some of the better performing forecast systems
(Lim et al. 2019; Kim et al. 2019). If we composite based on
QBO30, the BCOR skill is maintained out to 29 days for
EQBO initializations, but only 23 days for WQBO (Fig. 12a).
These easterly versus westerly QBO30 skill differences are

QBO30 (DJFM)
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statistically significant for three days during week 4. Con-
versely, QBOS50 indexing yields no significant difference in
skill between EQBO and WQBO (Fig. 12b). Using different
MJO amplitude thresholds (e.g., 0 or 1) yields similar results
(not shown). Since prior studies have commonly used QBO50
when evaluating QBO-MIJO relationships, it is unclear whether
other forecast systems would also exhibit more robust skill sepa-
ration between EQBO and WQBO if a 30-hPa index were used
instead. The stronger relationship between the MJO and the

QBO50 (DJFM)
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FIG. 12. GEFSv12 MJO bivariate anomaly correlations (BCOR) shown as a function of lead time for DJFM
(a) QBO30 and (b) QBOS50 initializations. The solid line represents the BCOR for all DJFM initializations, while the
dashed and dotted lines are those for EQBO and WQBO composites, respectively. The bolded lines show statistically
significant differences at the 95% level between the EQBO and WQBO composites as determined from

bootstrapping.
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phase of the QBO at 30 hPa may arise because middle strato-
spheric EQBO is associated with stronger decreases in tropo-
pause level stability and temperature than lower-stratospheric
EQBO in reanalysis (Densmore et al. 2019).

4. Summary and discussion

We have performed a comprehensive evaluation of
GEFSv12 subseasonal hindcasts focused on stratospheric
biases, extreme stratospheric events, and sources of extratrop-
ical and tropical stratosphere-troposphere coupling. The
GEFSv12 reanalysis used to initialize the hindcasts exhibits
systematic differences from the more commonly used ERAS
reanalysis in global mean stratospheric temperatures, and
tropical stratospheric zonal winds. In the GEFSv12 hindcasts,
stratospheric biases develop with lead time, including a global
mean warm bias and a too strong wintertime polar vortex
(similar to other subseasonal forecast systems, e.g., Lawrence
et al. 2022); these biases are generally more pronounced than
any modern reanalysis differences. After compositing tropical
zonal wind and temperature biases by initial QBO phase, we
showed that the QBO-associated winds and meridional circu-
lation become too weak in the GEFSv12 hindcasts. We also
assessed GEFSv12’s ability to predict SSWs, vortex intensifi-
cations, and positive/negative heat flux events; we showed
that GEFSv12 can generally predict extreme vortex events
about 13 days in advance, and extreme heat flux events
6-10 days (2 pentads) in advance. In terms of stratosphere—
troposphere coupling, the GEFSv12 hindcasts reproduce ob-
served statistical relationships between the NH polar vortex
and tropospheric NAM, and QBO-dependent differences in
MJO amplitudes across different MJO phases. Importantly,
GEFSv12 shows enhanced weeks 3-5 correlation skill scores
in predicting the NAO when initialized during strong/weak
vortex events, and enhanced MJO bivariate anomaly correla-
tions out to 29 days during easterly 30-hPa QBO phases.

Our results have operational implications for forecasts
made by GEFSv12. For example, the GEFSv12 system is able
to reliably predict SSWs up to 2 weeks in advance (Figs. 4a—c),
including their morphology (i.e., split versus displacement;
Fig. 5). As a result, week 2 forecasts with a strong signal for a
predicted SSW should correspond to a “believable” increased
likelihood of a consistent tropospheric NAM/NAO response
in the weeks following. To the extent that GEFSv12 predicts
consistent stratospheric polar cap height anomalies associated
with SSWs within weeks 1-2, it is also more likely to predict a
consistent NAM/NAO response for weeks 3-5 (Fig. 8b). By
the time GEFSv12 forecasts are initialized with an SSW (or
strong vortex), more confidence can be given to its weeks 3-5
NAO predictions (Fig. 10). Similarly, GEFSv12 MJO forecasts
are likely to exhibit a dependence on the phase of the QBO.
GEFSv12 forecasts initialized with 30-hPa easterly QBO
winds are likely to exhibit enhanced MJO amplitudes (Fig. 11)
and better weeks 3—4 MJO prediction skill (Fig. 12) than those
initialized during westerly phases.

The extratropical stratospheric wind biases exhibited by
GEFSv12 have an apparent effect on its stratospheric predic-
tions. While GEFSv12 is able to predict extreme polar vortex
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events about 2 weeks in advance (similar to other subseasonal
forecast systems; Domeisen et al. 2020a), the evolution to-
ward a strong-biased vortex (Fig. 2) seems to impact its
hindcast event statistics (Fig. 4). The attributes and ROC dia-
grams in Fig. 4 suggest that different ensemble confidence
levels could possibly be used to better predict SSW versus VI
conditions to partially account for such a bias (fewer members
needed for SSWs, but more for VIs). Lawrence et al. (2022)
showed that simple linear bias correction could result in mod-
est improvements to subseasonal hindcast probabilities of ex-
treme vortex events. Similarly, Rao et al. (2019) found that
correcting the distributions of stratospheric winds in S2S fore-
casts with reanalysis also improved skill in predicting SSWs.
Similar bias correction methods could be used to rule out
GEFSv12 false alarm vortex intensifications and potentially
increase the predictive skill for SSWs. However, bias correc-
tion cannot account for dynamical mechanisms that potentially
lead to enhanced tropospheric predictability. For example, the
fact that downward wave reflection events are less likely to
be forecast by GEFSv12 beyond ~2 weeks is likely tied to the
strong vortex bias (Fig. 7), which affects the vertical curvature
of the stratospheric winds. These downward wave events
are known to be tied to, e.g., positive phases of the NAO
(Shaw and Perlwitz 2013; Dunn-Sigouin and Shaw 2015), and
North American cold spells (Matthias and Kretschmer 2020;
Millin et al. 2022; Messori et al. 2022). GEFSv12 may thus un-
derestimate or miss important stratospheric connections to
wintertime tropospheric circulation variability because of its cir-
culation biases. More generally, this complex interplay between
model biases and coupling processes could be a factor relevant
for other S2S prediction systems.

The patterns of stratospheric temperature and zonal wind
biases in GEFSv12 are suggestive that, dynamically, there is a
lack of stratospheric wave driving in the model relative to re-
analysis. The cold winter pole and strong polar vortex biases
(Fig. 2) are indicative of a too weak Brewer-Dobson circula-
tion (Butchart 2014; Kawatani et al. 2019). Similarly, the am-
plitude of the QBO is known to be sensitive to the amount of
parameterized gravity wave flux (Garfinkel et al. 2022), mean-
ing the GEFSv12 decay of tropical stratospheric zonal wind
amplitudes (Fig. 3) is also likely related to a lack of wave driv-
ing. These processes have been shown to be sensitive to de-
tails of the gravity wave parameterizations implemented in
models, as well as to horizontal and vertical resolution
(Hamilton et al. 1999; Kawatani et al. 2019; Garfinkel et al.
2022). GEFSv12 includes parameterizations for orographi-
cally and convectively generated gravity waves (Guan et al.
2022). Its atmospheric model uses 64 model levels up to a top
of 0.2 hPa, for which about 25 are at pressures below 100 hPa
(Hamill et al. 2022), corresponding to a vertical resolution
close to 1 km in the lower stratosphere. Thus, the lack of pa-
rameterized gravity wave sources from jets and fronts (e.g.,
Plougonven and Zhang 2014; de la Camara and Lott 2015)
and the somewhat coarse vertical resolution in the lower
stratosphere (Garfinkel et al. 2022) may both play roles in the
inability to better maintain initialized QBO conditions.

Several of our results highlight benefits of data availability
on an increased number of output pressure levels for assessing
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model biases and stratosphere—troposphere coupling relation-
ships. Many of the GEFSv12 stratospheric biases are particu-
larly large above 10 hPa (Fig. 2); these include tropical
middle-to-upper stratosphere biases apparent in the initial
conditions (Fig. 1) that are maintained through the forecasts.
Gray et al. (2022) suggest the representation of the upper
stratosphere could be important for simulating polar vortex
disturbances such as SSWs. An upper limit of 10 hPa as com-
monly used for SubX and S2S database output (Vitart et al.
2017; Pegion et al. 2019) is therefore insufficient for evaluat-
ing potential impacts of the upper stratosphere. We also
highlighted that the mean meridional circulation associated
with the QBO (QBO-MMC) becomes too weak in GEFSv12
(Fig. 3c). The QBO-MMC is thought to impact the tropo-
spheric jets and teleconnections with the stratospheric polar
vortex (Garfinkel and Hartmann 2011; Garfinkel et al. 2012;
Gray et al. 2018; Hitchman et al. 2021; Rao et al. 2021a).
However, understanding these mechanisms requires usage of,
e.g., transformed Eulerian mean diagnostics, which require
vertical derivatives of basic state atmospheric fields. The
GEFSv12 hindcast archive is likely among the first S2S data-
sets for which data are publicly available on enough pressure
levels to make such computations viable.

Our evaluation of the GEFSv12 subseasonal hindcasts can
serve as a benchmark for future versions of the UFS and
GEFS. The next version of GEFS/UFS updates will feature
model configurations and updates that can have substantial
impacts on the representation of the stratospheric circulation.
For instance, the current version 16 of NOAA'’s Global Fore-
cast System included updates that increased the height of the
model top from ~55 to ~80 km, increase the number of model
vertical levels from 64 to 127, and new parameterizations for
nonstationary gravity wave drag (Farrar 2021). In-development
subseasonal UFS “prototypes” also include similar updates
(Xue et al. 2021). Our results therefore provide a baseline from
which the representation of the stratosphere and stratosphere—
troposphere coupling in future versions of GEFS/UFS can be
measured.
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ftp:/ftp.emc.ncep.noaa.gov/GEFSv12/reanalysis/FV3_reanalysis/.
The ERADS reanalysis data for atmospheric fields used herein are
available from https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-eraS-pressure-levels. Our post-processed zonal-mean
datasets are available at https://downloads.psl.noaa.gov/Projects/
GEFSv12/zmdiags/, while those for the NAO and MJO indices
are available at https://doi.org/10.25921/be7v-1s13 and https://doi.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/02/23 02:16 PM UTC

MONTHLY WEATHER REVIEW

VOLUME 151

0rg/10.25921/pqq7-3n58. The Python package “pyzome” (https://
github.com/zdlawrence/pyzome) was used to compile the zonal-
mean datasets, while the code for computing the polar vortex
moment diagnostics was based on https://github.com/zdlawrence/
grid2d-moments-utils.

APPENDIX

Computation of Weather and Climate Indices
a. Elliptical diagnostics of the polar vortex

To quantify geometrical characteristics of the stratospheric
polar vortex, we calculate elliptical diagnostics (Waugh 1997;
Matthewman et al. 2009) using geopotential heights, similar
to Seviour et al. (2013). We define the Northern Hemisphere
(NH) polar vortex edge at 10 hPa as the climatological 60°N
zonal-mean geopotential height for November—March; these
values are calculated separately for ERAS and GEFS-R, with
the GEFS-R value being used for the GEFSv12 hindcasts. The
elliptical diagnostics are then calculated “geometrically” — that
is, without weighing the calculations by the heights inside the
vortex edge. These calculations describe the geometry of the
vortex, including its centroid location and stretch (aspect ratio),
which can be useful for understanding polar vortex disturban-
ces such as SSWs (Hannachi et al. 2011; Taguchi 2016; Hall
et al. 2021). In cases where the vortex is split, these diagnostics
are computed for the bulk region (not for individual daughter
vortices), as in Seviour et al. (2013).

b. North Atlantic Oscillation and Northern Annular
Mode indices

The predominant NAO pattern describing a north-south
dipole of pressure anomalies between high- and midlati-
tudes over the North Atlantic is known to be seasonally
dependent (Barnston and Livezey 1987; Hurrell and Van
Loon 1997). To compute NAO indices we project daily 500-hPa
geopotential height (Z500) anomalies in the 20°-90°N, 90°W-
40°E region onto monthly varying EOF1 loading patterns.
These loading patterns are determined from monthly reanal-
ysis Z500 anomalies. We create the monthly varying loading
patterns by pooling together anomalies from the 3 months
centered on the month in question and taking the first EOF.
For example, the January EOF1 loading pattern is computed
using all historical December—February months. The daily
GEFSv12 hindcast Z500 anomalies used to compute the hind-
cast NAO indices are calculated by removing lead-dependent
climatologies as described by (Pegion et al. 2019). For refer-
ence, the daily NAO indices calculated from the GEFS-R and
ERAS datasets are highly correlated with r = 0.96 (0.97 for
NDJFM days), suggesting the loading patterns are not highly
sensitive to the period of years considered (1979-2019 for
ERAS versus 2000-19 for GEFS-R).

The NAM pattern characterizes vertically resolved
hemispheric-scale geopotential height anomalies of oppos-
ing sign between the pole and midlatitudes. We use stan-
dardized 65°-90°N geopotential height anomalies as a
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proxy for measuring the NAM index on pressure levels
(Baldwin and Thompson 2009).

¢. Real-time multivariate MJO indices

We compute reanalysis and hindcast RMM indices ac-
cording to the methods described in Wheeler and Hendon
(2004) and Gottschalck et al. (2010), respectively. We ob-
tain the RMM indices from a combined EOF analysis of
equatorially averaged (15°S-15°N) anomalies in daily mean
outgoing longwave radiation (OLR) and zonal winds at 200
and 850 hPa (U200, U850). We calculate EOFs from ERAS
for the verification RMMs, but use GEFS-R to compute the
GEFSv12 RMMs. Prior to the EOF analysis, the time mean
and first three harmonics of the annual cycle are removed
from the reanalysis fields. For GEFSv12, lead-dependent
climatologies are removed following Pegion et al. (2019).
To isolate intraseasonal variability, for the reanalysis, we
subtract the mean of the preceding 120 days of data from
each time step; for the hindcasts, we subtract the mean of
the preceding 120 days of combined GEFS-R/GEFSv12 data.
The ERAS reanalysis and GEFSv12 hindcast RMMs are re-
trieved by projecting the OLR/U200/U850 anomalies onto
the ERAS5 EOFs and GEFS-R EOFs, respectively, then nor-
malizing the resulting projection coefficients by their respec-
tive observed standard deviations.
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