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1. Introduction

A well-known feature in ENSO forecasts is a significant (a)NINO3.4 SST skill(cc)
drop in prediction skill during boreal spring (Kirtman et al. 1K
2001), particularly in terms of eastern Pacific SST N
correlation coefficients. This spring prediction barrier has
been attributed to the low variance of NINO3 SST anomalies
in boreal spring (Xue et al. 1994; Torrence and Webster 0.4
1998; Clarke and Van Gorder 1999). In the spring season, -]
the Walker circulation is weak and the east-west sea level
pressure and SST gradient along the equatorial Pacific is at a : : : : : : :
minimum (Webster and Yang 1992; Webster 1995; Lau and donAprJul o Det anApr Jul - Octan
Yang 1996). Under such conditions, the initial errors and (bJNINO3.4 d20
“weather” noise in the models can project strongly onto 11
ENSO modes, leading to large error growth and deteriorating
the forecasts. Chen et al. (1995) suggested that the spring
predictability barrier is not intrinsic to the real climate %]
system and that it may be a problem of the models. Jin and  0.4;
Kinter (2009) indicated that systematic model errors are |
major factors limiting the predictability and degrading the
forecast skill.

One important factor for the eastern equatorial SST
anomalies is the equatorial Pacific thermocline change. Thus,
it may be asked whether there is a similar prediction barrier T
in the thermocline. Indeed, a boreal winter prediction barrier |
was identified in the equatorial Pacific heat content
(Balmaseda et al. 1995). In analogy with low NINO3 SST
variance in boreal spring, the equatorial Pacific warm water 04
volume anomalies tend to have small variance in boreal 0.2
winter (McPhaden 2003). Since equatorial Pacific heat
content fluctuations are closely related to surface wind . . .
changes in the western equatorial Pacific (Kirtman 1997, Month
Weisberg and Wang 1997; Mayer and Weisberg 1998; Wang
et al. 1999), is there an associated barrier for the low level Fig. 1 Correlation skill of NINO3.4 SST (a),
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The NCEP CFS (Saha et al. 2006) has become an stress (c) derived from CFS ensemble

important forecast tool. Because of the large impacts of mean forecasts. For clarity of presentation
ENSO on climate fluctuations in both the tropics and two repeating years are shown.

extratropics, it is important to understand how the CFS

performs in terms of tropical Pacific SST forecasts. Saha et al. (2006) have shown that the CFS SST forecasts
experience a large drop in skill in boreal spring. What are the plausible reasons for the drop in skill? Is it due
to the effects of noise or related to the reduction of signal-to-noise ratio (Torrence and Webster 1998)?
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Understanding these questions would help toward a better application of ENSO forecasts made based on the
CFS. The present study addresses these questions based on the NCEP CFS 24-year retrospective ensemble

forecasts.
fal spread MIMNO3. 4 SST

2. The prediction barrier Koo —) 065

Here, the prediction skill is measured by the correlation <y
coefficient between the CFS ensemble mean forecasts and %)GEK?
observations. The prediction skill is calculated based on area- £':.] (
mean anomalies. Figure 1 shows the prediction skills for the ﬁ
NINO3.4 (5°S-5°N, 170°-120°W) SST, NINO3.4 thermocline ) N 5

Jdul Sep [RE=2% Jan wMar kay Jul

depth, and the western equatorial Pacific (5°S-5°N, 130°- Initial Menth 0.2
NIMOZ. 4 d20

170°E) zonal wind stress.

The NINO3.4 SST forecast skill has an apparent drop
during April-June for forecasts starting before March (Fig. 1a).
The lowest forecast skill (less than 0.4) appears in July for
forecasts starting from November-January. For forecasts
starting after March, the drop in skill is much less with
correlations maintained at a high level during November- Sep Pt ———
February. These results are consistent with Saha et al. (2006), - Initial Menth W
and with reported skill by many other methods as well (see

Kirtman et al. 2001).

The NINO3.4 thermocline depth experiences an obvious
drop in the forecast skill as well. The deterioration of skill is
seen during December-February with the lowest forecast skill
appearing in February-March (Fig. 1b), leading the drop in
skill in the NINO3.4 SST by about 4-5 months. The time S®Hiar Moy Jul Sem  Wev  dan Mor
difference of the drop in skill between the NINO3.4 SST and Initial Month
thermocline depth is consistent with their phase lag as shown
in previous studies (Zebiak and Cane 1987; Balmaseda et al.
1995). This suggests that the changes in the forecast skill for
these two quantities are related.
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Fig.2 Ensemble spread for monthly
mean NINO3.4 SST (a), NINO3.4
thermocline depth (b), and western
equatorial Pacific zonal wind stress (c)
The western equatorial Pacific zonal wind stress shows derived from CFS forecasts.

generally lower skill compared to the NINO3.4 SST and

thermocline depth. There are three periods during which the forecast skill for the wind stress displays obvious

drops. The first and most pronounced one is during October-December (Fig. 1c). This one leads the drop in

skill in the NINO3.4 thermocline depth by about 1-2 months. In view of the phase relationship between the
western equatorial Pacific wind stress and equatorial Pacific thermocline changes in the ENSO evolution

(Wang et al. 1999), this drop in skill in the wind stress is likely related to that in the thermocline depth. The

second drop in skill is seen in March-April, which is likely related to the effects of atmospheric noise.

Another drop in skill is seen in July-August. Compared to the other two, this latter drop in skill is relatively

weak and is only seen for some of the forecasts.

Previous studies have focused on the substantial decrease in observation-prediction correlation in the
NINO3 SST or the SO index across the boreal spring and have attributed the spring prediction barrier to the
maximum error growth in boreal spring (e.g., Webster 1995). The forecast skill in Fig. 1 shows that the drop
in skill in NINO3.4 thermocline depth and western equatorial Pacific surface wind stress precedes the drop in
skill in NINO3.4 SST in boreal spring. This phase relationship suggests that the prediction barrier could be an
intrinsic feature of the coupled model (i.e., coupled model error), although the noise may also play a role.

3. Possible reasons for the prediction barrier

If the noise is critical to the low skill, then we would expect to see large noise when the skill drops. To
examine, whether this is so, we show in Fig. 2 the ensemble spread for the NINO3.4 SST, NINO3.4
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thermocline depth, and the western equatorial Pacific zonal (a]NING3.4 SST perfect skill{cc)
wind stress. Here, the ensemble spread is used as a proxy for N
noise. ==

0.8 1
For the NINO3.4 SST, the largest spread is seen around

August-September (Fig. 2a) when the eastern equatorial
Pacific cold tongue is the coldest and the SST front 0-4;
surrounding the cold tongue is the strongest. The spread is .21
small around May when the skill drops quickly. For the
NINO3.4 thermocline depth, the largest spread is seen around
March-April for most of the forecasts (Fig. 2b). Around
December when the skill drop, the spread is small. For the (b)NINO3.4 d20
western equatorial Pacific zonal wind stress, the largest 11 .

spread is around March (Fig. 2c), which coincides with the
secondary skill drop. The main skill drop around November is
in a period when the spread increases. The temporal
relationship between the seasonal change of the prediction  0.41
skill and the spread indicates that the prediction barrier is ]
unlikely to be explained by the noise variation.
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To further demonstrate whether the noise contributes to Jan  Apr Jul Oct Jan Apr Jul  Oct Jan
the drop in the prediction skill, we show in Fig. 3 the (IWEP
correlation skill of three quantities calculated using the
“perfect model approach” based on the 15-member forecasts.
In this calculation, one member of the forecasts is treated as 0.2
“observation” and the ensemble mean of the other 14 g Eay 7
members is treated as “forecast”. The correlation is calculated G
for each of the 15 members alternatively treated as
“observation” and Fig. 3 shows the mean of the 15 0.2
correlations calculated for NINO3.4 SST, NINO3.4 0
thermocline depth, and the western equatorial Pacific zonal Jan Apr Jul Ot don Apr dul Oft Jan
wind stress. Under the perfect model assumption, the model bMonth
systematic errors do not exist and thus the change in the
correlation skill is attributed to the impacts of noise and initial
condition errors. Comparison of Fig. 3 and Fig. 1 illustrates
whether noise contributes to the prediction skill and to what
extent.
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Fig. 3 Correlation skill of NINO3.4 SST
(a), NINO3.4 thermocline depth (b),
and western equatorial Pacific zonal
wind stress (c) calculated using the
perfect model approach from CFS
For NINO3.4 SST, the lowest predictability is seen during forecasts.

July-September (Fig. 3a), consistent with Saha et al. (20086,

their Fig.3). The drop in skill, however, is only about 0.2, much less than that seen in Fig. 1a. In addition, the

timing of the drop in skill is later than that seen in Fig. 1a. For NINO3.4 thermocline depth, the drop in skill is

larger compared to NINO3.4 SST. The lowest skill is about 0.7 during March-April (Fig. 3b). The low skill in

the thermocline depth leads that in the SST by about 4-5 months. For some of the forecasts, there is a

secondary correlation minimum in July. Compared to the skill in Fig. 1b, the drop in skill is much less and

occurs at a later time. For the western equatorial Pacific zonal wind stress, the drop in skill is more
pronounced, with the lowest correlations occurring around May (Fig. 3c). The drop in skill during March-

April seems to occur at the same time as the one of the drops seen in Fig 1c.

The above relationship indicates that the noise does not entirely explain the drops in the prediction skill
seen in the CFS ensemble forecasts. The question then is, what is responsible for the decline in the prediction
skill? Our analyses suggest that the CFS atmospheric wind response to SST anomalies is significantly
different from observations, and that this difference is amplified by coupled feedback, ultimately leading to
the spring prediction barrier. This is demonstrated in the following.
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Fig. 4 Anomalies of December SST (°C) (a, ¢, €) and zonal wind stress (dyn/cm?) (b, d, f) obtained as
regression on December NINO3.4 SST. (a)-(b) are derived from observations, (c)-(d) from CFS
ensemble mean forecasts starting from July, (e)-(f) from CFS ensemble mean forecasts starting
from December. The contour interval is 0.2°C for SST and 0.04 dyn/cm? for wind stress.

Figure 4 shows the December SST and surface zonal wind stress anomalies obtained by regression onto
the December NINO3.4 SST for observations, the CFS forecasts from July and December. For the forecasts
initialized in December, the SST anomalies in the tropical Indo-Pacific Ocean (Fig. 4€) are in good agreement
with the observational estimates (Fig. 4a). The zonal wind stress, however, shows noticeable differences. The
anomalous westerly winds over the equatorial central Pacific are larger in the CFS forecasts (Fig. 4f) than in
observations (Fig. 4b). In addition, the westerly winds extend more westward in the forecasts compared to
observations. For the forecasts starting from July, the westward extension of anomalous westerly winds is
more obvious (Fig. 4d). This is accompanied by westward extension of positive SST anomalies (Fig. 4c).

The differences in the zonal wind stress can affect the ENSO phase transition through ocean-atmosphere
coupled processes. Figure 5 shows the temporal evolution of NINO3.4 SST, NINO3.4 thermocline depth,
NINO3.4 zonal wind stress, and western equatorial Pacific zonal wind stress from CFS forecasts starting from
December and July and from observations, which are obtained by regression onto December NINO3.4 SST.
For forecasts starting from December, the initial month (December) NINO3.4 SST anomalies are nearly the
same in the forecasts and observations (Fig. 5a). The westerly wind stress anomalies, however, are very
different. Compared to observations, anomalous westerlies in the NINO3.4 region are larger throughout the 9-
month forecast period (Fig. 5d) and those in the western equatorial Pacific are larger in December (Fig. 5c).
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The larger westerly anomalies favor the (0) SST NINO3 4 (e)
maintaining of positive thermocline depth 5 Gbe —e T
anomalies in the NINO3.4 region for a longer N " -
period in the CFS forecasts than in observations ~ °s{ - 05

(Fig. 5b). This leads to a longer persistence of 0]t
positive SST anomalies in the NINO3.4 region | | . o .
(Fig. 5a) and, in turn, to westerly anomalies e s e e
over the equatorial central Pacific (Fig. 5d). At 01 92 N : 0
the time when observed SST anomalies are s
near zero, the CFS forecasts still have about

_—— [}

0.5°C positive SST anomalies. As such, low R

Correlatlon Skl“ appears at the tlme Of Observed -5 — 17 NSNS, ——. S

phase transition. Note that, in March and April, Q5 St o o e o e
the CFS forecast western equatorial Pacific () b WEP ()

wind anomalies are easterly (Fig. 5c), which
cannot be explained by SST anomalies in the  °®
central-eastern equatorial Pacific. This suggests 0
the impacts of other factors.

'I_'h_e differences in the_tlme _of phase  -oql——m—0m T R L T R
transition of western equatorial Pacific zonal (d) b NINO3.4 (h)
0.15 — 0.15 i J

wind stress and NINO3.4 thermocline depth i
anomalies are more clearly seen in the forecasts o M 011

starting from July. For these forecasts, westerly — qos 0.05 \/\_,<\/
wind anomalies in the western equatorial i eion il | = —

Pacific are large and remain so until February, i 5
whereas in observations the westerly anomalies % wn Ve Wy W Sep dn Mg Ot Do b er
start to decrease quickly around November and

become small in February (Fig. 5g). The Fig.5 Anomalies of NINO3.4 SST (°C) (a, €), NINO3.4

differences in the NINO3.4 zonal wind stress thermocline depth (m) (b, d), western equatorial Pacific
anomalies are small before December, but after zonal wind stress (dgn/CmZ) (c, 9), and NINO3.4 zonal
that these anomalies are larger in the forecasts wind stress (dyn/cm®) (d, h) obtained as regression on
than in observations (Fig. 5h). Corresponding December NINO3.4 SST. (a)-(d) are from observations
to these wind stress differences, the CFS and CFS ensemble mean forecasts starting from
forecasts maintain positive thermocline depth December, (e)-(h) are the from observations and CFS
anomalies in the NINO3.4 region for a longer ensemble mean forecasts starting from July. Thin curves

are for observations and thick curves are for CFS

time, whereas in observations the thermocline
ensemble mean forecasts.

depth anomalies become small after December
(Fig. 5f). This seems to delay the weakening of
positive SST anomalies in the NINO3.4 region in the forecasts compared to observations (Fig. 5e). The
differences in SST anomalies, in turn, contribute to larger westerly anomalies, in particular, during December-
February (Figs. 5g-h).

4. Summary

The SST, thermocline depth, and surface wind stress over the equatorial Pacific are closely coupled.
Model forecasts of ENSO have often encountered a reduced skill in boreal spring. The present study shows
that the CFS retrospective forecasts experience a prominent drop in skill in boreal spring for NINO3.4 SST
forecasts, in agreement with Saha et al. (2006), and this is preceded by a drop in skill in boreal winter in the
NINO3.4 thermocline depth and western equatorial Pacific zonal wind stress.

The atmospheric noise has a large impact on the prediction skill of the zonal wind stress in boreal spring.
However, its effects on the prediction skill in association with ENSO are relatively small with this model. The
analysis presented here shows that in the CFS the atmospheric wind response to ENSO-related SST anomalies
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is too strong and extends too westward. This deficiency seems to be amplified by coupled processes. As a
result, the thermocline depth anomalies actually persist for too long and the ENSO phase transition is delayed
in the CFS compared to observations. Our interpretation of this result is that the excessive persistence or
delayed phase transition associated with wind stress structural errors is why CFS has a spring prediction
barrier. Our results suggest that the spring prediction barrier is largely due to deficiencies in the models, in
agreement with Chen et al. (1995) and Jin and Kinter (2009).

Previous studies have shown that the western equatorial Pacific zonal wind stress is an important element
in the ENSO evolution (e.g., Weisberg and Wang 1997; Wang et al. 1999). Not surprisingly, the present
study indicates that the ENSO prediction skill is closely linked to the wind stress prediction skill. However,
we also suggest that by improving the atmospheric model wind stress response to SST anomalies we can
expect an improvement in ENSO forecast skill.
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