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Abstract Seasonal hindcast experiments, using prescribed sea surface temperatures (SSTs), are analyzed
for Northern Hemisphere winters from 1900 to 2010. Ensemble mean Pacific/North American index (PNA)
skill varies dramatically, dropping toward zero during the mid-twentieth century, with similar variability

in North Atlantic Oscillation (NAO) hindcast skill. The PNA skill closely follows the correlation between the
observed PNA index and tropical Pacific SST anomalies. During the mid-century period the PNA and NAO
hindcast errors are closely related. The drop in PNA predictability is due to mid-century negative PNA events,
which were not forced in a predictable manner by tropical Pacific SST anomalies. Overall, negative PNA
events are less predictable and seem likely to arise more from internal atmospheric variability than positive
PNA events. Our results suggest that seasonal forecasting systems assessed over the recent 30 year period
may be less skillful in periods, such as the mid-twentieth century, with relatively weak forcing from tropical
Pacific SST anomalies.

1. Introduction

Forecasts of the wintertime extratropical circulation over the Northern Hemisphere have historically exhibited
low levels of skill. The North Atlantic Oscillation (NAO), which is the dominant mode of variability over the
Euro-Atlantic sector [Marshall et al., 2001], has proven particularly challenging for seasonal forecast models to
predict. Analysis of NAO hindcasts (or reforecasts) in a previous generation of models, used in the DEMETER
project [Palmer et al., 2004], found that none of the models exhibited skill over the full 42 year hindcast period
[Miiller et al., 2005; Shi et al., 2015]. However, over the final 14 year DEMETER hindcast period several models
did exhibit significantly skillful NAO hindcasts, highlighting the possibility that forecast skill may depend on
the period of the hindcasts. The latest generation of seasonal forecast models has demonstrated improved
and significant hindcast skill for the NAO [Scaife et al., 2014] and the Arctic Oscillation [Stockdale et al., 2015;
Riddle et al., 2013]. The Met Office’s decadal prediction system has recently been shown to exhibit significantly
skillful hindcasts of the NAO at lead times of over a year, in large part through accurately capturing tropical
Pacific variability [Dunstone et al., 2016]. However, skillful hindcasts of extratropical wintertime circulation in
these models has only been demonstrated for the most recent ~30 year period (i.e., from 1980). Therefore,
it is important to investigate whether the hindcast skill of the recent period holds going further back in the
twentieth century.

A recent study by Weisheimer et al. [2017] presented seasonal hindcast experiments for all boreal winter sea-
sons between 1900 and 2010, initialized at the beginning of November, using a state-of-the-art seasonal
forecast model (albeit using prescribed sea surface temperatures (SSTs)). In these hindcasts, variability in
both ensemble mean and probabilistic NAO skill measures over 30 year periods was demonstrated. The NAO
hindcasts in this system have comparable skill for the early and late twentieth century periods, but there is
an apparent decline in skill during a period in the mid-century. Although the skill of the NAO in the most
recent period of this hindcast (r~0.4) is lower than in some other seasonal forecasting systems (e.g., r~0.6)
[Scaife et al., 2014], the results of Weisheimer et al. [2017] nonetheless suggest that some periods may indeed
be more/less predictable than others. The reasons for the variable levels of skill, however, are not clear. In this
study we use the hindcast experiments presented in Weisheimer et al. [2017] and analyze the variable pre-
dictability of the Pacific/North American index (PNA) and the NAO over the twentieth century. To investigate
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the source of the variable predictability, we analyze the observed link between the extratropical circula-
tion and the tropical Pacific, which is the dominant source of skill in wintertime seasonal forecasting [Smith
etal.,2012].

2. Methods

2.1. Twentieth Century Hindcasts

In this study we analyze the hindcast experiments presented by Weisheimer et al. [2017]. The simulations were
performed using the European Centre for Medium-Range Weather Forecasting (ECMWF) Integrated Forecast
System [Molteni et al., 2011], model cycle 41r1 (a newer model cycle than that currently used for ECMWF's
operational seasonal forecasting system, System 4). The simulations were performed at T255 horizontal res-
olution (~80 km grid spacing), with 91 vertical levels (up to 0.01 hPa). The hindcasts were initialized with 51
ensemble members on 1 November and run through winter to the end of February, for each year from 1900
to 2009. The model was initialized using data from ERA-20C [Poli et al., 2016], which is a reanalysis product
produced by assimilating only surface pressure and marine wind observations over the period 1900-2010.
The forecast model also includes explicit stochastic physics schemes, which represent the uncertainties of
parameterized physical processes [Weisheimer et al., 2014]. The stochastic parameterizations are responsible
for generating the spread between ensemble members in these experiments, as initial condition perturba-
tions are not used. The forecast model also includes time-varying greenhouse gas, solar cycle, and volcanic
aerosol forcing [Molteni et al., 2011], which helps to improve the simulation of trends over the hindcast period
[Weisheimer et al., 2017].

The simulations were performed with sea surface temperature (SST) and sea ice boundary conditions from the
HadISST 2.1 data set [Rayner et al., 2003] applied throughout each simulation. Since SSTs are prescribed, rather
than modeled, these simulations are somewhat idealized and approximate the potential predictability under
the assumption that SSTs force the atmosphere on seasonal time scales, particularly in the tropics, and are
perfectly predicted. However, seasonal forecast models run with a coupled ocean model typically do exhibit
high levels of skill in simulating SSTs in the tropics [e.g., Weisheimer et al., 2009; Kim et al., 2012; Barnston et al.,
2012; Xue et al., 2013; Scaife et al., 2014].

2.2. PNA and NAO Indices

The PNA is one of the dominant teleconnection patterns in the extratropics during the Northern Hemi-
sphere winter season [Wallace and Gutzler, 1981] and is strongly associated with regional temperature and
precipitation anomalies across North America [Leathers et al., 1991]. Here we use the grid point definition of
the PNA as defined in Wallace and Gutzler [1981] as PNA = :T[Z,(ZOON’ 160°W)-Z'(45°N, 165°W) + Z'(55°N,
115°W)-Z'(30°N, 85°W)], where Z’ is the normalized 500 hPa geopotential height anomaly, averaged over
the DJF winter season. The PNA indices are calculated in this manner for ERA-20C, hereafter called the ref-
erence PNA index, and for each ensemble member in the hindcast. The reference PNA is normalized by its
standard deviation, and the PNA indices for each ensemble member are also normalized using the standard
deviation of the reference PNA. The reference PNA index calculated from the ERA-20C data set is very similar
to PNA indices calculated from other data sets, using either a pointwise or rotated empirical orthogonal
function (EOF) method (Figure S1 in the supporting information).

The NAO indices analyzed in this study are the same as those used in Weisheimer et al. [2017]. The refer-
ence NAO index is calculated as the principle component time series of the leading EOF of the wintertime
(i.e, DJF mean) area-weighted 500 hPa geopotential height anomalies over the Atlantic sector (90°E-30°W,
30°E-90°W). As with the PNA, the reference NAO index is calculated from the ERA-20C data set and is in very
good agreement with other estimates of the index [Weisheimer et al., 2017]. The NAO indices for each ensem-
ble member are calculated by projecting the 500 hPa geopotential height anomalies onto the EOF pattern
calculated for the reference NAO. The reference NAO index is normalized to have unit standard deviation,
and the NAO indices for each ensemble member are also normalized using the standard deviation of the
reference NAO.

2.3. Confidence Intervals

The confidence intervals displayed were calculated using a bootstrapping with replacement method. For
example, to estimate the confidence intervals for a correlation over a 30 year window, 30 years are selected at
random from the 30 year window, with replacement, and used to produce a pair of dummy 30 year time series.
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Figure 1. (a) The reference PNA index (black) and the ensemble mean PNA from the hindcast (red). (b) The reference
NAO index (black) and the ensemble mean NAO from the hindcast (blue). In Figures 1a and 1b the shading indicates
the interquartile spread of the ensemble members. (c) The correlation skill of the hindcast ensemble mean with the

reference indices over moving 30 year windows for the PNA (red) and NAO (blue). The shading around each curve in
Figure 1c represents the 5-95% uncertainty of the correlation, calculated using a bootstrapping method. Also shown in
Figure 1c is the PNA and NAO correlation skill over the full hindcast period, along with the 5-95% uncertainty range.

The correlation between the dummy time series is saved and the process repeated 10,000 times. This
distribution of 10,000 values is then used to estimate the sampling uncertainty of the correlation coefficient.

3. Results

3.1. Variability of PNA and NAO Hindcast Skill

We first consider the ensemble mean correlation of the PNA and NAO over the hindcast period. The time series
of the reference PNA and NAO indices are plotted in black in Figures 1a and 1b, respectively. The ensemble
mean PNA and NAO hindcasts for each year are also shown. The correlation between the ensemble mean
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hindcasts and the reference index is shown in Figure 1c. While both the PNA and NAO are significantly skillfully
forecast over the entire 110 year hindcast period, overall the PNA (r = 0.52) is significantly more skillfully
forecast than the NAO (r = 0.31). Higher skill for the PNA is consistent with other seasonal forecast systems
[e.g., Scaifeetal., 2014] as the phase of the PNA is strongly influenced by SST anomalies (and associated heating
anomalies) in the tropical Pacific [Horel and Wallace, 1981; Wallace et al., 1992; Trenberth et al., 1998].

The analysis of Weisheimer et al. [2017] highlighted potential variability in skill when measured over shorter
periods such as those used to assess the current generation of seasonal forecast models. To investigate the
variability of skill, we analyze the ensemble mean correlation skill over moving 30 year windows, shown in
Figure 1c. NAO ensemble mean skill exhibits a drop in the mid-century, but this variability is relatively modest
compared to the confidence intervals. The variability of the ensemble mean PNA skill varies more than the
NAO, with high levels of skill in the early and late parts of the hindcast period. The PNA skill also exhibits a
mid-century minimum where it approaches zero, closely matching the mid-century minimum in NAO skill,
suggesting that the drop in skill in the two indices during this period is related.

3.2. Variable Link Between the PNA and the Tropical Pacific

To investigate the source of the variability in PNA hindcast skill, we analyze the variability of the SSTs in the
tropical Pacific. The time series of SST anomaly averaged over the Nifio-3 region (defined as 150°-90°W,
5°S-5°N) is shown in Figure 2a. The Nifio-3 SSTs are significantly positively correlated with the reference PNA
index (r=0.47), which has similarly been highlighted in previous studies [e.g., Horel and Wallace, 1981]. To
assess the variability in the relationship between the PNA and the tropical Pacific SSTs, the correlation between
the reference PNA index and the Nifo-3 index over moving 30 year windows is plotted in Figure 2b (green line);
this variability is also seen in PNA indices using different reanalysis data sets (Figure S2). The variability of
the correlation between the Nifio-3 index and the reference PNA is almost identical to the variability in the
PNA hindcast skill (red line). The Nifio-3/PNA relationship very clearly captures the mid-century minimum in
PNA hindcast skill. This suggests that the lack of PNA hindcast skill during the mid-century period is due to a
weakening of the relationship between tropical SSTs and the extratropical circulation during this period. The
hindcast ensemble mean PNA response to the Nifio-3 SST anomalies is consistently high (r > 0.8) through-
out the hindcast period (shown by orange line in Figure 2b). This high correlation is a result of averaging
over many ensemble members, as the correlation between all the individual ensemble members (i.e., N = 51
members X 110 years = 5610) and the Nifio-3 index over the full hindcast period is much smaller (r = 0.49,
shown in Figure 2¢) and is comparable with the reference PNA index (r=0.47, also shown in Figure 2c). Since
the model PNA responds the same way to SST anomalies in the tropical Pacific throughout the hindcast period,
the failure of the model to skillfully forecast the PNA during the mid-century is due to the weakening of the
observed relationship between the tropical Pacific SST and the PNA, which the model does not capture.

Similar analysis of the reference NAO index and the Nifio-3 index indicates that the variability in the NAO
hindcast skill is not clearly related to a variable relationship with the tropical Pacific (Figure S4). The Nifio-3
index is only very weakly negatively correlated with the reference NAO and model NAO over the full hindcast
period (Figure 2¢). In fact, the NAO seems to be slightly more strongly linked to the PNA index than the Nifio-3
index in both the reference data set and the model, which further suggests that the hindcast skill of the PNA
and NAO indices could be linked.

3.3. The Link Between PNA and NAO Hindcast Skill

To probe the link between PNA and NAO skill over the hindcast period, we first calculate a measure of the hind-
cast error. For each year, we fit Gaussian distributions to the 51 PNA and NAO hindcasts from the ensemble
members using the mean and standard deviation of the hindcasts. We then calculate how different the refer-
ence PNA and NAO values are from the respective ensemble mean hindcast, in units of standard deviation, |c|.
The |o| for the PNA and NAO hindcasts are plotted for each year in Figure 3a. In the decades during the middle
of the hindcast period there are a larger number of high || events for both the PNA and NAO, consistent with
the dropoff in correlation skill (i.e., Figure 1c).

The correlation between the PNA and NAO |s| values over moving 30 year windows is shown in Figure 3b.
The PNA and NAO errors are most strongly correlated during the mid-century period when the PNA and NAO
hindcast skill is the lowest (Figure 1¢). The extended mid-century period when the hindcast error of the PNA
and NAO are most closely linked, based on Figure 3b, seems to be the 45 year period between 1936 and 1980
(though the results are not qualitatively different if this period is moved by a few years in either direction).
Scatterplots of the PNA and NAO |o| values during this 1936-1980 period (Figure 3c) and all other years
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Figure 2. (a) The boreal winter Nifio-3 index and reference PNA index over the hindcast period. (b) Correlation between
the Nifio-3 index (green) and the hindcast ensemble mean PNA (red, as in Figure 1c) and the reference PNA index

over moving 30 year windows. Also plotted in Figure 2b is the correlation between the Nifio-3 index and the hindcast
ensemble mean PNA (orange). (c) Correlation values over the whole hindcast period: the left section shows the values
for the PNA hindcast skill and the PNA correlation with the Nifo-3 index in observations and the model; the middle
section is the same as the left section but for the NAO; and the right section shows the correlation between the PNA and
the NAO in the reference and the model. The shading in Figures 2b and 2c represents the 5-95% confidence intervals.
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Figure 3. (a) Distance of the reference PNA (red) and NAO (blue) from the hindcast ensemble mean, in |s]| (i.e., standard
deviation), calculated from a normal distribution fitted to the ensemble members. (b) Correlation between the |o|
values of the PNA and NAO hindcasts over moving 30 year windows, shading indicates the 5-95% confidence intervals
(the correlation over the full hindcast period is also shown). The mid-century period where the PNA and NAO |s| values
are closely related, 1936-1980, is shaded in Figure 3a. Scatterplots of the PNA and NAO |¢| values and lines of best fit
are shown (c) for years 1936-1980 and (d) for all other years. Scatterplots of the PNA |o| values are plotted against the
reference PNA index (e) for years 1936-1980 and (d) for all other years. The filled circles on the right side of Figures 3e
and 3f show the mean PNA |o| values for the positive (red) and negative (blue) reference PNA events greater than unit
amplitude (with 5-95% confidence intervals).
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(Figure 3d) demonstrate that the hindcast errors of the PNA and NAO are strongly linked during the
mid-century. However, the hindcast errors are only weakly related in the earlier and later periods, when the
hindcast exhibits the highest levels of skill. We also analyzed the development of PNA and NAO hindcast error
on subseasonal time scales, to see if the PNA error leads or follows NAO error. However, the hindcast skill
degrades when analyzed over shorter periods (particularly for the NAO) and the results were inconclusive.
Nonetheless, it does seem that the NAO might be more strongly related to the PNA than the tropical Pacific
SSTs, although the difference in not clearly significant (Figure 2c). This suggests that the errors in the PNA
region are possibly influencing the NAO forecasts farther downstream on subseasonal time scales, through
the downstream influence of the Pacific circulation on the Atlantic highlighted in previous studies [e.g., Honda
and Nakamura, 2001; Pinto et al., 2011; Drouard et al., 2015].

During the mid-century period when the PNA and NAO skill drops, there are a number of years with particu-
larly large PNA hindcast errors (Figure 3c). During the 1936-1980 period, the largest PNA |o| years are almost
all strongly negative PNA events (Figure 3e). In the other years there are fewer large PNA |o| years and the
association between the phase of the PNA and the hindcast error is not so pronounced (Figure 3f). Over the
whole period the hindcast error of PNA events greater than unit amplitude are significantly larger for nega-
tive PNA events compared to positive PNA events. In contrast, the NAO hindcast errors exhibit no significant
phase dependence (not shown).

3.4. The Asymmetry of PNA Hindcast Skill and Forcing by the Tropical Pacific

The majority of the worst PNA hindcasts identified in Figure 3 were negative PNA years in the reference
(i.e,, Figures 3e and 3f), indicating that negative PNA years are not as well forecast as positive PNA events.
PNA phase has been found to influence predictability in medium range forecasts, with forecasts initialized in
the negative phase of the PNA being less skillful [e.g., Palmer, 1988; Lin and Derome, 1996; Sheng, 2002]. To
further examine the phase dependence of seasonal PNA hindcast skill, we calculated the relative operating
characteristic (ROC) skill score for different threshold PNA events. The ROC curve provides a measure of the
probabilistic forecast skill of a binary event [e.g., Buizza and Palmer, 1998; Mason and Graham, 1999; Kharin and
Zwiers, 2003], which in this case is defined as the PNA exceeding (or not) a particular threshold. The ROC skill
score (defined as double the area under the ROC curve, minus one) is positive for skillful forecasts, equal to one
for perfect forecasts and negative for forecasts that are less skillful than climatology; it is plotted in Figure 4 for
various PNA thresholds. Over the hindcast period it is clear that positive PNA years are generally more skillfully
forecast, which is particularly true for relatively high amplitude PNA years. For example, the hindcasts of upper
quintile (i.e,, eightieth percentile) PNA events are significantly more skillful than lower quintile (i.e., twentieth
percentile) PNA events (at the 5% significance level, using the bootstrapping with replacement method).

Composite SST anomalies for the upper and lower quintile PNA events are shown in Figure 4. The upper
quintile PNA events are strongly associated with warm SST anomalies in the Tropical East Pacific, indicating a
clear link to El Niflo winters. The lower quintile PNA events, however, exhibit a much weaker association with
cold tropical Pacific SST anomalies. This indicates an asymmetrical response of the PNA to tropical Pacific SST
anomalies (and associated heating/precipitation anomalies, Figure S5), similar to that highlighted in previous
studies [e.g., Hoerling et al., 1997; Straus and Shukla, 2002; Peng and Kumar, 2005]. The atmosphere exhibits a
relatively strong, predictable response to positive SST anomalies in the eastern tropical Pacific and as a result,
the positive PNA events are more predictable. On the other hand, negative PNA events are less strongly con-
strained by SST anomalies in the tropical Pacific, which is consistent with the idealized modeling study by
Abid et al. [2015]. Given that there are significant midlatitude SST anomalies in the negative PNA composites
(Figure 4d), one might consider whether these could have a role in forcing the PNA. To first order, however,
the midlatitude SST anomalies associated with the PNA are primarily forced by the atmosphere through
anomalous turbulent heat fluxes of opposite sign, associated with the PNA circulation anomalies (Figure S6).
Therefore, it seems that the negative PNA events are more associated with internal atmospheric variability,
rather than forced from the tropics as in positive PNA events.

This asymmetry in PNA hindcast skill is likely related to the skewed distribution of SST anomalies in the tropical
Pacific, with larger amplitude SST anomalies occurring in El Nifio winters in comparison with La Nifia winters
[e.g., Kumar et al., 2000]. Composite SST anomalies for upper and lower quintile PNA events in the model
(i.e., 612 ensemble members) reveal a weaker asymmetry than in the observations (Figures 4c and 4e).
However, the magnitude of the composite SST anomaly for the upper quintile PNA events is about 0.2°C
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Figure 4. (a) The ROC skill score for PNA events at different thresholds, defined using percentiles of the reference PNA index. Upper/lower quintile thresholds
are indicated by black crosses. The 5-95% uncertainty range is also shown. (b—e) Composite SST anomalies for the upper quintile (Figures 4b and 4c) and
lower quintile (Figures 4d and 4e) PNA events in the reference data set (Figures 4b and 4d) and for all ensemble members of the model (Figures 4c and 4e).
In Figures 4b and 4d values that are significant at the 5% level according to a t test are shown in black contours for the reference composites. In Figures 4c
and 4e all shaded values exceed the 5% significance level.

greater than the composite SST anomaly for the lower quintile, which is found to be significant, suggesting
that the model is able to somewhat replicate the asymmetric response.

Weisheimer et al. [2017] showed that the Pacific Decadal Oscillation (PDO) exhibited similar variability to the
NAO hindcast skill. However, the PDO index is largely forced by the PNA on interannual time scales (Figure S7).
The variability of the multidecadal PNA index, therefore, closely follows the multidecadal PDO index and also
the multidecadal variability in PNA skill (Figure S7), because hindcasts of negative PNA events are less skillful.
The relationship between the NAO and PNA skill variability, consequently, explains the apparent relationship
between NAO skill variability and the PDO.

4, Summary and Discussion

We have analyzed global seasonal hindcast experiments for the Northern Hemisphere winter from the begin-
ning of the twentieth century onward. The hindcast skill for the ensemble mean PNA exhibits dramatic vari-
ability over the hindcast period, with correlation dropping to nearly zero during the mid-twentieth century,
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similar to the variability in NAO hindcast skill. The variability in the hindcast PNA skill closely follows the
observed correlation between the observed PNA index and SST anomalies in the eastern tropical Pacific.
In the observations there is a distinct weakening of the link between the Nifio-3 index and the PNA during the
mid-twentieth century. During the mid-century period, errors in the PNA hindcast are closely correlated with
errors in the NAO hindcast, indicating that the drop in skill in the two indices is closely related. The drop in PNA
predictability is related to a series of poorly forecast mid-century negative PNA events, which were not forced
in a predictable manner by SST anomalies in the tropical Pacific. Our findings indicate that the negative phase
of the PNA is somewhat less predictable and likely arises more from internal atmospheric variability than the
positive phase of the PNA, which is more strongly forced by warm SST anomalies in the tropical Pacific.

A limitation of the hindcast setup used in this study is that it does not capture any source of skill from the
initialization in the stratosphere, as has been cited in other seasonal forecast systems [e.g., Scaife et al., 2014;
Stockdale et al., 2015; Dunstone et al., 2016]. This is because the initialization from ERA-20C does not provide
useful information in the stratosphere, where it differs most greatly from reanalysis products that assimilate
upper air observations such as ERA-Interim [Poli et al., 2016]. Another limitation is the temporal variability
in the observational quality, particularly of the prescribed SST and sea ice boundary conditions, which are
particularly uncertain around the second world war [Kennedy, 2014] and could be influencing the skill during
the mid-century period.

The results presented in this study have implications for the analysis of other seasonal forecast systems. They
suggest that seasonal forecasts that are assessed by hindcasts over only the most recent period (i.e., the last
30 years or so) may be less skillful in periods, such as the mid-twentieth century, when there was relatively
weak forcing from SST anomalies in the tropical Pacific. As a result, the skill of future forecasts from sea-
sonal forecast systems may be lower than has been reported for the most recent generation of these models
[e.g., Scaife et al., 2014; Stockdale et al., 2015]. SST anomalies in the tropical Pacific were found to be crucial in
the skillful prediction of the NAO in both the first and second winter in the Met Office’s decadal prediction sys-
tem (DePreSys) [Dunstone et al., 2016]. We would expect DePreSys, or any other seasonal forecasting system
which derives appreciable extratropical skill from the link with tropical Pacific SST anomalies, to demonstrate
diminished levels of skill during a period characterized by negative PNA phase and weak tropical SST forcing.
As demonstrated here, the observed link is seemingly less predictable.
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