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Abstract: The effects of El Nifio on the predictability of positive Indian Ocean dipole (pIOD) events
are investigated by using the GFDL CM2p1 coupled model from the perspective of error growth.
The results show that, under the influence of El Nifio, the summer predictability barrier (SPB) for
pIOD tends to intensify and the winter predictability barrier (WPB) is weakened. Since the reason
for the weakening of WPB has been explained in a previous study, the present study attempts to
explore why the SPB is enhanced. The results demonstrate that the initial sea temperature errors,
which are most likely to induce SPB for pIOD with El Nifio, possess patterns similar to those for
pIOD without El Nifio, whose dominant errors concentrate in the tropical Pacific Ocean (PO), with a
pattern of negative SST errors occurring in the eastern and central PO and subsurface sea temperature
errors being negative in the eastern PO and positive in the western PO. By tracking the development
of such initial errors, it is found that the initial errors over PO lead to anomalous westerlies in the
southeastern Indian Ocean (IO) through the effect of double-cell Walker circulation. Such westerly
anomalies are inhibited by the strongest climatological easterly wind and the southeasterlies related
to the pIOD event itself in summer, while they are enhanced by El Nifio. This competing effect
causes the intensified seasonal variation in latent heat flux, with much less loss in summer under
the effect of El Nifio. The greater suppression of the loss of latent heat flux favors the positive sea
surface temperature (SST) errors developing much faster in the eastern Indian Ocean in summer, and
eventually induces an enhanced SPB for pIOD due to El Nifo.

Keywords: Pacific Ocean; Indian Ocean; IOD events; El Nifio; initial errors; summer predictabil-
ity barrier

1. Introduction

The Indian Ocean dipole (IOD) is a dominant interannual variability in the tropical
Indian Ocean (IO), which is characterized by a west—east dipole pattern in the sea surface
temperature anomalies (SSTAs) [1-3]. IOD is prominent during boreal summer and fall,
with its intensity peak around October, and then collapses rapidly in the following win-
ter [1,3]. IOD presents two phases, a positive IOD (pIOD) shows positive SSTAs in the
western IO (WIO) and negative SSTAs in the southeastern IO (SEIO) along with anomalous
easterlies around the equator [1]; a negative IOD (nIOD) presents a nearly opposite mode
to pIOD, with its amplitude being weaker than that of pIOD [1,4]. The intensity of IOD is
usually measured by the dipole mode index (DMI), which is defined by the difference in
SSTAs between WIO and SEIO [1]. Additionally, the time at which an IOD occurs depends
on whether the DMI exceeds 0.5 standard deviations for three consecutive months [5]. IOD
has attracted a great deal of attention due to its significant worldwide climate influences; it
not only affects surface temperature and precipitation over the coastal regions of 10, but
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also modulates the climate in East Asia, North America and Europe [6—12]. Therefore, it is
crucial to predict IOD events successfully.

The predictability of IOD has been assessed in several studies [13-17]. Compared to
the 5-6-month lead time for the skillful SST prediction of the WIO and 3—-4 months for
the SEIO, the lead time for the skillful prediction of IOD events is much shorter with only
one season, which indicates that predicting IOD events accurately is still difficult [16,18].
Recent studies showed that the prediction errors of IOD events develop fast during boreal
winter and summer, which indicates that the prediction skills of IOD decrease rapidly
during these two seasons; therefore, the winter predictability barrier (WPB) and summer
predictability barrier (SPB) exist in IOD predictions [15,17,19]. The occurrence of WPB
and SPB will cause a rapid decline in IOD forecasting skills, so, in order to improve IOD
prediction skills, WPB and SPB should be considered. Studies have been performed to
investigate WPB and SPB, and the results demonstrate that WPB is mainly induced by the
initial errors of IO, while SPB is generated by the initial uncertainties in the Pacific Ocean
(PO) [17,19]. This implies that, beyond IO itself, the uncertainty occurring in PO is also an
important factor that affects the predictability of IOD. Liu et al. [17] has explored how PO
affects the IOD predictability from the aspect of error growth in the absence of El Nifio.
The results show that the occurrence of SPB is mainly caused by the seasonal changes in
latent heat flux, which is related to the wind anomaly generated by the initial errors in
PO [17]. Then, what are the effects of PO if the IOD is accompanied by El Nifio?

It is well-known that El Nifio/Southern Oscillation (ENSO) is the most significant
air-ocean coupled phenomenon in PO, which is closely related to IOD events [20,21].
ENSO can affect IOD through the atmospheric Walker circulation [22-24] and the oceanic
dynamics [25,26], and the occurrence and magnitude of IOD can also be modulated by
ENSO [20,27]. However, how ENSO affects the predictability of IOD remains to be clarified.
Some studies pointed out that the occurrence of IOD is easier to predict when ENSO
occurs [5,28], and the prediction skills of IOD in statistical models, especially the prediction
skills of intensity, can be effectively improved by introducing the ENSO index [29,30];
meanwhile, other studies suggested that the anomalous atmospheric circulation caused
by ENSO can induce a spring persistence barrier for SST in WIO and a winter persistence
barrier for SST in EIO, which may limit the prediction skills of IOD [15,31]. However, in
the present study, we demonstrate that, when considering the influence of El Nifio, which
is the warm phase of ENSO, the strength of WPB is decreased, while the intensity of SPB is
enhanced (the details can be seen in Section 3), which makes it challenging to determine
whether the effects of ENSO on IOD predictability are positive or negative. Under such a
situation, further investigations are necessary to understand the dynamical mechanisms of
how ENSO affects the IOD predictability. Feng et al. [19] explored the reasons that WPB
decreases under the effects of El Nifio, and demonstrated that the shortwave radiation flux
depresses the development of prediction errors during winter when pIOD events occur
with El Nifio. Thus, the question of why El Nifio increases the strength of SPB will be
addressed in the present study.

The perfect model predictability experiments are used to address these problems, in
which the prediction uncertainties are only generated by initial errors. The rest of this
paper is organized as follows. Section 2 describes the detailed information about the
model and experimental strategy. Section 3 shows the predictability barriers of IOD events
accompanied by El Nifio. Section 4 reveals the effects of El Nifio on the spatial characteristics
of initial errors and corresponding error growth mechanism. Finally, Section 5 includes a
summary and discussion.

2. Model and Experimental Strategy

The Geophysical Fluid Dynamics Laboratory Climate Model version 2p1 (GFDL
CM2p1) is used in the present study, which presents great simulation capability for IO
and PO climatology as well as IOD and ENSO events [32]. The GFDL CM2p1 coupled
model has been widely used in the predictability research for both IOD and ENSO [5,17,19],
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which indicates that this model is appropriate to explore the effect of ENSO on IOD
predictability. The GFDL CM2p1 contains atmosphere, ocean, land and sea ice components,
which are coupled through the GFDL’s Flexible Modeling System (FMS, Available online:
https:/ /www.gfdl.noaa.gov/~fms, accessed on 1 October 2021). As the oceanic and
atmospheric outputs are only applied in this study, we only briefly introduce here the
ocean and atmosphere components. The Modular Ocean Model version 4 (MOM4p1) is
employed as the ocean component, whose latitudinal resolution is 1°and the meridional
resolution is 1° in the middle and high latitudes and reduced to 1/3° around the equator.
The vertical levels of MOM4p1 are 50, and the resolution in the upper 225 m is 10 m. The
GFDL CM2p1 employs the atmosphere model (AM2p12b) as the atmospheric component,
whose horizontal resolution is 2° latitude by 2.5° longitude, with 24 vertical levels. More
detailed descriptions and simulation skills regarding the GFDL CM2p1 can be found in
Delworth et al. [33] and Groffies [34].

To investigate the influence of El Nifio on IOD predictability from the perspective of
error growth, perfect model predictability experiments were conducted using the GFDL
CM2pl. This means that the GFDM CM2pl is assumed to be perfect, and the prediction
uncertainties of IOD events are only produced by initial errors. The GFDL CM2p1 run for
200 years, with the forcing values being aerosols, land cover, tracer, gases and insolation
in 1990. Only in the last 150 years, control runs have been performed to derive the
climatological state. The IOD and El Nifio events were identified after the elimination of
the climatological annual cycle. The average of SSTAs over the region bounded by 5° N
to 5° S, and 170° W to 120° W, is defined as the Nino3.4 index, which is used to describe
the amplitude of El Nifio according to the definition of NOAA in 2005. If the DMI exceeds
0.5 standard deviations for 3 consecutive months and the Nino3.4 is more than 0.5 for
3 months at the same time, we consider that the IOD events occur accompanied by El
Nifio. As mentioned before, the pIOD events are usually stronger than negative events,
and therefore their effects on climate and weather are more significant. Furthermore, in the
context of global warming, the frequency and strength of pIOD is increasing obviously [35].
In addition, previous studies showed that when IOD occurred with ENSO events, pIOD
was usually accompanied by El Nifio [36]. Thus, only pIOD that are accompanied by
El Nifio are considered in the present study and five such events were selected with
different intensities.

Figure 1 shows the DMI of the five selected pIOD events and the Nino3.4 of the
accompanying El Nifio events, respectively. It is shown that the sign of the Nino3.4 reverses
from negative to positive around February, then increases in the following seasons and
peaks in December or January in the next year, and declines in the following seasons. The
evolution of DMI indicates that pIOD takes place around April, peaks in autumn and
weakens rapidly in the following months. These simulations are consistent with prior
observations [3,37,38], which confirms that the GFDL CM2p1 is acceptable for studying
how El Nifio affects pIOD predictability.

The above five pIOD events are regarded as “true states”. The dominant period
of IOD was considered to be 4 years, which, as shown in [17], is well simulated by the
GFDL CM2pl. An IOD event experiences negative to positive phases during 4 years.
Thus, the differences in sea temperature between the start month and the months within
the 4 preceding years were defined as initial errors, which ensured that the initial errors
were plentiful. For each event, the perfect model predictability experiments contained
48 ensemble members at four start months, namely April (—1), July (—1), October (—1) and
January (0) (“0” represents the year that IOD attains peak and “—1" is one year before IOD
occurs). As the mean lowest depth of the thermocline in the Pacific Ocean is approximately
160-200 m, the initial errors consider the sea temperature component covering the Pacific
and Indian oceans (15° N-15° S, 50° E-85° W) from the surface to 225 m. For each initial
error, the model will run for 18 months with start month April (—1) and July (—1) and for
12 months with start month October (—1) and January (0).
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Figure 1. Time series of (a) DMI for the five pIOD events that occurred with El Nifio from July (—1)
to December (0) and that of (b) Nino3.4 for the El Nifio events from January (0) to December (1)
in the GFDL CM2p1. The blue and red curves represent the individual event and their composite
mean, respectively.

With these initial errors for the selected pIOD events, 960 predictions were obtained.
Based on the predictions and the “true states”, the prediction errors are defined by the
difference of DMI between the predictions and the “true states” as follows:

DMI'(t) = |DMIP(t) — DMI(t)] )

where the [DMIJP (t) and DMI (t) are the DMI of the predictions and the referenced pIOD
events at leading time t. [DMI]’ (¢) is the prediction error that is totally induced by the
initial errors. The monthly error growth rate is the difference between the [DMI]’ (t) and
the later month [DMI]’ (¢ + 1), which implies the changes in prediction errors during one
month. To explore the seasonal characteristics of prediction error growth, the sum of the
monthly error growth rate for each season is used, and spring is from January to March
(JEM), summer is from April to June (AM]), autumn is from July to September (JAS) and the
remainder is winter (OND). Thus, a positive (negative) seasonal error growth rate denotes
increasing (decreasing) prediction errors during the season, and a larger absolute value of
the seasonal growth rate can indicate faster changes in prediction errors.

3. Predictability Barriers for Positive IOD Events with El Nifio

Based on the perfect model experimental strategies, we imposed the predefined initial
errors onto the initial states for the chosen five pIOD events accompanied by El Nifio; we
then run the model with the start months being April (—1) and July (—1) for 18 months and
12 months from the other two start months of October (—1) and January (0) to obtain the
predictions. Then, the prediction errors could be calculated. Figure 2 shows the ensemble
mean of seasonal error growth rates for predictions of pIOD with El Nifio. It is shown
that pIOD prediction errors present considerable growth in both AM]J and JAS, while they
are reduced in OND. Compared to the results shown in Figure 2 in Liu et al. [17], it is
found that the error growth rate of pIOD events with El Nifio is much larger in summer
than that without El Nifo, which reveals that the SPB is enhanced due to the effect of El
Nifio; meanwhile, decreased error growth occurred in OND, i.e., the WPB was weakened
by the El Nifio. It should be noticed that the growth rate of pIOD prediction errors is
much larger in AM]J, indicating a spring predictability barrier of IOD, which was also
shown in [39]. Previous studies demonstrated that when IOD co-occurred with ENSO,
wind anomalies associated with ENSO could cause abrupt changes in SST in WIO and
intensify the asymmetry of SSTAs in IO during spring (i.e., the AM]J in the present study) by
affecting the meridional gradient of sea level pressure, which led to the spring persistence



J. Mar. Sci. Eng. 2021, 9, 1169

50f17

barrier of IOD and may have been responsible for the fast error growth in spring [40,41].
Regarding additional effects of ENSO on the predictability barrier for IOD, Feng et al. [19],
as mentioned in the Introduction, explained the weakened WPB for IOD events; however,
the reason that SPB is enhanced by El Nifio remains unknown. In the present study, we
address this issue.
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Figure 2. The ensemble mean of seasonal error growth rate for pIOD predictions (histograms) with
the start month being: (a) April (—1), (b) July (—1), (c) October (—1) and (d) January (0).

4. Reasons for the Enhanced SPB by El Niiio

The SPB for IOD predictions has been reported in Liu et al. [17]. They demonstrated
that the wind anomalies over SEIO caused by initial errors are greatly suppressed by
climatological wind and anomalous wind related to the IOD event itself in summer, which
leads to the decreased loss of latent heat flux, eventually bringing about the occurrence of
SPB. Moreover, Liu et al. [17] showed that SPB is induced by particular types of initial errors
in PO. However, in the present study, we show that the SPB for pIOD events accompanied
by El Nifio becomes stronger. What is the reason for this?

4.1. Spatial Characteristics of SPB-Related Initial Errors

Since the prediction errors here are only caused by initial errors, the reason that the
SPB is enhanced by El Nifio needs to be investigated by exploring the differences in the
initial errors and their evolutionary mechanisms between the pIOD events accompanied
with El Nifio and those without El Nifio, as presented in Liu et al. [17], which named pure
IOD events for convenience. To achieve this, similarly to Liu et al. [17]), we selected the
IOD predictions with a significant SPB as the study object, where a significant SPB refers to
prediction errors with the seasonal growth rate being the largest in summer. Moreover, to
ensure “significance”, the differences between the largest and the second largest growth
rate were larger than 1.5 standard deviations of the above differences. Thus, a total of
203 predictions were selected, with 62 predictions of the starting month of April (—1),
32 predictions of the starting month of July (—1), 43 predictions of the starting month of
October (—1) and the remaining 66 predictions of the starting month of January(0). For the
sake of convenience, the initial errors of these 203 predictions were named the SPB-related
initial errors.

In the interest of exploring the main features of SPB-related initial errors, we conducted
cluster analysis on these initial errors. We divided the 203 SPB-related initial errors into
two groups, with 102 initial errors in one group, which is referred to as type-1 errors, and
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the remaining 101 initial errors in the other group, which is named type-2 errors. The
spatial patterns of the two types of initial errors are composited and plotted in Figure 3.
Visibly, the type-1 errors present negative SSTAs in the central PO and larger negative
anomalies of subsurface temperature in the eastern PO; meanwhile, in the IO, the surface is
covered by negative SST anomalies while the subsurface shows an east-west dipole mode,
with the positive temperature anomalies in the eastern IO being much larger. The type-2
initial errors show negative SSTAs over the eastern PO and a dipole pattern of subsurface
temperature with negative anomalies in the upper layers of the eastern PO and positive
anomalies in the lower layers of the western PO; meanwhile, in the IO, the anomalies are
almost opposite to the type-1 initial errors. By observing the evolution of the two types of
initial errors starting from any given month (see Figures 4 and 5), we found that they both
present a nIOD-like error mode in 10, with positive SSTAs in SEIO and negative SSTAs
in WIO in summer; in addition, the SSTAs in PO exhibit a La Nifia-like error mode. Such
prediction error modes will weaken the strength of predicted pIOD events, even turning
them into negative phases of IOD.
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Figure 3. Spatial patterns of the (a) type-1 and (b) type-2 initial errors that are most likely to induce a
significant SPB for pIOD predictions. The upper and lower panels show the surface and the equatorial
subsurface component (units: °C, averaged over the region 5° S-5° N).
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Figure 4. Composite evolutions of (a) tropical SST errors (units: °C) and related surface wind
anomalies (units: m/s), and (b) the equatorial subsurface temperature errors (units: °C; averaged
over 5° S by 5° N) induced by the type-1 initial errors with start month being October (—1).
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Figure 5. Same as Figure 4, but caused by the type-2 initial errors.

We noticed that the PO components of the two types of initial errors were similar;
furthermore, when we observed the evolutions of the two types of initial errors, they also
behaved similarly. Specifically, due to the effect of negative SST errors in PO, anomalous
easterlies are induced over the PO, which drive the sustainable northwesterly anomalies
around the SEIO through the gear effect of double-cell Walker circulation. Such anomalous
northwesterlies associated with SPB initial errors are greatly suppressed by climatological
southeasterlies and anomalous southeasterlies induced by the pIOD event itself during
summer, and then stimulated during the subsequent autumn and winter (Figure 6). Even
the anomalous northwesterlies are also depressed in spring; the strength of the climato-
logical and anomalous wind field are both weaker than in summer, which weakens the
inhibition of wind anomalies induced by initial errors. Therefore, such seasonal modulation
of climatological and IOD-induced wind on the anomalous wind associated with initial
errors favors the seasonal variation in latent heat flux, with the maximum positive errors
occurring in summer (Figure 7), which is favorable for the fast development of positive
SST errors in SEIO and induces SPB for the pIOD events with El Nifio.

Combined with the results of the pure IOD events in Liu et al. [17], we found that the
SPB for pIOD events is closely related to initial errors in PO for pIOD events with ENSO
and pure IOD events, and the SPB-related initial errors share similar spatial characteristics.
These SPB-related initial errors, through the effects of double-cell Walker circulation, induce
northwesterlies over SEIO, which are significantly decreased by climatological wind and
anomalous wind generated by pIOD events in summer. Such suppressed wind anomalies
finally stimulate the fast increase in positive SST errors in SEIO by depressing the loss
of latent heat flux. However, when comparing the pIOD with and without El Nifio, the
positive anomalies of latent heat flux, due to the El Nifio effect, are much larger and the
growth of SST errors is more notable, which yields the enhanced SPB for pIOD events with
El Nifo. Then, how does El Nifio affect the variation in latent heat flux and finally cause
the enhanced SPB?
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Figure 6. (a) Seasonal evolutions for the SST (shaded; units: °C) and surface wind (vectors; units:
m/s) of climatological state in Indian Ocean. (b) Seasonal evolutions of SSTAs and related wind
anomalies of the referenced five pIOD events that occurred with El Nifio. (c) Seasonal evolutions of
SST errors and wind anomalies generated by type-1 initial errors with start month being October
(—1). The red rectangle represents the location of the southeastern IO.

4.2. Dynamic Mechanism Related to SPB Enhanced by El Nifio

In present study, we found that SPB for pIOD predictions is enhanced by El Nifio. The
occurrence of SPB is due to the seasonal variation in latent heat flux in both IOD events
accompanied by El Nifio and pure IOD events, while the positive anomalies of latent heat
flux for IOD events with El Nifio (Figure 8) in summer are almost twice those for pure IOD
events shown in Liu et al. [17], which indicates that the intensified seasonality of latent heat
flux may be responsible for the enhanced SPB by El Nifio. Since the variation in latent heat
flux is closely related to the interaction between climatological wind and anomalous wind
generated by initial errors and pIOD events, we paid attention to how El Nifio affects such
processes. As mentioned in the previous section, both types of initial errors tend to cause
nlOD-like mode SST errors in IO, with positive values in SEIO and negative values in WIO.
Thus, the seasonal growth rate of SST errors in WIO and SEIO induced by type-1 initial
errors are compared in Figure 9. It is shown that the seasonal rate of increasing SST errors
in SEIO is much stronger than that of WIO. Therefore, we focused only on how El Nifio
affects the seasonal variation in SST errors in SEIO in order to classify the enhanced SPB.

As mentioned earlier, the changes in latent heat flux are mainly brought about by
the interaction between the wind anomalies caused by the initial errors, climatological
wind and the anomalous wind of the pIOD event itself. The annual climatological wind
presents a stable westerly component over the SEIO during autumn and winter, and the
southeasterly during spring and summer with the strongest wind occurred in summer.
The effects of El Nifio on the variations in anomalous wind caused by initial errors and
different IOD events should be noted.
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Figure 9. Ensemble mean of the growth rate for SST errors over the east and west poles induced by
type-1 initial errors (histograms), with the start month being (a) April (—1), (b) July (—1), (c) October
(—1) and (d) January (0).

Under the effects of El Nifio, the distinct evolution of initial errors for IOD occurring
with El Nifio and pure IOD events (see [17]) results in differences in the strength and
direction of wind anomalies over SEIO. Firstly, we compared the intensity of anomalous
wind induced by initial errors between the pIOD events occurring with El Nifio and the
pure IOD events (Figure 10). For the four start months, the strength of wind anomalies
for pIOD events occurring with El Nifio in summer was larger than that of the pure
IOD events, but weaker in spring. As the intensity of climatological wind over SEIO is
stronger in summer than in the other three seasons, the initial errors induced by enhanced
anomalous wind will be suppressed much more significantly by climatological wind
in summer compared to other seasons. Therefore, the loss of latent heat flux is less
in summer, which causes the positive SST errors to grow faster in summer and finally
enhance the SPB for pIOD predictions. Moreover, beyond the magnitude of wind anomalies
caused by initial errors, the direction of wind is another factor that will be responsible
for the intensified seasonality of latent heat flux. For the pIOD events occurring with El
Nifio, the evolution of sea temperature errors over PO is similar to the decaying phase
of La Nifia; the sustained negative SST errors over the PO are favorable for the stable
easterly anomalies. Through the effects of double-cell Walker circulation, there remains
an anomalous westerly over the SEIO during the evolution of prediction errors. Such
westerly anomalies appear much earlier than in pure IOD events, where they almost occur
around spring (Figures 11 and 12). Climatological westerlies over SEIO during autumn
and winter will stimulate the anomalous westerlies caused by initial errors and intensify
the loss of latent heat flux, which is helpful for enhancing the seasonality of latent heat flux.
Consequently, as the earlier appearance of westerly anomalies with its magnitude is much
stronger in summer, which is greatly suppressed by climatological wind and pIOD-related
anomalous wind, the loss of latent heat flux is limited in summer and stimulated in autumn
and winter, and the seasonality of latent heat flux becomes more significant. Therefore, a
stronger SPB for pIOD events occurring with El Nifio arises.
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Figure 10. Histograms of the seasonal mean for wind strength produced by SPB-related initial errors
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IOD events; blue bars represent the IOD predictions occurred with El Nifio for (a) start month of April
(—=1), (b) start month of July (—1), (c) start month of October (—1) and (d) start month of January (0).
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Figure 11. (a) Seasonal evolutions for the SST (shaded; units: °C) and surface wind (vectors; units:
m/s) of climatological state in Indian Ocean. Seasonal evolutions of SST errors and wind anomalies
induced by the type-1 initial errors for (b) the pure IOD events and (c) the pIOD events that occurred
with El Nifio with the start month being October (—1). The red rectangle denotes the location of the
southeastern IO.
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Figure 12. Same as Figure 11, (a) for the climatological state, but (b) for the pure IOD events and
(c) for the pIOD events that occurred with El Nifio induced by the type-2 initial errors.

Apart from the suppression of climatological wind on anomalous wind derived
from initial errors, the IOD-related anomalous wind also plays an important role in the
emergence of SPB, which implies that the different reference states are another factor that
affects the strength of SPB. By comparing the development of SSTAs for pIOD events
occurring with El Nifio and pure IOD events (Figure 13), we found, under the effects of
anomalous southeasterlies, that the negative SSTAs appear over SEIO in spring, and then
the negative SSTAs develop along with the wind anomalies, which intensify for both types
of IOD events. However, there exist some differences for SSTAs over WIO, with the positive
SSTAs of the pIOD events occurring with El Nifio being much larger than those of the pure
IOD events, especially in summer. The zonal gradient of SSTAs over 1O is greater for the
plOD events occurring with El Nifio. As the IOD events are measured by the difference
in SSTAs between SEIO and WIO, the larger the zonal gradient of SSTAs, the stronger the
IOD events. When pIOD occurs with El Nifio, the amplitude of IOD is intensified. Since
IOD is an air-sea coupling phenomenon, the corresponding wind anomalies over SEIO
are also stronger than during pure IOD events (Figure 14). The anomalous wind induced
by stronger IOD occurring with El Nifio would further restrict the westerly anomalies
generated by initial errors; the loss of latent heat flux is reduced and finally the intensity of
SPB is affected.

Under the effect of El Nifio, the northwesterlies caused by initial errors appear earlier
in SEIO and their strength is intensified in summer; meanwhile, the referenced IOD events
are stronger compared to the pure IOD events, and the wind anomalies generated by initial
errors are greatly suppressed in summer compared to other seasons; thus, the seasonality
of latent heat flux is more remarkable. In particular, the loss of latent heat flux during
summer decreases more significantly, which is more favorable for the development of
positive SST errors and yields more prominent SPB.
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5. Summary and Discussion

In the present study, the Geophysical Fluid Dynamics Laboratory (GFDL) CM2p1
coupled model is used to investigate the effects of El Nifio on the summer predictability
barrier (SPB) of the Indian Ocean dipole (IOD), under the assumption that the prediction
uncertainties are totally induced by the initial errors. We demonstrate that, under the
influence of El Nifio, the intensity of SPB tends to be stronger. Features of the initial errors
that induce a significant SPB for the positive IOD (pIOD) events that occur with El Nifio
are exhibited, and there are two types of initial errors that tend to cause prediction errors
to develop rapidly in summer. The first type is characterized by negative sea surface
temperature (SST) errors over the central Pacific Ocean (PO) and negative subsurface sea
temperature errors in the eastern PO. The SST errors in the Indian Ocean (IO) are negative,
and the subsurface sea temperature errors present a dipole mode, with large positive values
in the eastern IO. The other type of initial error shows a similar pattern to the first type,
where negative SSTAs move eastward and are located in the eastern PO, while the spatial
pattern of 1O is opposite to the first type. By tracking the evolutions of the initial errors, it
is shown that both types of initial errors present a La Nifia-like decaying mode in the PO,
which induces easterly anomalies in the PO. Through the gear effect of double-cell Walker
circulation, anomalous westerlies occur in the eastern IO and lead to a negative IOD (nIOD)
evolving mode, with positive SST errors occurring over the east pole (10° S-0°, 90° E-110°
E) of the IOD, which dominate the season-dependent evolution of the prediction errors
and cause the pIOD events to be underestimated. Even though the patterns in IO are quite
different between these two types of initial errors, the prediction errors are mainly caused
by the initial errors of the PO.

Under the effects of E1 Nifio, the growth of prediction errors for pIOD occurring with El
Nifio is much faster in summer, which leads to an enhanced SPB, which is mainly caused by
the stronger seasonal variation in latent heat flux, with the least loss appearing in summer.
The enhanced seasonality of latent heat flux is modulated by the initial error-induced
anomalous wind being greatly suppressed by climatological wind and the wind anomalies
related to pIOD events. Considering the effects of El Nifio, the northwesterlies over the
southeastern IO are intensified in summer, which are greatly inhibited by climatological
easterlies, and the loss of latent heat flux significantly decreases. Furthermore, when
the pIOD events occur with El Nifio, the westerly anomalies occur much earlier, and
climatological westerlies that appear in autumn and winter will stimulate such anomalous
wind and intensify the loss of latent heat flux. Thus, as the loss of latent heat flux is
reinforced in autumn and winter and weakened in summer, the seasonality of latent heat
flux becomes more prominent. Moreover, the amplitude of plOD events occurring with El
Nifio is larger than that of the pure IOD events, which implies that anomalous wind related
to the pIOD event itself will also affect the wind anomalies generated by initial errors more
remarkably. Specifically, the anomalous westerlies caused by initial errors are prohibited
more prominently by the stronger southeasterlies related to pIOD events during summer,
which is beneficial for the appearance of a stronger SPB phenomenon. Therefore, El Nifio
could enhance the SPB for plOD predictions by affecting the evolutions of initial errors and
the strength of pIOD events, which leads to the westerlies caused by initial errors being
prominently suppressed during summer and greatly decreases the loss of latent heat flux.

As mentioned in the Introduction, previous studies have shown that the effect of El
Nifio/Southern Oscillation (ENSO) on IOD predictability is complicated [19,31]. In this
study, we further explored the variation in IOD predictability considering the influence of
El Nifio from the aspect of error growth, and found that the strength of the predictability
barrier for pIOD events changed obviously, with SPB being intensified and WPB weakened.
The enhanced SPB will result in the pIOD events being weakened and even becoming
negative IOD (nIOD). Such results indicate that El Nifio could modulate the prediction
of the amplitude of pIOD events. This perspective coincides with the conclusions of Kug
et al. [29] and Wang et al. [30], while the present study further revealed the initial error
most likely to affect IOD predictability under the effect of ENSO. ENSO is an unignored
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factor for IOD predictions, but its effect on IOD predictability could be used to guide
improvements in the prediction of IOD.

As mentioned in the above section, when IOD occurs with ENSO, pIOD events are
usually accompanied by El Nifio and nlOD by La Nifia [36]. As the strength of pIOD
is stronger than nIlOD, only the predictability of pIOD and the effects of El Nifio were
investigated in the present study. The nlOD is the symmetric opposite phase of pIOD
as well as the relationship between El Nifio and La Nifia; how does La Nirfia affect the
predictability of nIOD and are the effects opposite to the results in this study? Furthermore,
considering the effects of La Nifia, what are the main features of the initial errors? All these
questions need to be addressed in further research.

According to the results shown in this study, as well as Liu et al. [17], particular spatial
patterns of initial errors are crucial components in the emergence of the predictability
barrier for IOD events. Moreover, the anomalies of the initial errors that yield large
prediction errors are usually concentrated in a few regions. This implies that increasing
the observations in these regions and assimilating them into the model may significantly
decrease the SPB and associated prediction errors for IOD, and the prediction skills of
IOD could be greatly improved. This argument is associated with the concept of “target
observation” [42]. Obviously, the results mentioned in this study could provide valid
information for determining the target observations for IOD predictions. Undoubtedly,
further research needs to be conducted to verify whether the regions associated with initial
errors represent the optimal locations for target observations or not.
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