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Flow-dependent spread (FDS) is a desirable characteristic of probabilistic fore-
casts; ensemble spread should represent the expected forecast error. However this
is difficult to estimate for seasonal hindcasts as they tend to have a relatively small
sample size. Here we use a long (110 year) seasonal hindcast dataset to evaluate
FDS in forecasts of boreal winter North Atlantic Oscillation (NAO) and Pacific
North American pattern (PNA). A good FDS relationship is found for interannual
variations in both the NAO and PNA, with mild underdispersion for negative
NAO and PNA events and slight overdispersion for positive NAO. Decadal-scale
variability is seen in forecast errors but not in ensemble spread, which shows little
variation on this timescale. Links between forecast errors and tropical heating
anomalies are also investigated, though no strong links are found. However, a
weak link between strong El Niño warming in the East Pacific and reduced PNA
error is suggested.
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1 | INTRODUCTION

Ideally the spread generated by an ensemble forecast is a
good indication of its error. This can be assessed by con-
fronting multiple ensemble forecasts with the corresponding
observations and calculating the average error of all fore-
casts with an ensemble spread within a certain range. For
useful flow-dependent spread (FDS) we require a positive
correlation between the error and spread: an ensemble with
a larger spread should have a larger error, on average. FDS
has been demonstrated in forecasts at multiple timescales
(e.g., Ferranti et al., 2015) by comparing historical refore-
casts (hindcasts) with observed data.

Shorter-range forecasts generally have a large number of
start dates, while seasonal forecasts initialized have signifi-
cantly less, normally one per month. With around 30 years,
a typical seasonal hindcast has a much smaller total number
of reforecasts available to carry out forecast verification.

This makes it harder to estimate FDS as reforecasts must be
divided into bins, leading to small bin populations with
large uncertainty in the average error calculated across their
members. The verification of the spread-error relationship in
seasonal forecasting systems is then generally limited to
looking at the ratio between average spread and error or
similar measures. This indicates whether on average the
ensemble is under- or overdispersive, however, does not
give an indication of FDS, that is, whether differences in
the ensemble spread between individual forecasts is
meaningful.

One approach to deal with the problem of small sample
size in seasonal hindcasts is to take all spatial gridpoints
within a region, under the assumption they are independent
samples. Such an approach is used to generate reliability
diagrams and has also been followed to verify FDS of both
sea surface temperature (SST) in the European Centre For
Medium-Range Weather Forecasts (ECMWF) seasonal
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forecast system (Christensen et al., 2015) as well as geopo-
tential height at 500 hPa and temperature at 850 hPa in the
monthly system (Haiden et al., 2016). However when the
target field is smooth (as upper-level atmospheric fields
such as Z500 are) neighboring gridpoints are not indepen-
dent. This method is also not appropriate for an index which
does not have spatial dimensions.

A sample of years larger than the usual 30 is needed to
estimate FDS of seasonal forecasts, and such a hindcast has
recently been produced with the ECMWF atmospheric
model. This is an atmosphere-only seasonal forecast cover-
ing the entire 20th century (hereafter ASF-20C, Weisheimer
et al., 2017) and with 110 years it is several times longer
than other operational hindcasts. Here it is used to make a
robust estimate of FDS, focusing on the main modes of
atmospheric variability in the northern extratropics, the
North Atlantic Oscillation (NAO) and Pacific North Ameri-
can pattern (PNA). Given the research interest in seasonal
forecasts of the northern extratropics and their potential utility
in decision-making (Scaife et al., 2014; Shi et al., 2015;
Dunstone et al., 2016; Weisheimer et al., 2017), the question
of whether they exhibit FDS is pertinent.

Using the large sample of the ASF-20C hindcast, here
we assess FDS of the NAO and PNA and thus establish the
information content of variations in forecast spread. Depen-
dence of this relationship on the underlying mode of
variability is also considered, as well as the long term vari-
ability in dispersion characteristics. Finally potential rela-
tionships between forecast error and atmospheric heating in
the tropics are investigated. The methodology, results and
discussion follow in subsequent sections.

2 | METHODOLOGY

2.1 | ASF-20C: Seasonal forecasts of the 20th century

The ASF-20C hindcast uses the ECMWF integrated fore-
casting system (IFS) atmosphere model, in seasonal forecast
mode, but without a dynamic ocean. The ERA-20C reanaly-
sis (Poli et al., 2016) which assimilates only surface pres-
sure and marine wind observations is used for initializing
the model, as well as for validation of the hindcast, while
SSTs from the HadISST2.1.0.0 dataset (Rayner et al., 2003)
are used to initialize and force the lower boundary. By forc-
ing with observed SST rather than a dynamic ocean this
hindcast provides an estimation of forecast skill assuming
SST predictions are perfect. The hindcast is initialized on
the first of every November across the period 1900–2009
and 4-month 51 member forecasts made for each year. The
simulations are then averaged over lead month 2–4 in order
to assess forecasts of the boreal winter season of DJF. Fur-
ther details of the model setup and analysis of the hindcast
may be found in Weisheimer et al. (2017) and O’Reilly
et al. (2017).

2.2 | Measuring FDS in modes of atmospheric
variability in the northern extratropical circulation

The NAO is the dominant mode of variability over the
Euro-Atlantic sector and has a strong impact on the weather
and climate over Europe. It shows variability on multiple
timescales, from days to years and decades and forecasting
it on seasonal timescales is a longstanding research chal-
lenge (Müller et al., 2005; Palmer et al., 2005; Scaife et al.,
2014; Weisheimer et al., 2017). The PNA is a dominant tel-
econnection pattern in the extratropics during the Northern
Hemisphere winter, strongly associated with regional tem-
perature and precipitation anomalies across North America
(Wallace and Gutzler, 1981). Indices for both the NAO and
PNA are defined following Weisheimer et al. (2017) and
Wallace and Gutzler (1981), respectively; readers are
referred here for details. The indices are calculated in the
same way for ERA-20C and ASF-20C and then normalized
in both cases by the standard deviation of the ERA-20C
index.

The FDS is then calculated for the 110 independent
probabilistic forecasts of DJF NAO and PNA. The first step
is to separate the years into bins according to their ensemble
spread (defined as the standard deviation across the ensem-
ble) and calculate the average error within each bin. Quartile
boundaries of spread are used to define the bins, that is, the
reforecasts are divided into four equally populated subsets
according to their value of ensemble spread. For each bin
the root mean square error (RMSE) between the ensemble
mean and the reference is calculated and compared with the
average ensemble spread, for each of the four bins. In addi-
tion the slope of the regression line between the four binned
values of RMSE and spread is calculated to quantify the
relationship between spread and error. Note that an individ-
ual forecast may have a large ensemble spread but a small
ensemble mean error. It is quite possible that an observation
may fall close to the ensemble mean of ensemble with high
spread; only on average we expect the ensemble mean
RMSE to be larger when the ensemble spread is larger. For
this reason the average RMSE is calculated across multiple
reforecasts with similar spread.

Four bins were chosen as a compromise between
robustly estimating the average RMSE in each bin by maxi-
mizing bin population when the data is subset by positive
and negative phases of the NAO and PNA and highly
resolving the relationship between RMSE and spread by
maximizing the total number of bins. For each bin a 95%
confidence interval for the average error is estimated from
1,000 resamples with replacement from that bin. The 1,000
resamples are also used to estimate the uncertainty in the
calculated correlation between the RMSE and spread,
according to one standard error (one standard deviation of
1,000 correlations from the resamples). For the analysis of
links between tropical SST and forecast error five (quintile)
bins are used instead of four, as no subsetting by phase is
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required. Bootstrap resampling is also used to calculate the
significance of SST anomalies; years are randomly
resampled from the entire 110 year dataset 1,000 times and
a 95% confidence interval centered on a zero anomaly is
calculated; SST anomalies outside of this interval are then
considered to be significant at the 95% level.

3 | RESULTS

3.1 | FDS of the NAO and PNA

Figure 1a,d shows the FDS relationship for DJF NAO and
PNA forecasts across all 110 years. The slope across all
points is within one standard error of unity for both indices,
indicating that in general the spread is a good indication of
the error. For the NAO the forecast spread varies between
0.8 and 1.1 of the NAO index, indicating the possible range
of ensemble spread which the prediction system forecasts.
For the PNA the forecast spread is smaller with slightly nar-
rower range, around 0.6–1.0 of the PNA index. The PNA
exhibits some nonlinearity in the relationship, such that the
forecasts in the lowest spread bin do not necessarily have

the lowest error and so small differences between low
spread forecasts may not be meaningful. The average
spread-error measured across the entire dataset (blue star)
indicates that spread is roughly equal to the error, on
average.

Figure 1b,c shows the same relationship for separate
phases of the NAO, defined according to the reference data.
For NAO-events the error over all points is larger than the
spread and the gradient of the regression is more than one
standard error above unity, though the confidence interval
for all bins encompasses the diagonal. The sample size pre-
cludes a strong statement about the difference between
NAO+ and NAO− events, though suggests slight underdis-
persion (overdispersion) for NAO− (NAO+) events. For the
PNA a similar difference is observed, with PNA-events
showing potential underdispersion for the highest spread
events, though again this is not significant. For the second
quintile, there appears to be significant overdispersion for
PNA-events.

Considering now low-frequency variability in dispersion
characteristics, Figure 2a shows the spread, RMSE and their
ratio calculated for 30 year running windows for the NAO
across the 110 year period. RMSE has larger variability

(a) (b) (c)

(d) (e) (f)

FIGURE 1 Flow dependent spread (FDS) of the DJF forecasts for the (a–c) NAO and (d-f) PNA. Forecasts are binned into equally-populated bins of
ensemble spread and the average RMSE in each bin is plotted as a small circle. Error bars indicate 95% confidence intervals from 1,000 member bootstrap
resampling within each bin. The star indicates the spread-error estimate across the entire dataset. The black lines demarcate where the error is equal to the
spread and the lower-right number represents the slope of the regression line across the points, along with the standard error. (a) and (b) show the FDS over
all NAO and PNA years, while (b, c) and (e, f ) show the same for just NAO+/− and PNA+/− years, defined according to the reference data
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than spread, which exhibits no variability on this timescale.
RMSE is lower in the first half of the century, higher in the
mid to late century and has a slight negative trend in the
recent period. This is consistent with the analysis of
Weisheimer et al. (2017) which finds higher NAO skill in
earlier and later periods. Since the ensemble spread shows
no variability, the spread/RMSE ratio follows the inverse of
RMSE; it is overdispersive earlier and underdispersive in
the later period. However the 95% confidence intervals of
spread and error overlap throughout most of the period sug-
gesting that for most of the hindcast period the spread is
roughly consistent with the error.

The PNA also shows no low-frequency variability in
ensemble spread (Figure 2b). The RMSE is significantly
below (above) one at the beginning and end of the period
(during the middle period). This is consistent with O’Reilly
et al. (2017) where a mid-century drop in PNA predictabil-
ity is found. The dispersion ratio then follows the inverse of
the RMSE, with overdispersion at the start and end of the
period and underdispersion during the middle, though the
95% confidence interval includes unity except for at the end
of the period. Overall Figure 2 suggests slight deviations
from a well-calibrated spread/RMSE forecast on decadal
timescales, though these deviations are not highly signifi-
cant. It is clear that the spread does not show variability on
long timescales, and so variability spread/RMSE arises from
RMSE variability alone. If there is some process leading to
decadal variations in RMSE, this does not seem to be repre-
sented in the hindcasts.

In order to evaluate the spatial characteristics of disper-
sion, the spread and RMSE in DJF Z500 across the entire
Northern Hemisphere is shown in Figure 3. Overall the pat-
tern of spread strongly resembles the pattern of RMSE.
There is a gradient in RMSE from the tropics to the

midlatitudes due arising from lower variability of Z500
closer to the equator. This gradient is well captured by the
ensemble spread, though there is significant underdispersion
in the lower part of the domain extending southward to the
tropics. Over the United States and Atlantic the spread/
RMSE ratio is not different from unity at 95% confidence,
while a large coherent region in East Asia is underdisper-
sive. There are some regions of overdispersion over South-
ern Europe, as well as in the West and Northeast Pacific.

3.2 | Tropical drivers of forecast uncertainty

The potential relationship between SST forcing and
NAO/PNA error was investigated. Figure 4 shows SST
anomalies associated with the years in each spread quintile.
For the NAO (Figure 4a–e) warm anomalies in the Central
and West Pacific and the Indian Ocean are associated with
the forecasts with the highest spread. The SST pattern asso-
ciated with the lowest spread forecasts is associated with
cold SST in the Central Pacific. Given the linear relation-
ship between forecast spread and error (Figure 1), this sug-
gests that warm anomalies here are related to uncertainty in
the forecast. When the sea surface is warm, there is a ten-
dency for the forecast to have a larger error; conversely
when the Central Pacific is cool, the error on average may
be smaller. The same analysis was reproduced for NAO
negative and positive years separately but no clear differ-
ences were found (not shown).

For the PNA (Figure 4f–j) there is warming in the East
Pacific for the subset of forecasts with the lowest spread,
suggesting that El Niño may act to drive the model toward
slightly more predictable state in the extratropics. There is
no clear SST pattern associated with larger forecast spread.
Stratifying this analysis by PNA positive and negative
years reveals that the relationship between low ensemble

(a)

(b)

FIGURE 2 30 year average spread, RMSE and the ratio between them for
(a) the NAO and (b) the PNA. Shaded areas indicate 95% confidence
intervals from 1,000 member bootstrap resampling

(a)

(c)

(b)

FIGURE 3 Maps of (a) spread, (b) RMSE and (c) the ratio between them
for DJF anomalies of Z500. The units for the spread and RMSE plots are
meters. Stippling for spread/error comes from a 1,000 member resampling,
indicating deviation of the ratio from 1 at 95% significance
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spread and East Pacific warming was arising PNA+ years
alone (not shown). This is somehwat expected, due to the
known relationship between the PNA and El Niño (Straus
and Shukla, 2002). To investigate further, we define a
potential forcing box in the tropics for each of the NAO
and PNA according to Figure 4. For the NAO we define a
Central Pacific region and for the PNA an East Pacific
region (shown in Figure 4e,f, respectively) and plot the
absolute error for each index against the average SST in
the box.

Figure 5a shows the relationship between NAO error
and SST in the Central Pacific, while Figure 5b shows the
same for the PNA and SST in the East Pacific. For the
NAO a few of the warmest years have large errors, but there
are insufficient data points showing the same relationship to
draw any conclusions; over most of the distribution there
does not appear to be any strong relationship. For the PNA,
Figure 5b reveals that only the two very warmest years out
of the total 110 are contributing to the association of warm
SSTs with low spread seen in Figure 4f.

To further test for any link between tropical SSTs in
these regions and atmospheric error, we consider the same
analysis for in a coupled hindcast following the same setup
as ASF-20C, coupled to NEMO. Hindcast data used has

25 member ensembles covering 1981–2014 and unlike
ASF-20C, this hindcast includes initial perturbations to the
atmospheric state, but otherwise the setup is the same. Here,
each of the 25 members has a diverging SST field for each
of 34 years, giving a total sample size of 850 members over
which to consider the relationship between SST and atmo-
spheric error.

Results are shown in Figure 5c,d. Similarly to the
uncoupled run there is no systematic relationship for either
the NAO or PNA, demonstrating that variability in errors in
the extratropical atmospheric seasonal forecast is not clearly
related to variations in tropical heating. However, in the
coupled system the 2 years with extreme heating in the East
Pacific also lead to reduced PNA error across each ensem-
ble, suggesting a link between strong El Niño events and
low PNA error. However, with only a few years falling in
the extreme of the distribution it is difficult to do more than
speculate on the existence of such a link.

4 | DISCUSSION AND CONCLUSIONS

Using a long seasonal hindcast we have shown that the
ensemble spread of forecasts for both the NAO and PNA is
a good indicator of forecast error. The NAO forecast spread

(a) (f)

(b) (g)

(c) (h)

(d) (i)

(e) (j)

FIGURE 4 Average DJF SST in the tropics, stratified by the ensemble spread in the (a–e) NAO and (f–j) PNA. The hindcast data is stratified according to
equally spaced bins, and is arranged from the years with the lowest spread, (a) and (f ) to the years with the highest spread. Stippling indicates differences
significant from zero at the 95% confidence level
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varies between 0.8 and 1.1 of the NAO index while PNA
forecast spread varies between 0.6 and 1.0 standard devia-
tions of the PNA index and in each case the spread is posi-
tively correlated with the average error. These uncertainty
forecasts have only slight resolution, that is, successive fore-
casts do not have a wide variation in their predicted uncer-
tainty. This has implications for the utility of such forecasts.
That is, the model forecast spread does not vary much from
quite a wide uncertainty of the NAO/PNA index, and users
should be aware of this. However this marginal information
may be useful to some.

Some weak evidence is found for overdispersion for
NAO- and PNA-events, as well as decadal-scale variability
in dispersion characteristics, in agreement with previous
studies using the same dataset (O’Reilly et al., 2017;
Weisheimer et al., 2017). Observed decadal-scale variability
in RMSE of both the PNA and NAO is not captured by
hindcasts, which demonstrate no strong decadal-scale vari-
ability in spread. That is, long-term variability in dispersion
characteristics is driven primarily by variations in error, not
spread. Across the entire northern hemisphere extratropics,
the pattern of spread matches error and their ratio is mostly
indistinguishable from one, however significant areas of
underdispersion are found for the tropics and East Asia.

Significant overdispersion can be seen over smaller regions
of the Pacific and southern Europe.

Potential links between tropical heating and extratropical
atmospheric forecast error have also been explored, though
no strong links are found. However, two warm outlying
years of East Pacific heating are associated with low PNA
forecast error, in both uncoupled and coupled simulations,
suggesting that strong El Niño events lead to a more pre-
dictable, positive PNA. The current analysis only suggests
this hypothesis and if it exists the effect is marginal. Future
work might investigate this hypothesis through modeling
experiments, for instance, testing to see if imposing warm
anomalies in the East Pacific SSTs leads to reductions in
PNA variability. If such an effect can be robustly demon-
strated it may guide a priori evaluation of individual sea-
sonal forecasts and improve their operational interpretation.
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