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Abstract

The observational impacts of satellite data assimilation on extended-range forecasts of sudden stratospheric warmings (SSWs)
are investigated by conducting ensemble reforecast experiments. We use two Japanese novel reanalysis products: the Japanese
55-year reanalysis (JRA-55) and its subset that assimilates conventional observations only (JRA-55C). A comparative exam-
ination on the reproducibility for SSWs between the two ensemble forecasts reveals that the impact of satellite observations
is significant for forecasts starting 5 days before the SSW onset, with 20% less accuracy in the JRA-55C forecasts. Moreover,
some of forecasts of vortex-splitting SSWs show a sudden appearance of deep difference, which lasts over a few months in the
lower stratosphere and significantly affects the surface climate. These results highlight an important role of mesospheric and

upper stratospheric circulations on the onset and development of SSWs.
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Key Points:

e Mesospheric and upper stratospheric initial conditions play an important role in
forecasting the onset and development of sudden warmings.

e The 5-day lead capture rate of the onset of major sudden stratospheric warmings degrades
about 20% if satellite data are not assimilated.

e The absence of satellite observations could also affect the extended-range forecast skill
related to downward-propagating signals.
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Abstract

The observational impacts of satellite data assimilation on extended-range forecasts of sudden
stratospheric warmings (SSWs) are investigated by conducting ensemble reforecast experiments.
We use two Japanese novel reanalysis products: the Japanese 55-year reanalysis (JRA-55) and its
subset that assimilates conventional observations only (JRA-55C). A comparative examination
on the reproducibility for SSWs between the two ensemble forecasts reveals that the impact of
satellite observations is significant for forecasts starting 5 days before the SSW onset, with 20%
less accuracy in the JRA-55C forecasts. Moreover, some of forecasts of vortex-splitting SSWs
show a sudden appearance of deep difference, which lasts over a few months in the lower
stratosphere and significantly affects the surface climate. These results highlight an important
role of mesospheric and upper stratospheric circulations on the onset and development of SSWs.

Plain Language Summary

Satellite observations are valuable for producing initial conditions for numerical weather
prediction (NWP) systems, especially over the upper stratosphere that typical upper-air
observations cannot cover. However, many NWP models suffer from biases associated with
unresolved processes. This study explores how the NWP system benefited from satellite data in
forecasting the breakdown events of stratospheric polar vortexes/sudden stratospheric warmings
(SSWs) by making many forecasts from typical initial conditions and with/without satellite data.
Due to unresolved bias over the upper stratosphere, some forecasts from no-satellite initial
conditions miss the onset of SSWs and subsequent anomalous tropospheric conditions. Thus, the
deteriorated grasp of the upper atmosphere in the absence of satellite observations degrades the
deterministic predictability of extreme stratospheric events and following downward-propagating
signals.
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1 Introduction

To improve our understanding and forecasting of the atmospheric environment, it is
important to comprehend how analyses and forecasts produced by numerical weather prediction
(NWP) systems are affected by each observational source. Observation system experiments
(OSEs) examine the impacts of observation on analyses and forecasts (e.g., Bouttier and Kelly,
2001; Zapotocny et al., 2007), but are expensive to run. Moreover, they are executable only in a
comprehensive NWP system environment, including sophisticated handling techniques for
various observational data. Therefore, many have used a limited number of samples and have
been conducted only by operational NWP centers.

In contrast, reanalysis products—produced by NWP systems of constant settings over a
long period—are used extensively in climate research and have become so common that many
operational centers provide them. The Japan Meteorological Agency provides the Japanese 55-
year reanalysis (JRA-55; Kobayashi et al., 2015), which forms the ‘JRA-55 family’ with its sub-
products, JRA-55C and JRA-55AMIP. JRA-55C (Kobayashi et al., 2014), whose assimilated
data is limited to conventional observations (e.g., land and marine surface data, radiosonde
upper-air data), is a temporary homogenized reanalysis particularly suitable for studies of
multidecadal variability and climate change. Furthermore, when compared to JRA-55, it can be
utilized as OSE data that mainly excludes satellite observations.

Several examinations on the impact of satellite data assimilation have been conducted for
sudden stratospheric warming (SSW) events by comparing between JRA-55 and JRA-55C. For
example, Noguchi and Kobayashi (2018) reported a failure of JRA-55C in capturing the unique
vortex-splitting SSW that occurred on September 2002—the first observed SSW in the Southern
Hemisphere (SH). Other recent work suggests there is a small impact of satellite observations on
SSW events in the Northern Hemisphere (NH) due to its numerous radiosonde observations,
except for the upper stratosphere (e.g. Taguchi, 2017; Gerber and Martineau, 2018). However,
they are limited only at the stage of analysis. Based on recent experiments, the onset and
development of SSWs depends not only on the wave forcing from the troposphere but also on the
state of the stratosphere (e.g., Noguchi et al., 2016; de la Cdmara et al., 2017). Therefore, we
could expect an exposure of the potential impact of satellite observations at the stage of forecast
when NWP integrations are free from the consecutive observational constraints. Furthermore, the
difference between JRA-55 and JRA-55C near the model top would reflect deficiencies of
gravity wave drag parameterizations and the inevitable damping of atmospheric motions within
sponge layers (Noguchi and Kobayashi, 2018). Examining the impact of variability compensated
for by assimilating satellite observations (e.g., effects of gravity waves on the basic state) in the
time evolution of SSW would therefore be valuable, as possible roles of gravity waves are
vigorously discussed in recent studies (Albers and Birner, 2014; Sheffler et al., 2018).

This study investigates the impact of satellite data assimilation on SSW forecasts by
conducting and comparing ensemble reforecasts using JRA-55 and JRA-55C. To quantify the
averaged impact, we conducted reforecasts for 20 SSWs in the NH from December to February
1978/1979-2011/2012. The SSW is defined by the zonal-mean zonal wind reversal at 60°N and
10 hPa, and the onset date of SSW (DO) is the date of reversal (Charlton and Polvani, 2007).
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2 Experimental settings

We used an atmospheric general circulation model of the Meteorological Research
Institute (MRI-AGCM,; e.g., Mizuta et al., 2012) for reforecasting, with similar settings to
Noguchi et al. (2016) and Mukougawa et al. (2017). See Text S1 for details of the model setting.
We prepared initial conditions by using the ensemble prediction system of the MRI (MRI-EPS;
Yabu et al, 2014). The MRI-EPS generates initial perturbations by a breeding of growing modes
(BGM) method (Toth and Kalnay, 1993). We produced 12 perturbations every day by using
JRA-55 as starting data during BGM cycle. By adding and subtracting these perturbations to
JRA-55 and JRA-55C, 24 perturbed initial conditions were created beside one control initial
condition. Therefore, we have got two equally perturbed 25-member initial conditions every 12
UTC whose ensemble mean corresponds to JRA-55 and JRA-55C.

We conducted 60-day ensemble reforecasts as follows: First, to overview the forecast
skill in the usual initial condition, the JRA-55 forecasts are initialized every day from 15 days
before the SSW onset date (D-15) to 5 days after that (D+5). Therefore, 21 ensemble forecasts
are conducted for each SSW events. Then, 5 ensemble forecasts starting from JRA-55C are also
initialized every 5 days (D-15, -10, -5, 0, +5). By comparing these forecasts from different initial
conditions, we can quantify the observational impact of satellite data on SSW forecasts.
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3 Results

3.1 Impact on forecasting the onset of SSWs

We have examined how accurately ensemble forecasts capture the onset timing of SSW
and to what extent it is affected by the assimilation of satellite data (Figure 1). The SSW capture
rate is defined as the rate of ensemble members that showed the reversal of the zonal-mean zonal
wind at 60°N and 10 hPa during a period of +3 days from the JRA-55 SSW central date (DO).
For the several events that do not show clear easterly, this binomial judge of SSW onset would
be not suitable (e.g., the averaged capture rate does not reach 100% even initialized on D-1).
Therefore, we focused here on 12 prominent SSW events (which shows under -10 m s™! easterly
within 5 days after the onset date), although this sample squeezing does not affect results for
satellite impact (see Figures S1-2).
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Figure 1. Percentage of ensemble members that predict the reversal of zonal-mean zonal wind
within £3 days of the onset date of SSW. Capture rate of forecasts starting from D-15 to D-1
for 12 prominent SSW events (JRA-55: gray lines with circles, JRA-55C: blue lines with
circles), the average (JRA-55: black line with circle). The values of forecasts starting from D-
15, D-10, D-5 are also shown (JRA-55: gray bars, JRA-55C: blue bars).

On average, the onset of SSW is predicted deterministically when JRA-55 forecasts are
initialized after D-5. Before this, the SSW capture rate decreases immediately, < 50% from D-10
and < 20% beyond D-15. However, for individual SSW events, the onset of some is captured
well even when forecasts are initialized before D-7. Therefore, the predictability of SSW onset
beyond a week depends on individual cases. These results are consistent with previous analyses
of operational ensemble forecasts in Taguchi (2016) and Karpechko (2018).

A prominent difference between the JRA-55 and JRA-55C forecasts is a ~20% decrease
in the SSW capture rate in the JRA-55C forecasts starting from D-5. This difference could reflect
the difference in the reanalyses, but there is no difference in the SSW capture rate between
reanalysis for evident SSWs (i.e., the SSW capture rate of JRA-55C is 100%) according to the
current definition of capture rate and targeted SSW events (cf., Taguchi, 2017). Therefore, we
conclude that this difference was generated during the numerical integration from reanalyses.
However, it is difficult to find a significant satellite impact on the SSW capture rate in forecasts
initialized before that (~7% in D-10 forecasts at the largest). At lead times beyond one week, the
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impact from the difference in initial conditions would be hidden in nonlinear growth of forecast
errors. Therefore, it would be hard to detect the impact in terms of the SSW capture rate,
especially in the composite of multiple SSWs.

3.2 Impact on forecasting anomalies after SSWs

The impact of satellite observation on SSW forecasts and following circulation anomalies
are examined by using a more general metric of forecast verification—anomaly correlation (AC)
for geopotential height fields (Figure 2). The practical predictable limit is often estimated as the
forecast time when the AC first drops below 0.6 (cf., Kalnay, 2003). Therefore, we could
estimate that the predictable period in the troposphere (levels below 100 hPa) is ~7-9 days; This
is consistent with other work (e.g., Ichimaru et al., 2016). On the other hand, the predictable
period in the stratosphere is generally longer than that of the troposphere. In particular, the
predictable period in the middle stratosphere (~10 hPa) is ~25-27 days if forecasts are initialized
after D-5 (Figures 2 c—). Moreover, a close look at the tropospheric forecast skill for the lead
time beyond a week reveals that the AC of forecasts starting from D+5 (Figure 2e) shows a
higher value than those from D-15 (Figure 2a). However, this longer predictable period is
achieved only after the capture of SSW onset. The AC of forecast starting from D-15 (which
failed to capture SSW onset) shows a sudden drop at DO and no skill after that (Figure 2a).

We can see the positive impact (>10% difference) of including satellite observations,
especially in the upper stratosphere before the SSW (Figure 2 f—j). However, the difference is
significant only 5-10 days after the initialization. This is a reflection of an initial linear
relationship between the improved/degraded initial condition and the improved/degraded
forecast that does not hold due to the nonlinear growth of errors. This result is also consistent
with the previous result that the satellite impact on the SSW capture rate is largest (~20%) in
forecasts starting from D-5. However, for D-5, the impact on stratospheric anomalies after SSW
forecasts does not appear in the extended-range forecast period (Figure 2h), although the impact
appeared large given the measure of the SSW capture rate. We postulate this is because the
reversal of zonal-mean zonal wind at 10 hPa is not closely linked to the formation of long-lasting
anomalies following the SSW.

A positive impact of including satellite observations in the extended forecast period is
found in forecasts D-15 and D-10 but not in D-5. The initial conditions of D-15 and D-10 have
time to be affected by satellite observations in terms of whether the SSW is captured by forecasts
or not, while D-5 is initialized when the formation of anomalies following the SSW are already
established. Relatively large improvements of the forecast could be found in the stratosphere
after the onset of the SSW in forecasts D-15 and D-10, although they are disturbed and not
always judged as significant (Figures 2f and 2g). This suggests that the initial difference in the
upper stratosphere induced by satellite data assimilation would develop due to large anomalies
via nonlinear interactions between waves and the mean flow for only a small number of SSW
events. Therefore, to describe details of the growth process of satellite impact, it is necessary to
focus on cases showing a large difference between JRA-55 and JRA-55C forecasts.
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Figure 2. Time-height cross sections of the forecast skill measured by AC coefficient
(validated by JRA-55) for geopotential height fields in the NH (north of 20°N). Forecast
results from D-15, D-10, D-5, D0, D+5 are distributed from top to bottom. DO is represented
by a vertical broken line. (a)—(e) Composite AC coefficient of ensemble mean JRA-55
forecasts averaged for all (20) SSWs. (f)—(j) Differences of averaged AC coefficient of
ensemble mean JRA-55 forecasts from those of JRA-55C forecasts. The hatched regions are
where the difference is significant at 95% confidence (estimated by Welch's #-test).
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3.3 Details of the impact in an extreme case

Details of the initial growth of differences between JRA-55 and JRA-55C forecasts are
examined by focusing on a forecast case that had a significant impact due to satellite data
assimilation in the extended-range forecast. We checked the absolute difference of the
normalized polar-cap (north of 60°N) height anomalies (a proxy of the NH annular mode; cf.,
Baldwin and Thompson, 2009) expressed for each initialization timing (see Figure S3). By
considering the ensemble-averaged differences in the lower stratosphere (at 50 hPa level) for
approximately one month after SSWs (from D+5 to D+35), we chose a forecast case for an SSW
event that occurred on 1 January 1985, starting from D-10 as the most prominent example of the
satellite impact (Figure S3, red cross). In this case, the deep difference (which reaches the polar
troposphere and significantly affects the surface climate) suddenly appears around DO from the
upper stratosphere and lasts for over a few months after SSW (see Figure S4).

Time evolutions of key parameters in the forecasts in this case describe how the JRA-55
and JRA-55C forecasts compare (Figure 3). A failure to capture the sudden warming in the JRA-
55C forecast is clear (Figure 3a). The JRA-55 ensemble forecast captures well the onset of
warming (over 25 K) whose peak is in early January. However, the warming in the JRA-55C
forecast is weakened after 26 December (D-6), and its peak value stays ~15 K lower than those
of JRA-55, although JRA-55C follows JRA-55 well (with a difference of < 5 K).

Differences in predicted stratospheric circulations are recognizable in the geometric
shape of the stratospheric polar vortex around 29 December (D-3) when the discrepancy between
forecasts became crucial (Figure 3c). The polar vortex in the JRA-55 forecast splits into two
pieces with almost barotropic structure throughout the stratosphere, while the JRA-55C holds its
shape as a single vortex strained parallel to the direction between Eurasia and North America. As
a result, the deep difference reaching to the lower stratosphere (and even to the troposphere)
appears suddenly around the SSW onset date and lasts for over a month.

We have shown the state of the wave—mean flow interactions just after the initialization
in both forecasts to investigate the initial trigger that lead to different time evolutions in the
forecasts (Figure 4). From 23-25 December, the Eliassen—Palm (E—P) flux (Andrews et al.,
1987) in the lower stratosphere begins to increase (Figure 3b), and there is a strong convergence
of E-P flux at 50—60°N and 1 hPa in the JRA-55 forecast (Figure 4a). This convergence is
synonymous with the amplification of wave components in the upper stratosphere, especially
zonal wavenumber 2—the initiation of the splitting behavior of the polar vortex. In contrast, the
upward-propagating wave activity is refracted more equatorward, and the convergence of E-P
flux is absent in the JRA-55C forecast, alternatively generated at 30—40°N (Figure 4b). Such
difference is caused by a too strong westerly (zonal-mean) wind field in the initial condition
particularly over the upper stratosphere. The JRA-55C suffers from a strong wind bias of the
polar-night jet ('cold pole biases') near the model top which is partly solved by the inclusion of
satellite observations in JRA-55. This changes the wave propagation property in the stratosphere
and prevents the convergence at the correct location, as shown in the significant difference
between the JRA-55 and JRA-55C forecasts (Figure 4c). The initial triggering process starts
from the region above the upper stratosphere, since there is almost no significant difference in
the wave activity flux in the troposphere during this period.
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Figure 3. Satellite impact on forecasts of SSW onset in an extreme case. JRA-55 (red line) and
JRA-55C (blue line) ensemble forecasts starting from D-10 are shown for an SSW occurred on
1 January 1985. Time series of (a) 30-hPa temperature averaged northward of 70°N and (b)
vertical component of 50-hPa E-P flux averaged over 45—75°N, from D-15 to D+15. Thick
lines and shades indicate the ensemble mean values and 0.5 standard deviations among
ensemble members. JRA-55 and JRA-55C are also shown by dotted lines. (¢) Three-
dimensional distributions of the vortex edges (isolines of the vertically weighted potential
vorticity), of the stratospheric polar vortex, for a 7-day forecast field (validated at D-3). As a
vortex edge, 38 PVU contours of Lait's PV at isothermal surfaces are plotted for each ensemble
forecasts. Thick lines indicate the ensemble means.

After the appearance of the initial changes in the wave propagation property in the upper
stratosphere, further changes are seen in the time series of the E-P flux in the lower stratosphere
(Figure 3b). After 27 December (D-6), the upward wave activity in the JRA-55 forecast
continues to grow through positive feedback by the wave amplification (i.e., the deceleration of
westerly zonal-mean wind) and further upward propagation of the wave activity in the preferable
mean-field. In contrast, the growth of the flux slows down in the JRA-55C forecast due to the
absence of the wave amplification in the upper stratosphere. As a result, the difference is
expanded until the peak of the flux in the JRA-55 forecast. Such a control of the upward flux
from the troposphere by the stratospheric circulation is sometimes demonstrated by mechanistic
circulation models (Scott and Polvani 2004, 2006; Hitchcock and Haynes, 2016). In this study,
we have found an example of the stratospheric control of the following wave activity flux in a
sophisticated AGCM reforecast experiment which is conducted as the OSE of satellite
observations.
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Figure 4. Latitude-height cross sections before SSW (occurred on 1 January 1985) in an extreme
case of satellite impact. Ensemble mean forecasts starting from D-10 fields of (a) JRA-55 and (b)
JRA-55C averaged over initial 1-3 days (from D-9 to D-7) are shown as zonal-mean zonal wind
(contours with an interval of 5 m s!), E-P flux vector scaled by the inverse of the square root of
the pressure (arrows: Pa kg s2), and its divergence (color: m s day™). The region of easterly is
shaded. (¢) Difference between them [(a)-(b)]. The regions where the difference of E-P flux
divergence is significant at 99.9% confidence (estimated by Welch's #-test) are hatched. The
significant (>99.9% in both meridional and vertical) differences of E-P flux are also plotted by
four times large vectors.

4 Summary and discussion

We have examined observational impacts of satellite data assimilation on extended-range
forecasts of SSWs by conducting ensemble reforecast experiments for 20 SSW events using
JRA-55 and JRA-55C combined with the flexible ensemble reforecast system '"MRI-EPS'.

We have shown the satellite impact on forecasts of the SSW onset judged by the current
de facto standard measure of the major SSW: the reversal of the zonal-mean zonal wind at 60°N
and 10 hPa. A comparative examination between the two ensemble forecasts revealed that the
difference in the SSW capture rate is largest for forecasts starting 5 days before the SSW onset,
on average. The SSW capture rate in JRA-55C forecasts is about 20% lower than that of JRA-55
forecasts, which correctly capture the onset timing of SSWs (allowing +3 days difference). The
lead 5 days is within the deterministic predictable limit as shown in our reforecast experiment
starting from every day in JRA-55 fields. The predictable period of SSW onset is reported more
than 5 days in many previous studies (cf., Tripathi et al. [2015]). This result suggests that a
current practical agreement of the deterministic limit of SSW predictability (at least 5 days) owes
to the quality of the initial condition which benefits from the use of satellite information.
Therefore, the lack of satellite data for any reason might lead to a serious degradation in the
lower (strict) limit of the prior grasp of the event onset which is important for real-time
warnings.
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We have shown the satellite impact on forecasts of circulation anomalies after SSWs,
which are expected as a source of predictability in the seasonal forecasts. On average, we see
>10% improvement due to satellite observations in the AC coefficients of the forecasted NH
height fields, especially in the upper stratosphere. Such difference in the forecast skill is
significant only before 5-10 days after the initialization since the forecast errors grow nonlinearly
and the relative contribution of the initial conditions becomes small after that. However, there are
some extreme cases of long-lasting impact at the lower stratosphere, depending on whether deep
anomalies associated with SSWs are well captured or not in forecasts starting from more than 10
days before the SSW onset date. Such a case dependency is not unexpected considering that not
all SSWs are followed by long-lasting anomalies, and not all SSWs are sensitive to the analysis
increments (mainly over the upper stratosphere) induced by the satellite data assimilation.

Finally, details of the satellite impact which eventually affects the extended-range
forecast are described by focusing on an extreme case. Due to the absence of observational
corrections near the model top, the convergence of E-P flux in the upper stratosphere just after
the initialization is prevented by a too strong westerly mean-wind field (i.e., the uncured bias of
the NWP model of JRA-55) in the JRA-55C forecast. This leads to reduced positive feedbacks
between upward wave fluxes and the mean-field and consequently, unlike the JRA-55 forecast,
the JRA-55C forecast failed to reproduce the splitting behavior of the stratospheric polar vortex.
This causes a deep difference between both forecasts which reaches to the lower stratosphere
(and the surface) and lasts over a month after the SSW. Since the polar vortex just before the
splitting is considered to be located near a critical point in the phase space (e.g., Matthewman et
al. 2011; Yasuda et al., 2017), a transition between states could be caused even by minute
differences. Thus, variations compensated by satellite data assimilation, which represents the
effects of incompletely resolved processes of the NWP model (e.g., gravity wave drags for the
mean flow), are possible candidates triggering such phase transitions. By introducing stochastic
noise to a schematic model of SSW, Birner and Williams (2008) claimed that such small forcing
(mimicking the effects of gravity waves) could affects a threshold of the SSW-like phase
transition. The bifurcating behavior in the extreme case of this study might be an equivalent
representing in the real atmosphere.

These results highlight the important role of mesospheric and upper stratospheric
circulations on the onset and development of SSWs, and in this paper, we have confirmed the
impact of satellite data assimilation on the reproducibility of SSWs. In particular, those that
occur in the NH, whose time evolutions are more constrained by abundant conventional
observations compared with those of the SH.
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Text S1.

The horizontal resolution of the MRI-AGCM used in this study is TL159 (~110 km), and
there are 60 vertical layers with the top boundary at 0.1 hPa. The vertical resolution of
this setting is consistent with that of the NWP model at the time of JRA-55 production.
Although the horizontal resolution is coarser than the JRA-55 (TL319; ~55 km), we
selected this resolution to maintain consistency with the submitted ensemble forecast
data for a multi-NWP system comparison of SSW forecast skill (Tripathi et al., 2016). As
boundary conditions, we used the monthly climatological sea surface temperature (SST)
with the addition of a constant SST anomaly from the climatology at the initial time. The
concentration of ozone is specified by the zonal mean climatological value. As one on
the important parametrizations for the stratosphere, MRI-AGCM adopts a scheme for
orographic gravity wave drag (lwasaki et al., 1989).
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Figure S1. Zonal-mean zonal winds (m s™') at 60°N and 10 hPa for the 20 SSW events
that occurred during 1978/1979-2011/2012 winters. Time series of JRA-55 (black lines)
and JRA-55C (blue lines) are shown from D-20 to D+40. The onset date (D0) is shown in
the format of YYYY/MM/DD. The event with a star mark is a prominent SSW, which
shows under -10 m s™' easterly within 5 days after DO.
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Figure S2. Same as Figure 1, except for all (20) SSW events.
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Figure S3. Satellite impact on forecasts of lower stratospheric circulation after SSWs.
Absolute differences (gray crosses) between JRA-55 and JRA-55C forecasts and averaged
differences (black crosses) of the normalized polar-cap (north of 60°N) height anomalies
at 50 hPa for approximately one month after SSWs (from D+5 to D+35). A red cross
indicates the forecast example shown in Figures 3, 4, and S4.
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Figure S4. Satellite impact on forecasts of SSW-related anomalies in an extreme case.
Time-height cross sections of the normalized polar-cap (north of 60°N) height anomalies
in the ensemble mean forecasts from (a) JRA-55 and (b) JRA-55C. The anomalies from
the climatological mean values are normalized by climatological standard deviations at
each pressure level. Here, the climatological values are calculated for each calendar date
from daily data over 30 years (1981-2010) in JRA-55, and then data were smoothed by
applying a 31-day running average. (c) Difference between them [(a)-(b)]. The regions
where the difference is significant at 95% confidence (estimated by Welch's t-test) are
hatched.



