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Abstract

This study investigates seasonal prediction skill of signiﬁcant wave height (SWH) in the West
Paciﬁc and Indian Oceans. We forced the WAVEWATCH III model with 10 m winds from the National
Centers for Environmental Prediction Reanalysis-2 and from the Community Climate System Model version 4
North American Multi-Model Ensemble retrospective forecasts for the period of January 1979 to December
2013. Results indicate potential for predicting SWH with several months lead time during boreal summers
after the warm phase of El Niño–Southern Oscillation (ENSO) measured by deterministic and probabilistic skill
scores in the Northwest Paciﬁc and Bay of Bengal. During these summers, SWH is smaller than normal due to
reduced atmospheric synoptic activity associated with an anomalously anticyclone in the western Paciﬁc,
leading to larger signal-to-noise ratio in the 10 m winds, hence increasing SWH prediction skill. It is shown
that ENSO has a nonlinear inﬂuence on the number of extremely large SWH events, with reduced number of
extreme occurrences during boreal summers after the warm phase of ENSO.

1. Introduction
Understanding the physical processes at the air-sea interface is a key in order to understand current climate
and future climate projections. Processes like momentum, heat, and freshwater ﬂuxes through the air-sea
interface are main drivers of the climate system and are also affected by variability of ocean surface gravity
waves [Li and Garrett, 1997; Hanley and Belcher, 2008; Fan et al., 2009]. In addition to modulating surface
ﬂuxes, these ocean surface gravity waves affect commerce, military operations, communications, and recreational activities in coastal areas. Recent studies have argued for the existence of trends in wave height for the
last several decades [Hemer et al., 2010; Izaguirre et al., 2011]. These trends will likely inﬂuence the delicate
equilibrium of coastal regions as well as present new challenges for offshore engineering infrastructures
[Weisse et al., 2008]. Future climate projections, as reported by the Intergovernmental Panel for Climate
Change, have recognized the effect of climate change on coastal regions like erosion and impact on population and ecosystem as one of the main requirements for the assessment [Nicholls et al., 2007].
There are several studies that describe the wind and surface wave climate [Young, 1999; Woolf et al., 2002;
Vinoth and Young, 2011]. The latest knowledge on the current wave climate is owed to the development
of phase-averaged surface wave models such as WAVEWATCH III (WW3) of Tolman et al. [2002] and
Wave Model of Wamdig [1988]. Interannual wave climate variability responds to changes in large-scale
ocean-atmosphere systems. The relationship between wave height and well-known climate indices has been
studied. For example, Hemer et al. [2010] argue that wave climate variability in the Paciﬁc Ocean is inﬂuenced
by the El Niño–Southern Oscillation (ENSO). The leading mode of wave climate variability in the Southern
Ocean is signiﬁcantly correlated with the Southern Annular Mode [Hemer et al., 2010]. Similarly, Izaguirre
et al. [2010] showed that wave height variability in the North Atlantic is related to the North Atlantic
Oscillation.
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All of these studies seek to understand surface ocean wave height variability and the possible climate predictors. The objective of this paper is to study whether there is a potential predictability of signiﬁcant wave
height (SWH) beyond the traditional synoptic weather time scale. In order to test the seasonal predictability
of SWH, the WW3 model will be forced with atmospheric reanalysis winds and winds from a set of seasonal
retrospective prediction experiments using the Community Climate System Model version 4 (CCSM4) from
the North American Multi-Model Ensemble (NMME) Project [Kirtman et al., 2014] over the western Paciﬁc
and Indian Oceans. The WW3 experiment with atmospheric reanalysis forcing will be used throughout at a
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proxy for observational estimates in the forecast veriﬁcations presented here. While not real observational
estimates, the experiment with reanalysis forcing does provide a homogenous record for veriﬁcation.

2. Wave Model and Experiment Design
The wave model used in this study is WAVEWATCH III (version 3 model). It is an operational wave model used
by the National Centers for Environmental Prediction (NCEP)/Environmental Prediction Center [Tolman, 1998]
for global and regional signiﬁcant wave height forecasts. It uses realistic bathymetry from the Naval
Oceanographic Ofﬁce DBDB5 database. WAVEWATCH3 (WW3) uses four time steps: a global time step for
propagation of the model solution and interval for wind input, a spatial time step used for spatial propagations, a spectral time step employed for interspectral propagation, and a source time step used for source
terms which are dynamically adjusted for each grid point and global time step.
The wind forcing consisting of 10 m daily winds is interpolated by WW3 using a temporal linear interpolation
of speed and direction. We assert that the use of daily instead of hourly winds forcing will not qualitatively
alter our overarching result, although we acknowledge that this potential shortcoming is beyond the scope
of this paper. The speed is corrected in order to conserve the energy input instead of the wind velocity.
Spatial interpolation from input wind forcing grid to WW3 model grid is performed using a bilinear interpolation of each of the vector components, which include corrections for conserving the wind energy. Forecast of
wave height from WW3 model has been validated for global and regional domains [Tolman et al., 2002] and
was shown to overestimate wave height in the presence of extremely high winds [Chao et al., 2005; Tolman
et al., 2005]. In contrast, Fan et al. [2012] showed a good agreement of signiﬁcant wave height simulated by
WW3 with respect to in situ buoys, satellite altimeter measurements, and reanalysis products, although comparing results from different studies is complicated in that they used different source functions that led to
different wave height estimations.
This paper focuses on Australian and Indonesian domains (80°E–180°E and 60°S–40°N) with a grid resolution
of 1°. In order to assess the predictability of signiﬁcant wave height, we force WW3 model with the NCEP
Reanalysis-2 daily 10 m winds for the period of January 1979 to December 2013. The NCEP Reanalysis has
a spatial resolution of 1.9 [Kistler et al., 2001] which is interpolated to the WW3 grid resolution. The wave
height obtained from this case is used for veriﬁcation of the forecasts described below. We acknowledge that
this simulated wave height is not an observational estimate and is not ideal; however, this approach does
provide a homogenous record to evaluate the retrospective forecast skill.
Similar to the veriﬁcation simulation, WW3 model is integrated using the 10 m wind as forcing from the
CCSM4 NMME retrospective forecasts. CCSM4 is an earth system model consisting of atmosphere, land,
ocean, glaciers, and sea ice components, all of which are linked by a ﬂux coupler. The coupler exchanges daily
information among the components interactively while the models run. The atmospheric component has 26
vertical levels with horizontal resolution of 0.9° latitude by 1.25° longitude. The ocean model component uses
the Parallel Ocean Program version 2 with 1° horizontal resolution and 60 vertical levels. The CCSM4 retrospective forecasts have 10 ensemble members each with distinct initial conditions. Each member is initialized
in 1 January and 1 May and integrated for 12 months for the period of 1982–2013. Overall, we have 32 forecasts years, initialized twice a year and each with 10 ensemble members for a total of 640 model years. The
forcing of WW3 with CCSM4 winds will be referred to as CCSM4-WW3 model.

3. Results
Before discussing the seasonal predictability, it is necessary to assess whether CCSM4-WW3 reproduces the
mean characteristics of SWH compared to that obtained from NCEP Reanalysis. For this, we assess the model
ﬁdelity for each of the four regions identiﬁed in Figure S1 in the supporting information. This is motivated
because each region has a distinct SWH climate. Figure S2 (supporting information) shows a Taylor diagram
of SWH for each of the four regions for all lead times. The Taylor diagram is a simple tool to represent the
accuracy of one model in reproducing observed features. In the context of this paper, it describes how accurate spatial coherence of SWH is reproduced by CCSM4-WW3 compared to NCEP. We note that the model
agrees well with observational estimate (i.e., simulation using NCEP reanalysis forcing) in that spatial correlation is greater than 0.85 for all regions. The bias, as measured by the RMSE error, remains less than 0.5 and
remains smaller than the standard deviation (σ) for each region. Given this, the Northwest Paciﬁc region
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Figure 1. Signiﬁcant wave height forecast skill assessment for May ICs, veriﬁed on boreal summer (i.e., June-July-AugustSeptember, JJAS). RMSE and spread have units of meters (m); all others are unitless.

(red) stands out by having smaller correlation but closer to observed variance than the other three regions,
although the RMSE for this region is slightly larger than for the others.
The objective here is to quantify SWH predictability using 10 m winds from an ensemble simulation of CCSM4
as forcing of WW3 model. But we must remove systematic errors in SWH before any analysis on skill score is
performed. Typically, in the “perfect model predictability framework”, it is not necessary to remove the systematic error. In this case, it is because we deviate from perfect model when verifying the prediction skill
of CCSM4-WW3 model against the SWH obtained from NCEP winds. The systematic error has been removed
in all subsequent analysis following Lopez and Kirtman [2014].
Figure 1 presents several forecast veriﬁcation metrics, including deterministic and probabilistic methods for
lead times 3–5 months corresponding to boreal summer when the forecasts are initialized in 1 May. Anomaly
correlation is considerably higher over the NW Paciﬁc and the Bay of Bengal. Even though anomaly correlation is considered to be a good metric of prediction skill, it does not provide any information on the amplitude of the forecast error. We rely on RMSE, which shows larger values over the extratropics in both
hemispheres. The region just south of Japan shows large RMSE errors even when the correlation is large.
This region is also associated with large ensemble spread. A large spread should not be mistaken for a lack
of skill; this depends on whether the spread is a good representation of the RMSE (i.e., a well-calibrated
prediction system). Over the extratropics, the ensemble spread is larger than the RMSE, suggesting that
CCSM4-WW3 is underconﬁdent in SWH prediction. The opposite occurs near the equator, where the model
is overconﬁdent in its forecasts, which reduces reliability. Given the large spatial extent of the domain, a better measure of deterministic skill is the saturation RMSE score. This measures the forecast error relative to the
system internal variability. As is evident in Figure 1, the skill over the NW Paciﬁc and Bay of Bengal is better
than for the other regions as measured by saturation RMSE. Note that SWH error saturates in the equatorial
Paciﬁc and part of the Southern Ocean. This is further shown by probabilistic measures of forecasts skill,
namely, Rank Probability Skill Score (RPSS) and Relative Operating Characteristics (ROC). The RPSS measures
the probabilistic skill relative to a climatological forecast; hence, an RPSS score greater than zero is said to be
better than climatology. The NW Paciﬁc region is the only one that has positive RPSS scores, consistent with
deterministic measures. This is further validated by the ROC score, which measures the probabilistic skill of a
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Figure 2. Relative Probabilistic Skill Score (RPSS, color) and anomaly correlation greater than 0.5 (black stipples) for signiﬁcant
wave height forecast veriﬁed in boreal summer (i.e., lead time 4 months for May ICs and lead time 8 months for January ICs).
(a, c, and e) May ICs during El Niño, neutral, and La Niña years. (b, d, and f) January ICs. ENSO years are deﬁned based on terciles
of Niño 3 SST anomaly during December-January-February.

forecast system by comparing hit rates and false alarm rates. The hit rate indicates the proportion of events
for which a warning was issued correctly, providing an estimate of the probability that an event will be forewarned. The false alarm rate is the proportion of nonevents for which a warning was issued incorrectly. Given
this, a ROC score index greater than zero is said to be a skillful probabilistic forecast. In term of SWH, we deﬁne
an event as the upper tercile of wave height. It is shown that the hit rate over the NW Paciﬁc is considerably
larger than the false alarm rate for these events. Deterministic and probabilistic measures of forecast skill
suggest the potential for skillful seasonal forecasts of SWH in the Northwest Paciﬁc.
Given the June-July-August-September (JJA) prediction skill noted in Figure 1, we ask what is the source of
the skill? Despite the fact that ENSO peaks in the boreal winter and is comparatively weak in JJA, it remains
of most obvious potential source of skill. To assess this, we analyze the skill conditioned by the state of ENSO.
Here El Niño (La Niña) is identiﬁed by December-January-February (DJF) Niño 3 Sea Surface Temperature
(SST) anomaly greater than one standard deviation. In total, 9 El Niño, 11 neutral, and 7 La Niña events were
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Figure 3. (a) Composite of observed boreal summer signiﬁcant wave height anomaly (meters, color) and 10 m wind anomaly after peak phase of El Niño events. (b) Sea surface temperature (SST) anomaly during boreal summer (color) and peak
phase of El Niño (black contour). (c and d) Same as Figures 3a and 3b but for forecast using May ICs (i.e., lead time
4 months). (e and f) Forecasts using January ICs (i.e., lead time 8 months).

considered from 1982 to 2010. The prediction skill is then quantiﬁed for June-July-August (JJA + 1) after the
DJF ENSO state. The motivation for this analysis is twofold. First, there is enhance skill during boreal summer
(see Figure 1), and second, there is a well-known relationship between ENSO and the NW Paciﬁc Subtropical
High [Wang et al., 1999, 2000; Li et al., 2007; Chen et al., 2012; Yun et al., 2015]. Here we also include the retrospective forecasts initialized on 1 January and 1 May both verifying in boreal summer. Therefore, in this
assessment we are examining whether there is prediction skill 7–9 months in advance in the January cases
and one season in advance in the May case. Figure 2 shows the RPSS (color) and anomaly correlation greater
than 0.5 (black stipples) for SWH forecast veriﬁed in boreal summer (i.e., lead time 4 months for May initial
conditions (ICs) and lead time 8 months for January ICs). Figures 2a, 2c, and 2e are for May ICs during El
Niño, neutral, and La Niña years. Similarly, Figures 2b, 2d, and 2f are for January ICs. It is evident that most
of the forecast skill over the Northwest Paciﬁc discussed earlier can be attributed to the warm phase of
ENSO and that there is only a relatively small degradation in forecast skill as lead time increases
(Figures 2a and 2b). In contrast, those summers that follow neutral- or La Niña-type conditions in the tropical
Paciﬁc offer little or no forecast skill, although for the latter there is some skill for SWH predictions in the tropical western Paciﬁc when the forecasts are initialized on 1 May (Figure 2e).
How does the warm phase of ENSO modulate predictability of signiﬁcant wave height? In an attempt to
answer this question, Figure 3 shows the composite of boreal summer SWH anomaly (color) and 10 m winds
(vector) after the peak phase of El Niño events for (a) NCEP simulated, (c) forecasts initialized on 1 May (i.e.,
lead time 4 months), and (e) forecasts initialized on 1 January (lead time 8 months). The NCEP simulation suggests negative SWH anomaly over the NW Paciﬁc and Bay of Bengal in the boreal summers after the peak
phase of the El Niño events (Figure 3a). This negative anomaly is reasonably well captured by the forecasts
initialized in May (Figure 3c) for short lead time and January (Figure 3e) for long leads. It is also shown that
CCSM4-WW3 captures the anomalous anticyclone [Wang et al., 1999] which enhances easterlies from the
equator to 15°N and westerlies north of 25°N. This anomalous circulation pattern is indicative of a strengthening of the West Paciﬁc subtropical high. This is consistent with Yun et al, [2015], which showed that El Niño

LOPEZ AND KIRTMAN

SEASONAL PREDICTABILITY OF WAVE HEIGHT

3455

Geophysical Research Letters

10.1002/2016GL068653

tends to intensify the subtropical high
from spring to summer. We suggest that
during boreal summers following the
peak phase of an El Niño event, the
West Paciﬁc subtropical high strengthens, inﬂuencing SWH in that region.
The CCSM4-WW3 prediction system is
able to capture elements of this feature
irrespective of lead time. This is somewhat surprising given the relatively
weak amplitude of ENSO during the boreal summer as shown in Figures 4b, 4d,
and 4f for observed, forecasts initialized
in May, and forecasts initialized in
January, respectively.
As further evidence for the inﬂuence of
the warm phase of ENSO, Figure 4a
shows the probability density function
(PDF) of SWH for the NW Paciﬁc region
during boreal summers conditioned by
the ENSO state of the previous DJF season. First, we note that SWH follows a
Gamma distribution with signiﬁcant right
skewness. Note that the PDF during La
Niña and neutral conditions is statistically
undistinguishable. In contrast, consistent
with Figure 3, there is signiﬁcant wave
height reduction during those summers
Figure 4. (a) Signiﬁcant wave height probability density function (PDF)
that follow El Niño events. The reduction
for the Northwestern Paciﬁc region during JJA (+1) for each ENSO phase.
in SWH during summers following the
The legend shows the mean (μ) wave height and its 99% conﬁdence
interval. (b) Composite difference during El Niño minus neutral years of
peak phase of El Niño and the asym10 m eddy kinetic energy (EKE, color). EKE is calculated as the sum of the
metric prediction skill can be attributed
squared zonal and meridional 10 m wind anomalies, where anomalies are
to a reduction in 10 m eddy kinetic
deﬁned by removing the monthly mean from the daily wind components.
energy (EKE) shown in Figure 4b (color).
Also shown is the regression of 850 mb geopotential height with Niño 3
Here EKE includes synoptic and other
SST index (black contour). Black stipples denote regions where JJA (+1)
signal-to-noise ratio of both the zonal and meridional 10 m winds during El high-frequency atmospheric variability
Niño is larger than those during neutral conditions.
that typically would serve to reduce the
signal-to-noise ratio (SNR). This reduced
EKE activity during El Niño is attributed to the strengthening of the West Paciﬁc subtropical high (black contour),
which serves to block midlatitude synoptic weather features like cold surges and transient eddies. This is evident by the anomalous positive EKE in the northern ﬂanks of the anomalous subtropical height where atmospheric eddy activity is enhanced and thus reduces SWH prediction skill there. To further validate this,
Figure 4b depicts the composite difference (i.e., El Niño minus neutral condition) of SNR of 10 m wind (black
stipples). The larger SNR for most of the region during El Niño events is readily seen. A higher SNR of 10 m wind
is a good indication of higher potential predictability of SWH, given that 10 m wind is the only forcing applied to
CCSM4-WW3 forecasting system.

4. Extreme Value Theory and Wave Height
Thus far, we have looked at the prediction skill of SWH and how it is inﬂuenced by ENSO state. Most notably,
there is signiﬁcant change in the PDF of SWH during the warm phase of ENSO. Motivated by this result, we
explore in more detail of the inﬂuence of ENSO on extreme SWH events by analyzing the right tail of
the SWH distribution. Extreme value theory is a statistical technique that describes the unusual rather
than the usual events. Here a peak-over-threshold method using the Generalized Pareto (GP) distribution
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[Coles, 2001] is used. We model the
excess over a high threshold by looking
at JJA daily mean SWH greater than a
ﬁxed threshold. The Generalized Pareto
(GP) cumulative density function with
shape a, scale σ, and threshold u parameters is as follows:
CDFðx; a; σ; uÞ ¼ 1
h
x  ui 1=a
 1þa
;
σ
xu
> 1
x > u; a
σ

(1)

The excess over a threshold u corresponds
to daily SWH exceeding the high threshold
u. A large range of u is chosen to test the
sensitivity of the results. We only kept
those values of u for which the estimate
of the shape and scale parameters were
stable, based on a parameter variance analysis. In order to avoid correlation between
supposedly independent values for a
given location, we cluster excess over
threshold u by identifying independent
clusters and keeping only one value per
cluster. Each cluster must be separated
from the rest by at least 8 days, which
guaranties that each extreme is synoptically independent. Given the rareness of
extreme events and the relative few
ENSO events from 1982 to 2013, all ensemble members for both initial conditions are
used in order to increase sample size.
The GP distribution is shown in Figure 5
(black line) for boreal summer SWH preceded by (a) El Niño with threshold parameter u equal to 2.3 m, (b) neutral with u
Figure 5. Generalized Pareto Distribution (black line) and number of days
equal to 3 m, and (c) La Niña with u equal
N above high threshold u of JJA signiﬁcant wave height for (a) El Niño, (b)
neutral, and (c) La Niña years. Return period (in years) for the 3.5 m wave
to 2.9 m. Figure 5 also shows the number
height is shown in red plus/minus error at a 95% conﬁdence level.
of days N that the threshold is exceeded
(blue bars). There is a considerable change in the distribution of extreme SWH events conditioned by the
state of the tropical Paciﬁc SST, with extreme high SWH events being more likely during neutral and La
Niña conditions. The modeled GP distribution is a good ﬁt of the observed threshold exceeded. Note that
the occurrence of SWH extremes greater than 3.5 m is very rare during summers preceded by El Niño, with
return period of 27 years. In contrast, these extremes occur every 2 years for summers proceeded by neutral
and 3 years for La Niña conditions. Overall, SWH prediction skills along with its mean and extreme value distributions are modulated by the warm phase of ENSO.

5. Discussion
A prediction skill assessment of signiﬁcant wave height over the Indo-Paciﬁc region was performed. The output
of the NMME CCSM4 retrospective forecasts was used as initial conditions and forcing for WW3 to assess
whether there is a potential for multiseasonal prediction of SWH. The results indicate that there is the potential
for predicting SWH with several months lead time depending on underlying ocean state. During the boreal
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summer following the peak phase of El Niño there is notable predictability of SWH in the NW Paciﬁc and the Bay
of Bengal. This result is particularly noteworthy since the amplitude of ENSO during boreal summer is quite
weak. It is worth noting that the results are consistent whether the two extreme El Niño events of 1982–83
and 1997–98 are excluded/included in the analysis (Figure S6, supporting information). During boreal summer
the wave height is smaller than normal as a result of reduced atmospheric synoptic activity associated with an
anomalous anticyclone [Wang et al., 1999] which strengthens the West Paciﬁc subtropical high. This leads to a
larger signal-to-noise ratio in the 10 m winds, hence increasing signiﬁcant wave height predictability. This relationship between the strength of the West Paciﬁc subtropical high and ENSO was studied in Yun et al. [2015]
who showed that El Niño tends to intensify the subtropical high from spring to summer, thus leading to the
decay of the ENSO event via easterly wind modulation. Consequently, this allows for prediction skill of SWH with
several seasons lead time. This nonlinear inﬂuence of ENSO on SWH was further demonstrated by an extreme
value analysis. It was shown that the number of extremely large SWH events was signiﬁcantly reduced during
boreal summer preceded by the warm phase of ENSO. We also tested whether the results presented here are
affected by the limited domain size used. A parallel experiment was carried out using a global domain for WW3
to check the inﬂuence of remotely forced swells on SWH predictability. We found that the root-mean-square
difference (regional-global simulations) is less than 0.2, which is signiﬁcantly smaller than the RMSE of the forecasts of about 0.6 (Figure 1). The correlation between the regional and global WW3 model runs is greater than
0.95; this is considerably larger than the forecast correlation. This suggests signiﬁcant agreement between the
SWH obtained from the regional and global model simulations (see supporting information).
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