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ABSTRACT

Accurately predicting El Nifio-Southern Oscillation (ENSO) events is an important
yet challenging task, especially at the extended range of 6-11 months. This research offers
a new methodology for forecasting extended range ENSO events, utilizing global data
and a statistical model. Most ENSO forecasts utilize data local to the Pacific Ocean
basin. This research uses an all-subsets technique to select from an inclusive pool of
global predictors that are able to capture useful ENSO precursor signals beyond the Pacific
basin. A multiple linear regression using the best five predictors produced a December
1 forecast for the June-July-August (6-8 month forecast) and the September-October-
November (9-11 month forecast) Sea Surface Temperature Anomaly (SSTA) in the Nifio
3.4 region (5°N-5°S, 120-170°W). The performance of each forecast was then compared
to the analogous 1 December ENSO-CLIPER (Knaff and Landsea 1997) forecast which is
held as a benchmark for specifying ENSO forecast skill.

Results for the 6-8 month forecast (1 December to JJA) show that the scheme pre-
sented in this research (herein referred to as SG) explains more variance than that of the
ENSO-CLIPER scheme. The SG scheme accounts for 58 percent of the variance for the
period 1952-2002, while the ENSO-CLIPER model explains only 14 percent for the same
period.

The 9-11 month forecast (1 December to SON) shows that SG only improves slightly
upon ENSO-CLIPER. The SG forecast explained 36 percent of the variance for the 1950-
2002 period, while ENSO-CLIPER explained 25 percent. However, by combining the two
schemes (SG + ENSO-CLIPER) it is possible to explain over 50 percent of the variance
in the SON SSTA timeseries 9-11 months in advance.
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LIST OF SYMBOLS AND ACRONYMS

CDC: Climate Diagnostics Center, Boulder, Colorado

El Nino: When anomalously warm sea surface temperatures greater than 0.4°C occur in
the Nino 3.4 region of the Pacific for at least six months.

ENSO: El Nifio-Southern Oscillation - A global climate phenomenon related to the shift
of atmospheric pressure between Darwin, Australia and Tahiti that influences the
sea surface temperatures in the tropical Pacific.

ENSO-CLIPER: Statistical ENSO forecast model that is used as a benchmark of skill in
forecasting ENSO events

GZ: Geopotential Height - The height of the given pressure level.
JJA: June-July-August

La Nifia: When anomalously cool sea surface temperatures less than -0.4°C occur in the
Nino 3.4 region of the Pacific for at least six months.

MB: Millibar - Unit of measure for air pressure

NCEP: National Centers for Environmental Prediction, Washington, D.C.

Nifio 3.4: The region in the Pacific (5°N-5°S, 120-170°W) used to define ENSO events.
Obs: Observations

PDO: Pacific Decadal Oscillation

RMSE: Root mean squared error

SG: Statistical ENSO forecast model presented in this thesis (abbreviation for Seseske-
Gray)

SLP: Sea Level Pressure

SO: Southern Oscillation

SON: September-October-November
SST: Sea surface temperature

SSTA: Sea surface temperature anomaly

U: Zonal Wind - The u-component of the wind, which blows in the east-west direction.



Chapter 1

INTRODUCTION

Although many attempts have been made to forecast the variability of the El Nifio-
Southern Oscillation (ENSO) six to twelve months in advance, the results thus far have not
proven consistent or reliable (Fig. 1.1). The focus of this study is to explore the possibility
of producing a more accurate and dependable statistical ENSO forecast by making use of
global climate data. This study is a preliminary effort to explore the extent to which the
global atmosphere and oceanic systems have long-range precursor signals. Results of this
research show that it is indeed possible to produce an extended-range ENSO prediction
scheme that is able to surpass the rigorous benchmark test of ENSO-CLIPER (Knaff and
Landsea 1997) in hindcast skill over a 51-year period. This new scheme has the potential
to produce more accurate ENSO forecasts, in particular, the ability to forecast changes in
ENSO over the difficult forecast barrier between the Northern Hemisphere spring (March-

May) and summer (July-September).

1.1 Background on El Niiio Southern Oscillation

The El Nino-Southern Oscillation (ENSO) is an oceanic-atmospheric feature based
in the Pacific Ocean that is well known for its large impact on global climate. Warm and
cool ENSO phases alternate on yearly and interdecadal time scales, with the duration and
strength of each warm and cool event depending on many global atmospheric and oceanic
factors. An El Nino (warm) event has been formally defined by Trenberth (1997) as when
the sea surface temperature anomaly in the Nifio 3.4 region (5°N-5°S, 120-170°W) has an
amplitude greater than 0.4°C for six continuous months or more. La Nina (cool) events

are distinguished similarly, when the SSTA remains less than -0.4°C for six continuous



Model Forecasts of ENSO from Mar 2004
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Figure 1.1: Statistical and dynamical forecasts for the Nino 3.4 SSTA are shown. These
forecasts were made in late February and early March 2004. Note the degree of disagree-
ment between the models. From the International Research Institute (IRI) for Climate
Prediction. http://iri.columbia.edu/climate/ENSO/



months. Although there are five Nino regions in the Pacific (Nifio 1, 2, 3, 4 and 3.4), the
Nino 3.4 region has been accepted as a critical area in the Pacific basin for defining El
Nino events. Forecasters often make predictions for the sea surface temperature in this

region (Fig. 1.2).
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Figure 1.2: Geographic location of the Nino regions.

To appreciate the complexity of the mechanisms behind ENSO events, it is imperative
to have at least a simple understanding of the atmospheric and oceanic dynamics in the
equatorial Pacific Ocean. Under normal conditions, equatorial easterly winds prevail in
the Pacific Ocean. This flow pattern aids in the formation of a deep pool of warm water
(greater than 29°C) in the western part of the basin. This collection of warm water is a
vast energy source, fueling deep convection and causing the copious precipitation observed
in the western Pacific. Corresponding low atmospheric pressure is present in the west,
resulting in a pressure gradient across the Pacific basin (Fig. 1.3). Eastern Pacific high
pressure resulting from cooler SSTs produces tropospheric subsidence in this area. This
surface pressure dipole is indicative of the positive phase of the Southern Oscillation, which
maintains high surface pressure in the east Pacific and low surface pressure in the west
Pacific. Atmospheric surface pressure shifts back and forth between Darwin, Australia
and Tahiti, depending on the phase of the Southern Oscillation. The high pressure in the
east Pacific causes air to sink, establishing a dry climate and creating oceanic divergence.

Upwelling along the South American west coast and the equatorial Pacific occur due to



the surface easterly winds that are usually present. Oceanic upwelling draws cold water
from depth up to the surface, causing the waters in the eastern Pacific to be cooler than

in the western Pacific (Fig. 1.4).
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Figure 1.3: This schematic shows how subtropical high and low pressure systems can influ-
ence lower-level winds in the equatorial tropics and cause east-west temperature advection
and Ekman induced up-and-downwelling.

During an El Nino event, the easterly winds across the Pacific basin are weakened,
which affects the flow of surface waters of the ocean. This causes the gradient of the
ocean temperatures to shift, allowing the warm water that has accumulated in the west
Pacific to move eastward as multiple packets of Kelvin waves on the ocean thermocline.
A large reduction in the east to west SST gradient occurs. The area of low pressure
and deep convection that was once in the west Pacific shifts to the east, causing the
equatorial Pacific and the west coast of South America to experience heavy rainfall. This
shift in atmospheric pressure causes a shift in the Southern Oscillation, changing it into
its negative phase. The upwelling of nutrient-rich water along the coast of the South
American continent is greatly reduced or ceases as the low atmospheric pressure causes
greatly reduced trade winds and a large reduction in eastern Pacific upwelling (Rasmusson
and Carpenter 1982).

La Nina episodes feature cooler sea surface temperatures throughout the central and

eastern Pacific as a result of the strengthening of the prevailing easterly winds. Ekman
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Figure 1.4: This schematic shows how a.) easterly winds over the equatorial Pacific Ocean
cause oceanic divergence and atmospheric convergence and b.) westerly winds over the
equatorial Pacific Ocean cause oceanic convergence and atmospheric divergence.

forcing is responsible for the enhanced ocean upwelling that occurs during La Nina events.
With easterly winds in place along the equator, the surface winds converge along the
equator. This atmospheric convergence causes an opposite divergence in the ocean surface
waters along the equator, pulling up cooler water from depth (Fig. 1.4). This results in
the cool SSTs that are observed in the Pacific Ocean during La Nina events.

While the variations caused by ENSO are most dramatic near the equatorial Eastern
Pacific Ocean where the phenomenon is witnessed, the climate at many locations around
the globe also feels the effects of these events. Global teleconnections, or physical links
between climate variations occurring simultaneously, were explored in a seminal paper by
Trenberth et al. in 1982. When warm SSTs shift locations in the Pacific Ocean basin, the
location and intensity of convection also shifts along with them, causing a change in where
heating, precipitation and upper tropospheric divergence occur. Wave propagation is also
recognized as a way in which changes in tropical heating can achieve global influence. In
these ways, changes in SST patterns in the Pacific Ocean can impact the global atmosphere

It is generally accepted that El Nifio development typically occurs as a consequence
of the formation of a number of successive Madden-Julian Oscillation (MJO) events in

the equatorial Indian and West Pacific Oceans (Madden and Julian 1971). It is necessary



that these MJO events be able to propagate into the eastern Pacific for an El Nino event
to occur. The MJO events act to trigger ocean thermocline level Kelvin wave generation.
These Kelvin waves move eastward along the thermocline and bring low-level westerly wind
anomalies and the upwelling of warm eastern equatorial Pacific water. Eastern equatorial
Pacific deep convection and heavy rainfall occur as a response to the resulting increased
east Pacific SSTs.

It is observed that more frequent and stronger MJOs and Kelvin wave formtion events
in El Nino years and move further eastward as compared with La Nina years. It is
the conjecture of this paper that global (not Pacific basin alone) atmospheric and ocean
conditions contribute to the development of equatorial western Pacific and Indian Ocean
conditions conducive to the formation and further eastward propagation of MJO events.
The inhibiting of MJO frequency and intensity, and/or a lack of eastward propagation, is
typically associated with neutral or La Nina years. One must thus look to current and
recent past global atmospheric and ocean conditions to determine when global conditions
will be more or be less conducive to the formation of MJO events. The favorable conditions
for the formation and eastward propagation of El Nino events is hypothesized to occur in
response to specific global atmosphere and ocean conditions to be discussed in this paper.

To obtain a background idea of what is occurring globally during El Nino and La
Nifia events, composites of several global fields during warm and cool years in the Pacific
offer a view of what is occurring outside of the tropics. Ten years in which the Nino 3.4
region of the Pacific warmed throughout the year were composited for several different
global fields, including SST, SLP, surface zonal wind (u), 500-mb zonal wind (u), and
200-mb gZ. The same was done for years in which the region cooled throughout the year.
Figures 1.5, 1.6 and 1.8 shows these composites.

In years when the Nifio 3.4 region warmed, it appears that the 200-mb height field
(Fig. 1.5) shows low heights, on average, throughout the tropics and subtropics. Con-
versely, during cooling years, the heights are anomalously high throughout the same re-

gion. Generally, high heights aloft are associated with El Nino events, but this atmospheric



response can take several months to occur. The composite of warming years shows the
200-mb heights starting to rise in the Pacific, but the response has not been fully real-
ized in this map, which is averaged over the year. The same explanation is valid for the
composite of the cooling years. The heights are high when averaged over the entire year;
the atmospheric response to the warming cannot be clearly seen in the Jan-Dec. average.

Typically, though, low 200-mb heights are an expected response to La Nifia events.

Warming years in Nifio 3.4 Cooling years in Nifo 3.4

200-mb gz 200-mb g2

Figure 1.5: Composites of 200-mb gZ anomalies for ENSO warming and cooling events
(Jan-Dec averages) in the Nifio 3.4 region (see the black box). Warming years are 1951,
1957, 1963, 1965, 1972, 1976, 1982, 1986, 1997, and 2002. Cooling years are 1954, 1955,
1964, 1970, 1973, 1983, 1988, 1992, 1995, and 1998.

The composite of SSTs in warming years in Nifio 3.4 show warm surface waters in the
east Pacific and cool surface waters in the west Pacific (Fig. 1.6). Physically, this makes
sense, as El Nino events are marked by the eastward shift of the warm pool in the Pacific
Ocean basin. As expected, the composite for cooling years in Nino 3.4 show cool SSTs in
the east and central Pacific.

The SLP composite for the warming years (Fig. 1.6) shows low pressure over the east
Pacific and high pressure over the west. When the surface is warm, as it is during El Nino
events, the pressure in the east Pacific decreases. Hence, it makes sense that when the east
and central Pacific are warm, the sea level pressure there will become lower. Note that the

extratropics show low SLP over the continents of Africa, central Asia, and Europe during



Warming years in Nifio 3.4 Cooling years in Nifio 3.4
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Figure 1.6: Composites of SST and SLP for ENSO warming and cooling events (Jan-Dec
averages) in the Nifio 3.4 region. Warming years are 1951, 1957, 1963, 1965, 1972, 1976,

1982, 1986, 1997, and 2002. Cooling years are 1954, 1955, 1964, 1970, 1973, 1983, 1988,
1992, 1995, and 1998.



El Nino years. In comparison, the composite for the cooling years shows relatively high
pressure in the central and east Pacific, where cooler waters remain. Note that over the
warm pool in the west Pacific, the SLP is low. Figure 1.7 shows the relationship between
the pressure heights aloft and at the surface for warm and cool conditions in the Eastern

equatorial Pacific.
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Figure 1.7: This schematic shows the typical pressure heights in the Eastern equatorial
Pacific that are associated with El Nifio (warm) and La Nifa (cool) conditions.

The surface zonal wind (u) in warming years (Fig. 1.8) shows westerly winds over the
west and central Pacific. Anomalous westerly winds are expected in this region, as they aid
in the eastward progression of the warm pool that occurs during El Nifio events. Also note
that the warming composite features have anomalous westerlies in the southern Pacific
(20-40°S, 120-180°W) and adjacent to that, there is a large region of anomalous easterly
winds (45-65°S, 170°E-80°W). During cooling years there are easterly surface winds along
the equator in the west Pacific. Note that the zonal winds in the Southern Hemisphere are
opposite to what they are for the warming years; there are now easterly winds where the
westerly winds prevailed during the warming years (20-40°S, 120-180°W) and just south
of that region there are now westerly winds where once there were easterlies.

The 500-mb zonal wind composites (Fig. 1.8) show opposite conditions along the

equator for warming and cooling years. Anomalous westerly surface winds dominate the
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Figure 1.8: Composites of surface and 500-mb zonal winds for ENSO warming and cooling
events (Jan-Dec averages) in the Nifio 3.4 region. Warming years are 1951, 1957, 1963,

1965, 1972, 1976, 1982, 1986, 1997, and 2002. Cooling years are 1954, 1955, 1964, 1970,
1973, 1983, 1988, 1992, 1995, and 1998.
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tropics during warming years and easterly surface winds occur throughout the tropical
Pacific in the cooling years. The warmth at the surface alters the height fields, which in
turn affects zonal winds aloft. Therefore, the winds at 500-mb are connected to ENSO,
even though they are not in direct contact with the surface where the events take place.
Figure 1.9 shows the difference in the 500-mb heights in the Northern Hemisphere
winter for El Nino and La Nina years. El Nino years typically show a strong low centered
over the north east Pacific Ocean and a high pressure system in the west Pacific, creating
westerly flow in the middle atmosphere over the equatorial Pacific (see arrow in Fig. 1.9).
As discussed previously, this westerly equatorial flow is associated with EI Nino events.
During La Nina years, the strong low pressure that was in the east Pacific during El Nino
events shifts eastward, and a large area of high pressure sets up in the central north Pacific.
Easterly flow occurs in the central Pacific, enhancing surface easterly winds and causing

cool conditions in the Pacific.

La T aa-Cheo

Figure 1.9: Composites of 500-mb heights during El Nifio and La Nina conditions. Adapted
from the CDC’s website http://www.cdc.noaa.gov/ENSO.

1.2 Forecasting El Nino events

Producing an accurate El Nino-Southern Oscillation forecast is worthwhile because of

the severe global impacts these events can have on climate, the environment, and humans.



12

Increased understanding of these events will also provide a better understanding of global
climate and how it is affected by ENSO. However, studies have shown the current quality
of El Nino forecasts, statistical and dynamical, to be poor in most aspects (Landsea and
Knaff 2000, Barnston et al. 1999).

The exact physical mechanisms behind El Nifio events are still not well understood,
and scientists are still unable to predict ENSO events with much skill. However, it is
generally accepted that El Nino events are often triggered by westerly wind bursts from
successive Madden-Julian Oscillation (MJO) events. Despite this knowledge, it is difficult
to foresee the onset, duration, and strength of these MJO events because they occur on
short time scales (a few days to a few weeks in duration).

Another difficulty in predicting ENSO events is the Spring Predictability Barrier
(Webster and Yang 1992; Gray et al. 1994). The largest SST changes typically occur in
the Northern Hemisphere spring, from April-June (Fig. 1.10). The ENSO predictability
barrier is notoriously difficult to forecast across, as sudden changes often occur in the
Pacific SSTs during this time. The mechanisms behind the rapid onset of ENSO events in
the Northern Hemisphere spring are not well understood and therefore, forecasting these

changes in the Pacific remains very difficult.

Time of Verifying
Forecast Periods
Predictability
1 Barrier
D
: o
SEP - NOV

—-— _)
é-sfsj JUN - AUG

DEC FEB APR JUN AUG QCT DEC

Figure 1.10: Schematic showing the time frame for making predictions of ENSO, the
“predictability barrier” and the two verification periods.
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Because of the difficulties in predicting ENSO events, a question arose as to whether
they are predictable at all. Fedorov (2003) suggested that probabilistic forecasts based on
an ensemble of forecast models may be better for forecasting El Nifio events than initial
value deterministic predictions, which give only one possible outcome. The probabilistic
forecast is therefore based on the results of many years of coupled ocean-atmosphere

behavior.

1.3 ENSO-CLIPER - The Benchmark of ENSO Forecasts

In an attempt to create a more stringent standard for ENSO forecasts, Knaff and
Landsea (1997) produced ENSO-CLIPER, a statistical forecast that predicts the sea sur-
face temperature anomaly throughout the Nifio regions in the Pacific Ocean. The authors
argue that persistence is not a rigorous enough test for skill when forecasting ENSO events.
Instead, they propose that a combination of trend, climatology, and persistence makes a
much better baseline for establishing skill. The ENSO-CLIPER forecast was designed
to encompass these three elements. If a scheme produces more accurate forecasts than
ENSO-CLIPER, then that scheme is said to have skill.

The ENSO-CLIPER forecast scheme uses multiple linear regression to produce pre-
dictive equations for all Nino regions and the Southern Oscillation Index. Specifically,
the “leaps and bounds” technique is utilized to select one to four of the best predictors
from a pool of fourteen predictors. Predictors that may be selected by ENSO-CLIPER
include the 1-, 3-, or 5-month averages of anomalies in both the initial conditions and the
trend of the specific region being predicted, and also the three month average of both the
initial conditions and the trend in the other four predictands. Table 1.1 lists the pool of
predictors used by ENSO-CLIPER to forecast the Nino 3.4 SSTA. Each forecast predicts
a three month period, and seven of these forecasts are issued by ENSO-CLIPER each
month. Adjustments are made to the predictions to account for expected degradation in
forecasts made for independent data years.

As expected, the results from ENSO-CLIPER show that it does indeed produce more

accurate forecasts than persistence alone. Because the performance of the model is affected
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Table 1.1: Pool of 14 predictors used by ENSO-CLIPER in forecasting the Nino 3.4 SSTA
(Knaff and Landsea 1997).

1. Initial Nino 3.4 Conditions (1 month)
2. Initial Nifio 3.4 Conditions (3 month)
3. Initial Nifio 3.4 Conditions (5 month)
4. Trend of Nino 3.4 Conditions (1 month)
5. Trend of Nifio 3.4 Conditions (3 month)
6. Trend of Nifo 3.4 Conditions (5 month)
7. Initial Nino 142 Conditions (3 month)
8. Trend of Nifio 142 Conditions (3 month)
9. Initial Nino 3 Conditions (3 month)
10. Trend of Nifio 3 Conditions (3 month)
11. Initial Nifio 4 Conditions (3 month)
12.  Trend of Nifio 4 Conditions (3 month)
13. Imitial SOI Conditions (3 months)
14. Trend of SOI Conditions (3 months)

by the starting point of the forecast, a 12-month average of the explained amount of vari-
ance best shows the model’s proficiency. The average percentages of variance explained for
the zero- through seven-season lead time predictions are shown in Table 1.2 (for example,
a zero-lead time forecast made on 1 August is a forecast for August-September-October).
By itself, persistence yields notably lower percentages for every forecast. Adding climatol-
ogy and trend to persistence explains more variance at an extended range and therefore
offers a more skillful forecast.

Table 1.2: Variance explained (r2) by persistence alone and ENSO-CLIPER (persistence
plus climatology) for 0-7 season lead times (Knaff and Landsea 1997).

Lead Time (seasons) 0 1 2 3 4 5 6 7
Percent Variance Explained 81 55 34 24 18 18 12 7
by ENSO-CLIPER

Percent Variance Explained 74 34 7 0 3 6 8 6
by Persistence Alone

Although ENSO events typically last about 12-18 months, unusual warm conditions
may persist, as they did in the Pacific basin from 1990 to early 1995. The extended El Nino
conditions may be partially responsible for the poor performance of ENSO models in the

early 1990s. The ENSO-CLIPER forecasts for independent data years (1993-1996) were
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worse than expected, but remained better than most models. At the time of their 1997
paper, Knaff and Landsea showed that the ENSO-CLIPER model performed better than
(or at least comparable to) other statistical and numerical models. Although their model is
shown to be the best at forecasting ENSO, there remains a problem with forecasting using
independent data: beyond one-season lead time, only a small percentage of the observed
variance is accounted for. Producing good mid- to long-range forecasts with independent

data remains a challenge for all ENSO models.

1.4 Evaluation of ENSO models for the 1997-1998 El Niino Episode

Landsea and Knaff (2000) examined the usefulness and skill of several statistical and
dynamical ENSO models for the 1997-1998 El Nifio event, using ENSO-CLIPER as a
baseline for establishing skill. Usefulness, as the authors define it, is based on the ability
of the model to distinguish between the phases of ENSO and the magnitude of the event.
Skill is attributed to models that perform better than ENSO-CLIPER. The models that
were evaluated for performance in forecasting the SSTA are the Nino 3 and 3.4 regions
as listed in Table 1.3. The models were also examined specifically for the onset (the
first three-month period when the SSTA exceeded +0.4°C) and decay (first three-month
period when the SSTA averaged lower than +0.4°C) periods. Models were evaluated by
categories based on forecast length, short being 0-1 seasons (0-5 mo.), medium being 2-3
seasons (6-11 mo.), and long being 4-7 seasons (12-23 mo.).

Only the following models were able to perform better than ENSO-CLIPER in pre-
dicting the onset of the '97-’98 El Nino, which occurred during March-May 1997. Short
range forecasts that possessed skill and were useful for the onset were: BMRC, CCA,
COLA, LIM, and SSA/MEM. Medium range forecasts with both of these qualities were:
ANALOG, BMRC, COLA, CONSOL, LIM, NCEP, and SSA/MEM. For the long range,
only BMRC was able to beat ENSO-CLIPER. The NCEP model had the best forecast for
the Nino 3.4 region, with a RMSE that was 31 percent lower than ENSO-CLIPER. Also
note that some of the models were skillful at medium range forecasting but not at the

short time periods (e.g., ANALOG, CONSOL, NCEP). The decay period of the ’97-’98



16

Table 1.3: Listing of the statistical and dynamical ENSO models evaluated by Landsea
and Knaff (2000).

ENSO Model Nino Region Author Year of Publication
ENSO-CLIPER 3, 3.4 Knaff and Landsea 1997
ANALOG 3.4 Van den Dool 1994
CONSOL 34 Unger et al. 1996
NCEP 34 Ji et al. 1996
SCR/MPI 3.4 Barnett et al. 1993
CCA 3.4 Barnston and Ropelewski 1992
OXFORD 3.4 Balmaseda et al. 1994
BMRC 3 Kleeman et al. 1995
COLA 3 Kirtman et al. 1997
LDEO 3 Zebiak and Cane 1987
SSA/MEM 3 Keppenne and Ghil 1992
LIM 3 Penland and Magorian 1993

El Nino occurred in April-June 1998. For the short range, only ANALOG and CCA were
both useful and showed skill for this period.

At the medium range, ANALOG, COLA and LIM fit these two requirements. There
were no long range forecasts that could both beat ENSO-CLIPER and be useful for the
decay period of the El Nifio. LIM improved upon ENSO-CLIPER’s RMSE by 22 percent,
making it the most skillful medium range forecast for the Nino 3 region.

Table 1.4: Lists the ENSO forecasts that showed both skill and usefulness in predicting
both the onset and decay of the 1997-1998 El Nino event.

Ounset (March-May 1997) Decay (April-June 1998)

Short range forecast BMRC, CCA, COLA, LIM, SSA/MEM ANALOG, CCA

Medium range forecast ANALOG, BMRC, COLA, CONSOL, ANALOG, COLA, LIM
LIM, NCEP, SSA/MEM

Long range forecasts BMRC none

Not many models were useful for the duration of the '97-’98 El Nino event. Only
short range forecasts show usefulness (ANALOG, BMRC, CCA, COLA, ENSO-CLIPER,
NCEP, NEURAL, and SSA/MEM); there were no medium or long range forecasts that
were useful. There were no short range models that provided skillful forecasts, but the

same three models (ANALOG, CCA, and COLA) were able to show skill for both medium
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and long range. However, none of the models for any range of forecasts provided both
useful and skillful forecasts for the length of the 1997-1998 El Nifo event (Landsea and
Knaff 2000). Landsea and Knaff conclude that none of the models they evaluated were
both useful and skillful for the extent of the 1997-1998 El Nino event. They found that
ENSO-CLIPER performed better than all of the more complicated models for zero- to

two-season lead times (0-9 months).

1.5 Purpose of This Thesis: A Better Extended-Range ENSO Forecast

The focus of this study is to produce a skilful and reliable statistical ENSO forecast
using global atmospheric and oceanic data. The prominent difference between the pro-
posed SG model and other ENSO forecast models is the utilization of global predictors
by the SG model ENSO-CLIPER, established as a benchmark of skill for ENSO forecasts,
uses predictors only from the region in the Pacific where the ENSO events occur. By us-
ing predictors that are local to the Pacific basin, ENSO-CLIPER closes itself off to other
possibly important global predictors that may influence ENSO formation or termination.
Also, the predictors employed by ENSO-CLIPER are limited to sea surface temperature
and surface pressure anomalies in the various Nino regions. While this does indeed pro-
vide useful data for forecasting El Nifio events, there are also many other valuable global
variables that should be included in the pool of predictors. A forecast that included sev-
eral fields of global predictors would appear to make a more inclusive prediction of ENSO
events and likely have more skill.

Instead of limiting the possible predictors to the Pacific basin, the forecast presented
in this thesis selects predictors from a pool that was drawn from various global locations.
This difference from the ENSO-CLIPER model allows for teleconnections from ENSO to
be included. Many studies have shown the existence of teleconnections between ENSO
and global climate (Trenberth et al. 1982; Hoerling et al 1997; Enfield and Mestas-Nunez
1999). As ENSO influences the global climate, it stands to reason that the global climate

would in turn influence ENSO. Therefore, signals in global climate may foretell future
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changes in the Pacific basin. This is a preliminary study in utilizing global hindcast data

to forecast ENSO events at 6-11 months lead time.



Chapter 2

DATA AND METHODOLOGY
2.1 Data

Data were made available by the NOAA-CIRES Climate Diagnostics Center (CDC)
website (http://www.cdc.noaa.gov/cdc/reanalysis/), which provided NCEP/NCAR Re-
analysis data for January 1948 to September 2003. The NCEP/NCAR Reanalysis Project
collected data from several sources and then utilized a global data assimilation system to
produce 55 years of reanalysis data (Kalnay et al. 1996). A model similar to the NCEP
global operational model (1991) was used to produce data on a 2.5° by 2.5° global grid.
The CDC website also featured several tools for accessing the data, enabling a user to
produce correlations, regressions, composites, or simply access the raw data. This re-
source was especially useful because of the ease of production of global maps for monthly
mean composites and linear monthly correlations. The CDC’s NCEP/NCAR Reanalysis

internet tools were an essential part of this research.

2.2 Methodology

An inclusive group of global predictors was created from which the best final predictors
were selected for producing forecasts. The predictors for the forecasts were selected by
studying correlations between atmospheric and oceanic variables and ENSO. Specifically,
some fields that were examined included geopotential height at various pressure levels,
zonal and meridional wind at various pressure levels, SLP, and SST. The NCEP/NCAR
Reanalysis data were used to produce global correlation maps, which gave insight to areas
that were well-correlated with the Nifo 3.4 sea surface temperature anomalies. El Nino

and La Nifa years were also composited for several fields to give insight into other potential
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predictors for the forecast. These relationships were studied for all months and years but
were eventually narrowed down to produce a 1 December forecast based on 1950-1990 data.
The most recent 12 years were excluded from the data set in order to leave some years as
independent data to test the forecast scheme. Averaged October and November data were
used to predict the following year’s June-July-August and September-October-November
Ninio 3.4 sea surface temperature anomalies. In this way, hindcast data were used to
forecast these climate events. Predictors using October-only and November-only data
were tested, but it was found that in most cases it was more beneficial to average the data
values for the two months for the forecast. Another benefit of using a predictor averaged
over two months is that any effects from the Madden-Julian Oscillation (approximately
a 30-50 day time period) are averaged out. Time series for each predictor were obtained
from the CDC website.

After an extensive pool of predictors was established, five predictors that produced
the highest percent of variance explained were selected using an all-subsets technique.
A multiple linear regression was then performed with these best five predictors and the
desired Nifio 3.4 anomaly time series. The predictive equations formed by this method used
October-November predictors to formulate a 1 December forecast for both the June-July-
August (6-8 month forecast) and September-October-November (9-11 month forecast)
Nifio 3.4 sea surface temperature anomaly. Equation 2.1 (2.2) shows the formula used to
produce the 1 December JJA (SON) SG forecast. The formula for the SON Combination
(SG + ENSO-CLIPER) forecast is shown in Equation 2.3. Statistics on the results of

these equations can be found in Appendix C.1.

JJA SG Forecast = Yyt + a121 + aoZy — a3T3 — A4T4 — A5T5 (2.1)

where y;,: = 85.235, a; = 0.082, 1 = South Pacific 500-mb u, as =0.149, 2o = Equatorial
Pacific 500-mb u, ag = 0.095, 3 = Lake Baikal 500-mb u, a4 = 0.072, 4 = South Atlantic

200-mb gZ and a5 = 0.660, x5 = South Atlantic Surface u.
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SON SG Forecast = Yt — biy1 + boya — b3ys + bays + bsys (2.2)

where y;,: = 147.923, by = 0.176, y; = South Atlantic 200-mb gZ, b, = 0.200, y» = Lake
Baikal SLP, b3 = 0.137, y3 = South Pacific SLP, by = 0.202, y4 = North Atlantic SST,

and b; = 0.386, y5 = PDO Index

SON Combination Forecast = yint — c121 + C229 (2.3)

where y;,: = 0.022, ¢; = 0.751, 21 = SON SG Forecast and cs = 0.704, zo = SON ENSO-
CLIPER Forecast

Nifio 3.4 SSTA forecasts were produced from 1 December for the following JJA and
SON for the years from 1950 to the present using the multiple regression equations for
the best predictors. Errors were calculated and analyzed for each year and decade. The
performance of each forecast was then compared to the analogous 1 December ENSO-

CLIPER forecast. The following chapters discuss the skill of these forecast equations.



Chapter 3

RESULTS

The best predictors were selected for each forecast to give the highest possible percent-
age of variance explained. They were selected from a group of thirty possible predictors
for the JJA forecast and from a possible twenty-two predictors for the SON forecast (listed
in Appendix A.3 and A.4). From these predictors, a prognostic equation was formed via
multiple linear regression for each of the forecast periods. Each equation was then used
to produce a Nino 3.4 anomaly forecast for JJA and SON from 1950 to the present. The
performance of each forecast was compared to the analogous 1 December ENSO-CLIPER
forecast. Below are the chosen predictors for each forecast and suggested explanations as

to why they were selected for forecasting ENSO events.

3.1 1 December Forecast for JJA Nino 3.4 SSTA

The best predictors for the JJA Forecast were selected from a group of thirty possible
predictors. Table 3.1 lists the best one through five predictors and the percent variance
each combination explains. The locations of these predictors are shown in Fig. 3.1.

It is also interesting to examine the correlation and variance for other ranges of years.
To better assess the performance of this forecast, the model is tested on independent data
from 1991-2002. For these years of independent data, the SSTA predicted by this scheme
correlates at 0.59 with the observed JJA Nifio 3.4 SSTA, explaining 35 percent of the
variance. For all possible years, 1952-2002, the prediction correlates at 0.76 and explains
58 percent of the variance.

For 1952-2002, the ENSO-CLIPER prediction correlates at 0.38 with the observed

JJA Nino 3.4 SSTA and hence explains 14 percent of the variance. The correlation and
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Figure 3.1: Shows the best Oct/Nov predictors (and sign of correlation) for the 1 December
Nifio 3.4 forecast of the following JJA. Positive (negative) sign indicates positive (negative)

correlation with warm SSTA in Nino 3.4.
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Table 3.1: Best predictors (all Oct/Nov values) for the 1 December SG JJA Forecast and
the corresponding variance they explain (1950-1990).

Predictors Predictors Chosen Latitude, Longitude r’
1950-1990
(15-30°S, 160°-125°E) 0.25
(15-30°S, 160°-125°E) 0.53
(15-25°N, 80-120°W)
(15-30°S, 160°-125°E) 0.62
(15-25°N, 80-120°W)
Lake Baikal SLP (45-60°N, 100-125°E )
Best 4 E. of Australia Surface u (15-30°S, 160°-125°E) 0.67
Mexico 500-mb u (15-25°N, 80-120°W)
(
(
(
(
(
(
(

Best 1 E. of Australia Surface u

Best 2 E. of Australia Surface u
Mexico 500-mb u

Best 3 E. of Australia Surface u
Mexico 500-mb u

Lake Baikal SLP 45-60°N, 100-125°E)
South Pacific Surface u 5-15°S, 5-30°W)
Best 5 Lake Baikal 500-mb u 45-55°N, 90-125°E) 0.69
Equatorial Pacific 500-mb u  (5°N-5°S, 95-120°W)
E. of Australia 500-mb u 25-35°S, 150°E-175°W)
South Atlantic 200-mb gZ 10-25°S, 10-40°W)
South Atlantic Surface u 5-15°S, 5-30°W)

Table 3.2: Percent variance explained (r?) for SG, ENSO-CLIPER, and the combination
of the two for both the JJA and SON forecast periods.

Forecast period Model 1952-1990 1992-2002 All Years
1952-2002
JJA SG 69 35 58
ENSO-CLIPER 15 17 14
SON SG 47 23 36
ENSO-CLIPER 32 15 25

COMBINATION o7 51 50
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variance explained, respectively, for 1992-2002 are 0.44 and 17 percent. It should be noted
that the ENSO-CLIPER forecast scheme was based on data from 1950-1994, so when
comparing statistical measures for “independent data years,” the range of years would
be different for this forecast scheme (1992-2002) and ENSO-CLIPER (1995-2002). The
correlation and variance for independent years (1995-2002) for ENSO-CLIPER are 0.50
and 25 percent, respectively.

The percent variance explained by each of the predictors individually is listed in Table
3.3. The sum of the variances is not equal to the percent explained by the total, as the
combination of predictors sometimes explains more variance than the sum of the individual
predictors themselves. For example, the best two predictors for the JJA Forecast (Table
3.1) explain 53 percent of the variance together. Yet individually, the E. of Australia
Surface u predictor explains 25 percent and the Mexico 500-mb u predictor explains 18
percent, which sums to 43 percent. This sum of the individual predictors is ten percent less
than the percentage of variance explained by the two predictors combined. It is uncertain
as to the physical processes that cause this surprising rise in variance explained beyond
the sum of the individual variances. This increased variance likely occurs as a consequence
of the enhancement of variance due to the product of the two variables acting together.

The opposite situation is more likely to occur in statistical models where the percent
variance explained by a combination of predictors is less than the sum of the variances
explained by each predictor individually. For example, the best five predictors for the
JJA SG forecast explain 69 percent of the variance together, but the sum of the variances
explained by each of the five predictors individually amount to 99 percent. This difference

can be explained by the inter-correlation or redundancy between variables.

3.2 Best 5 Predictors for the 1 December Forecast for JJA Nino SSTA

The five October/November predictors that were selected to forecast the JJA Nino
3.4 sea surface temperature anomaly are: South Pacific 500-mb zonal wind (25-35°S, 150-
180°E), Equatorial Pacific 500-mb zonal wind (5°N-5°S, 95-120°W), Lake Baikal 500-mb

zonal wind (45-55°N, 90-125°E), South Atlantic Surface Zonal Wind (5-15°S, 5-30°W), and
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Table 3.3: Shows the correlation (r) with the 1950-1990 Nifio 3.4 SSTA and variance
explained (r?) for each of the best JJA predictors (listed in Table 3.1), individually.

Predictor Correlation (r) Variance (r?)
1950-1990 1950-1990
South Pacific 500-mb u 0.46 0.21
Equatorial Pacific 500-mb u 0.46 0.21
Lake Baikal 500-mb u -0.38 0.14
South Atlantic 200-mb gZ -0.44 0.19
South Atlantic Surface u -0.49 0.24
East of Australia Surface u 0.50 0.25
Mexico 500-mb u -0.43 0.18
Lake Baikal SLP 0.47 0.22

South Atlantic 200-mb geopotential height (10-25°S, 10-40°W). These predictors correlate
at 0.83 with the Nifno 3.4 SSTA record for 1950-1990 (the years on which the scheme was

based) and explain 69 percent of the variance.

1. South Pacific 500-mb Zonal Wind (u) Predictor (25-35°S, 150-180°E). This
predictor is located over the Pacific Ocean, just east of Australia. The correlations
between the October/November 500-mb zonal wind and the Nifio 3.4 SSTA in JJA
the following year are strong (r = 0.44 for 1950-2002). When the zonal winds at
500-mb are from the west in this region in October/November, there tends to be a

warm Nino 3.4 anomaly the following JJA.

2. Equatorial Pacific 500-mb Zonal Wind Predictor (5°N-5°S, 95-120°W).
The region for this predictor straddles the equatorial Pacific Ocean just west of
South America. In this area, westerly wind anomalies in October/November are
correlated with a warm SSTA in the Nifio 3.4 region during the following JJA (r =
0.38 for 1950-2002). This predictor captures the westward wind anomalies that are

related to the warming in the eastern Pacific as an El Nino event is established.

3. Lake Baikal 500-mb Zonal Wind Predictor (45-55°N, 90-125°E). Zonal
winds at the 500-mb height level in October/November are negatively correlated (r

= -0.34 for 1950-2002) with the JJA Nino 3.4 SSTA the next year in this eastern Asia
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region. When easterly winds are present in this region during October/November,

cooler conditions prevail in the Pacific the following year.

4. South Atlantic 200-mb Geopotential Height Predictor (10-25°S, 10-40°W).
The October /November 200-mb heights in the region over the Atlantic Ocean just
east of Brazil correlate negatively (r = -0.46 for 1950-2002) with the SSTA of the
Nino 3.4 region during JJA of the following year. When low heights are present at
this location during October/November, cooler conditions are likely the next year

in the Pacific.

5. South Atlantic Surface Zonal Wind Predictor (5-15°S, 5-30°W). The zonal
wind at the surface southeast of Brazil shows a negative correlation (r = -0.49 for
1950-2002) with the JJA Nino 3.4 SSTA. Easterly surface winds in this region are

associated with cold Nino 3.4 SSTA in JJA the following year.

3.3 1 December Forecast for SON Nino 3.4 SSTA

The best predictors for the SON Forecast were selected from a group of twenty-two
possible predictors, which are listed in Appendix A.4. Table 3.4 lists the best one through
five predictors and the percent variance explained. The locations of these predictors are
shown in Fig. 3.2.

The percent variance explained by each of the predictors individually is listed in Table
3.5. As expected, the sum of the variances is significantly higher than the combination
total. There is overlap and redundancy between the combination of variables. However,
as with the JJA prediction, the combination of the best two predictors gives a variance
explained of 53 percent while the sum of the variance explained by the two variables
themselves gives a total of only 22 percent. Again, the product of two variables rather

than their sum appears to be the primary predictive element.



Table 3.4: Best predictors (Oct/Nov values) for the 1 December SG SON Forecast and
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the corresponding variance explained (1950-1990).

Predictors Predictors Chosen Latitude, Longitude r’
1950-1990
Best 1 West Pacific SST (5-30°N, 90°-125°E) 0.28
Best 2 South Atlantic 200-mb gZ (10-20°S, 15°-40°W) 0.52
PDO Index Oct/Nov PDO Index
Best 3 S. Hemisphere 200-mb gZ  (10-20°S, 5-100°W) 0.66
Lake Baikal SLP (40-60°N, 90-125°E)
PDO Index Oct/Nov PDO Index
Best 4 South Atlantic 200-mb gZ (10-20°S, 15°-40°W) 0.71
Lake Baikal SLP (40-60°N, 90-125°E)
South Pacific SLP (25-45°S, 160°E-160°W)
PDO Index Oct/Nov PDO Index
Best 5 South Atlantic 200-mb gZ (10-20°S, 15°-40°W) 0.73

Lake Baikal SLP
South Pacific SLP
North Pacific SST
PDO Index

(40-60°N, 90-125°E)
(25-45°S, 160°E-160°W)
(35-45°N, 150-170°W)
Oct/Nov PDO Index

Table 3.5: Shows the correlation (r) with the 1950-1990 Nino 3.4 SSTA and variance
explained (r2) for each of the best SON predictors (listed in Table 3.4) individually.

Predictor Correlation (r) Variance Explained (r?)
1950-1990 1950-1990
South Atlantic 200-mb gZ -0.45 0.20
Lake Baikal SLP 0.45 0.20
South Pacific SLP -0.50 0.25
North Pacific SST 0.24 0.06
PDO -0.13 0.02
West Pacific SST -0.50 0.25
S. Hemisphere 200-mb gZ -0.38 0.14
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Figure 3.2: The best Oct/Nov predictors (and sign of correlation) used to make the
1 December Nifio 3.4 Forecast for the following SON and the variance each combination

explains. Positive (negative) sign indicates positive (negative) correlation with warm SSTA
in Nino 3.4.
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3.4 Best 5 Predictors for the 1 December Forecast for SON Nino 3.4 SSTA

The five October/November predictors that were selected to forecast the SON Nifo
3.4 sea surface temperature anomaly are: South Atlantic 200-mb Geopotential Height
(10-20°S, 15-40°W), Lake Baikal SLP Predictor (40-60°N, 90-120°E), South Pacific SLP
Predictor (25-45°S, 160°E-160°W), North Pacific SST Predictor (35-45°N, 150-170°W),
and the PDO Index Predictor (SSTA in Pacific basin, poleward of 20°N). These predictors
correlate at 0.83 with the SON Nino 3.4 SSTA record for 1950-1990 (the years on which

the scheme was based) and explain 73 percent of the variance.

1. South Atlantic 200-mb Geopotential Height Predictor (10-20°S, 15-40°W).
This predictor is located over the Southern Atlantic Ocean, just east of Brazil. The
correlation between the October /November 200-mb geopotential height and the Nifio
3.4 SSTA in SON the following year are negative (r = -0.45 for 1950-2002). When
the 200-mb heights are high in this region in October/November, there tends to be
a negative SST anomaly the following SON in the Nino 3.4 region. This accounts

for the frequently observed biannual oscillation of ENSO.

2. Lake Baikal SLP Predictor (40-60°N, 90-120°E). Sea level pressure in Octo-
ber/November in this region is correlated with the SON Nifio 3.4 SSTA the next year
in this region, located in eastern Asia. For the years that the forecast was developed
on (1950-1990), the predictor correlates at 0.45 with the SON Nino 3.4 and for the
entire period (1950-2002), the correlation is 0.41. When high pressure was present
in this region during October/November, warm conditions tended to prevail in the

Pacific the following year.

3. South Pacific SLP Predictor (25-45°S, 160°E-160°W). The sea level pressure
just southeast of New Zealand shows a significant negative correlation with the SON
Nino 3.4 SSTA, correlating at -0.43 for 1950-2002. Low sea level pressure in this

region is associated with warm Nino 3.4 SSTA in SON the following year.
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4. North Pacific SST Predictor (35-45°N, 150-170°W). The sea surface temper-
ature in the northern Pacific Ocean is positively correlated with the SON Nifo 3.4
SSTA. This predictor and the SON Nino 3.4 SSTA correlate at 0.22 for 1950-2002.
Warm SSTs in the northern Pacific in October/November are correlated with warm

SSTs in the Nino 3.4 region the following SON.

5. PDO Index Predictor (SSTA in Pacific basin, poleward of 20°N). The PDO
Index is positively correlated with a concurrent El Nino but is negatively correlated
with the following year’s SON Nifio 3.4 SSTA. This means that when the sea surface
temperatures are anomalously warm northward of 20°N in the Pacific Ocean in
October /November, warm conditions are also in place in the equatorial Pacific. The
negative correlation with the SON Nino 3.4 SSTA suggests that when anomalously
warm conditions occur in the North Pacific in Oct/Nov, cool conditions should occur
in the Nifio 3.4 region the following SON (Horel and Wallace 1981). This predictor
accounts for the reverse in SST conditions in the Pacific that is often observed one
year later. Although the correlation with the SON Nino 3.4 SSTA is somewhat low,

the PDO Index remains a significant component of the SON forecast.



Chapter 4

DISCUSSION OF 1 DECEMBER FORECAST FOR JJA NINO 3.4 SSTA

4.1 Relation of JJA Predictors to Global Fields

To show how the predictors are related to the El Nifho-Southern Oscillation, corre-
lation maps between the predictor and several atmospheric variables were made. The
most relevant correlation maps are discussed and shown in this chapter. Correlations
were made between each predictor (all having October-November values) with the cur-
rent October-November global variable (for example, SLP). Also, the time series for each
specific predictor region was correlated with a global field 6-8 months later (June-July-
August). On each map, red implies a strong positive correlation and on the other end of
the spectrum, purple stands for a strong negative correlation. For the wind maps, reds
indicate westerly winds and purples indicate easterly winds. On height maps, reds are

high heights and purples are low heights.

1. Lake Baikal 500-mb Zonal Wind Predictor. Figure 4.1 shows the correlation
between the October-November 500-mb zonal wind predictor over the Lake Baikal
region (45-55°N, 90-125°E) and the October-November SSTs. The strong positive
correlation throughout the equatorial Pacific Ocean signifies an El Nifio event is in
place. The correlation map between the Oct-Nov predictor and the Oct-Nov sea
level pressure shows that the Southern Oscillation (SO) is in its negative phase (Fig.
4.1). The negative phase of the SO is associated with El Nino conditions. Clearly,
this predictor is correlated with the Southern Oscillation and is therefore useful in

predicting ENSO events.
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Figure 4.1: Lake Baikal Oct/Nov 500-mb zonal wind normalized anomalies in the region
45-55°N, 90-125°E (see black box in diagram a.) correlated with the current Oct/Nov
global anomaly fields of a.) 500-mb u, b.) surface u, c¢.) SLP, and d.) SST. Correlations
based on 1950-1990 data.
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Several fields show how this predictor is related to ENSO. Figure 4.2 shows the
correlation between the predictor and the June-July-August sea level pressure. The
strong negative correlation throughout the equatorial Pacific shows that there are
cooler SSTs in the region, representing a La Nifia event. The correlation between
the predictor and the JJA sea level pressure shows that the Southern Oscillation in

its positive phase. The positive phase of the Southern Oscillation has been linked

to La Nina conditions.

Figure 4.2: Lake Baikal Oct/Nov 500-mb zonal wind normalized anomalies in the region
45-55°N, 90-125°E (see black box in diagram a.) correlated with the following year’s
JJA global anomaly fields of a.) 500-mb u, b.) surface u, c¢.) SLP, and d.) SST.
Correlations based on 1950-1990 data.

The 500-mb zonal wind field also shows support for this predictor. Figure 4.2 shows
the correlation between the October-November 500-mb zonal wind predictor and

the June-July-August 500-mb zonal wind throughout the globe. There are regions
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of strong negative correlation throughout the equatorial Pacific, signifying easterly
winds at 500-mb in those regions. Easterly winds over the equatorial Pacific cause
easterly surface winds, which push cooler surface water westward. As a result of
this, cooler waters from the east Pacific Ocean spread westward, causing cool La
Nina conditions in the Pacific Ocean. The SST map for the same JJA period shows

that La Nina conditions had in fact developed.

. South Pacific 500-mb Zonal Wind Predictor. Figure 4.3 shows the correlation
between the October-November 500-mb zonal wind in the South Pacific (25-35°S,
150-180°E) with several global fields. The most striking features in the 200-mb
height correlation map are a strong negative correlation between the 500-mb zonal
wind and 200-mb heights southeast of Australia and a strong positive correlation

center adjacent to it.

When correlated with the predictor, the 500-mb zonal wind field shows a strong
positive correlation southeast of Australia and a negative correlation just to the
south. The positive correlation was expected, as the predictor was correlated with
itself in that region. The adjacency of the strong opposite centers indicates a cyclone

in this part of the south Pacific.

When the Oct/Nov sea level pressure map is correlated with the Oct/Nov South
Pacific 500-mb Zonal Wind Predictor, the map shows lower pressure centered over
Australia and relatively high pressure in the Eastern Pacific. This suggests that
the Southern Oscillation is in its positive phase; however, this relationship is not
clear. The positive phase of the Southern Oscillation is generally associated with
La Nina conditions in the Pacific, but the Oct/Nov SLP correlation map appears
to be reminiscent of a positive phase of the Southern Oscillation, but there is not a
clear cut relationship. The SSTA map confirms this, as the equatorial Pacific Ocean

shows near neutral conditions.

When the Oct/Nov South Pacific 500-mb Zonal Wind Predictor is correlated with the

JJA 200-mb geopotential height, high heights appear throughout the tropics (Fig.
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Figure 4.3: South Pacific Oct/Nov 500-mb zonal wind normalized anomalies in the region
25-35°S, 150-180°E (see black box in diagram a.) correlated with the current Oct/Nov
global anomaly fields of a.) 500-mb u, b.) 200-mb gZ, c.) SLP, and d.) SST. Correlations
based on 1950-1990 data.
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4.4). High heights in this region indicate warm conditions in the Pacific Ocean. The

Oct/Nov predictor is strongly correlated with atmospheric conditions that indicate

an El Nino in JJA.
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Figure 4.4: South Pacific Oct/Nov 500-mb zonal wind normalized anomalies in the region
25-35°S, 150-180°E (see black box in diagram a.) correlated with the following year’s
JJA global anomaly fields of a.) 500-mb u, b.) 200-mb gZ, c.) SLP, and d.) SST.
Correlations based on 1950-1990 data.

The correlation between the 500-mb zonal winds and the South Pacific 500-mb Zonal
Wind Predictor show that a positive correlation exists in the west Pacific, which
means that westerly winds are present there. Westerly winds in this region mean
that the warm pool is being shifted eastward, as occurs during El Nifio events. Also
note the strong correlation with westerly winds in the Southern Hemisphere from
15-30°S, 100-180°W. Although not on the equator, these westerly winds are often

present during El Nino conditions.
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3. South Atlantic 200-mb gZ Predictor. Figure 4.5 shows four Oct/Nov global
fields correlated with the South Atlantic 200-mb Predictor, which appears to be
strongly linked to global conditions typical of a warm ENSO event (Fig. 4.5). The
200-mb height correlation field shows that the predictor is correlated with high
heights throughout the tropics. When warm conditions exist at the surface, as
they do over the Pacific Ocean during an El Nino, the 200-mb heights tend to be

anomalously high because the atmosphere is less dense where it is warmer.
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Figure 4.5: South Atlantic Oct/Nov 200-mb gZ normalized anomalies in the region
10-25°S, 10-40°W (see black box in diagram a.) correlated with the current Oct/Nov
global anomaly fields of a.) 200-mb gZ, b.) surface u, c.) SLP, and d.) SST. Correlations
based on 1950-1990 data.

The surface zonal wind field shows a strong positive correlation with the predictor

along the equatorial Pacific. Anomalously strong westerly winds along the equator

are indicative of El Nifio conditions. Since the predictor is correlated with these
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westerly surface zonal winds, it is also related to warm SSTAs in the equatorial

Pacific.

The positive phase of the Southern Oscillation is strongly correlated with the Oct/Nov
South Atlantic predictor, as the sea level pressure correlation map shows. This means
that the 200-mb South Atlantic geopotential height is correlated with the positive

phase of the Southern Oscillation in Oct/Nov, which is related to El Nino conditions.

200-mb gz Sutfaceu

a) 90N

G0N

30

EQ

120E 180 120W  B60W 0

I S — —
0 0.2 04 08

Figure 4.6: South Atlantic Oct/Nov 200-mb gZ normalized anomalies in the region
10-25°S, 10-40°W (see black box in diagram a.) correlated with the following year’s
JJA global anomaly fields of a.) 200-mb gZ, b.) surface u, c.) SLP, and d.) SST.
Correlations based on 1950-1990 data.
The sea surface temperature map clearly shows that the Oct/Nov South Atlantic
200-mb gZ predictor is strongly correlated with warm SSTs throughout the Pacific,

Atlantic, and Indian Oceans. A strong El Nifio event is evident, as was expected

from the conditions in the other fields.
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The correlations between the Oct/Nov South Atlantic 200-mb gZ predictor and
various JJA global fields suggest cool conditions in the Pacific (Fig. 4.6). The 200-
mb height field shows that the heights have become since Oct/Nov, which suggests
that the equatorial surface is not as warm as it was. As mentioned earlier, heights
lag surface cooling by several months. The predictor is now correlated with easterly
winds in the west Pacific, which are related to La Nina conditions. The SLP map also
shows that the Oct/Nov predictor is correlated with higher pressure in the central
and east Pacific. Anomalously high sea level pressures are related to cold surface
temperatures, which come with La Nifias. As expected, the SSTA map shows that
the Oct/Nov South Atlantic 200-mb gZ Predictor is strongly correlated with cold

waters in the equatorial Pacific during the following JJA.

. Equatorial Pacific 500-mb Zonal Wind Predictor. Figure 4.7 shows the cor-
relations between the Oct/Nov 500-mb zonal wind predictor and four global fields.
When the 500-mb Zonal Wind Predictor is correlated with the Oct/Nov 500-mb
zonal wind, a strong positive correlation along the entire equatorial Pacific is evident.
This positive correlation means that there are prevalent westerly winds throughout
the region. As mentioned before, equatorial westerly winds are associated with El

Nino events in the Pacific.

The surface zonal wind field shows that the Oct/Nov predictor is strongly correlated
with westerly winds over the central and eastern Pacific Ocean. Surface westerlies
over the equatorial Pacific are a strong indicator of warm events, as they shift the
warm pool eastward. The predictor is correlated with higher sea level pressure in
the east Pacific and lower SLP in the south Pacific, which is the way the pressure
dipole is set up during the positive phase of the Southern Oscillation. However, the
correlation to the SO does not appear to be very strong. Neutral or slightly cooler
conditions would be expected in the equatorial Pacific, since cool conditions have
been linked with the positive phase of the SO. The SSTA field shows near neutral

conditions in the Pacific, as anticipated.
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Figure 4.7: Equatorial Pacific Oct/Nov 500-mb zonal wind normalized anomalies in the
region 5°N-5°S, 95-120°W (see black box in diagram a.) correlated with the current
Oct/Nov global anomaly fields of a.) 500-mb u, b.) surface u, c.) SLP, and d.) SST.
Correlations based on 1950-1990 data.
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When the Oct/Nov Equatorial Pacific 500-mb Zonal Wind Predictor is correlated
with the global JJA 500-mb zonal wind (Fig. 4.8), strong positive correlations appear
throughout the equatorial Pacific, with strong centers over Indonesia and just west
of South America along the equator. The positive correlations represent westerly
winds, which are linked to El Nino conditions. Therefore, the Oct/Nov Equatorial
Pacific 500-mb Zonal Wind Predictor is linked to El Nifio conditions the following
JJA.
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Figure 4.8: Equatorial Pacific Oct/Nov 500-mb zonal wind normalized anomalies in the
region 5°N-5°S, 95-120°W (see black box in diagram a.) correlated with the following
year’s JJA global anomaly fields of a.) 500-mb u, b.) surface u, c¢.) SLP, and d.) SST.
Correlations based on 1950-1990 data.

There is a strong positive correlation in the central equatorial Pacific between the
Oct/Nov predictor and the JJA surface zonal wind. Surface westerly winds along the
equator reduce upwelling causing warm SSTs. The 500-mb zonal wind is therefore

correlated strongly with the surface zonal wind, which is related to El Nino events.



43

The sea level pressure correlation field shows high pressure in the west Pacific and
Indian Ocean and low pressure in the east Pacific. This is the negative phase of the
Southern Oscillation, which is generally in place when warm conditions exist along

the equatorial Pacific.

. South Atlantic Surface Zonal Wind (5-15°S, 5-30°W). Figure 4.9 shows the
correlation between the October-November surface zonal wind in the South Atlantic
(5-15°S, 5-30°W) with several global fields for the same October-November period.
The surface zonal wind correlation map shows that the predictor is correlated with
a region of westerly winds along the central equatorial Pacific with some easterlies
in the west and east equatorial Pacific. This mix of easterlies and westerlies along
the equatorial Pacific does not specifically point to the development of warm or cool
conditions. Similarly, the 200-mb gZ and SLP maps do not show any clear features

that would be useful in predicting the following year’s ENSO conditions.

The correlation betwen the Oct/Nov South Atlantic surface zonal wind and the
current Oct/Nov SST shows that there are positive correlations in the extreme west
Pacific and the Indian Ocean, as well as in the South Atlantic. When the predictor
is anomalously positive (westerly winds), the areas of positive correlation in the SST
field also experience a positive (warm) anomaly. Overall, the Pacific shows neutral

SST conditions.

More useful are the maps that display correlations between the Oct/Nov South
Atlantic surface zonal wind and the following year’s JJA global fields (Fig. 4.10).
When the Oct/Nov predictor is correlated with the following JJA surface zonal
wind field, a strong negative correlation is apparent in the west equatorial Pacific
and also the south Pacific. These regions indicate anomalous easterly winds when
the predictor has an anomalously positive value. Easterly winds in these regions are

associated with La Nina conditions in the Pacific.

The 200-mb gZ map shows strong negative correlations between the Oct/Nov predic-

tor and the following year’s JJA 200-mb heights. Low upper level heights throughout



44

Surface u 2 b g2

Figure 4.9: South Atlantic Oct/Nov 500-mb zonal wind normalized anomalies in the region
5-15°S, 5-30°W (see black box in diagram a.) correlated with the current Oct/Nov
global anomaly fields of a.) surface u, b.) 200-mb gZ, c.) SLP, and d.) SST. Correlations
based on 1950-1990 data.
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the tropics are indicative of cool surface conditions, which typically occur during La

Nifa events. Note that the strongest negative correlation is centered over the central

and east equatorial Pacific, where cool SSTAs are strongest.

Figure 4.10: South Atlantic Oct/Nov 500-mb zonal wind normalized anomalies in the
region 5-15°S, 5-30°W (see black box in diagram a.) correlated with the following year’s
JJA global anomaly fields of a.) surface u, b.) 200-mb gZ, c.) SLP, and d.) SST.
Correlations based on 1950-1990 data.
The most striking feature in the SLP correlation map is the strong dipole between
the east and west Pacific, indicative of a strong positive SO event. As previously
explained, positive SO events, with high pressure in the east Pacific and low pressure
in the west Pacific, are physically linked with La Nifna events. The Oct/Nov predictor
is strongly correlated with a physical feature that is related to ENSO and therefore,

would likely be useful in predicting these events.
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As expected from the previously examined fields, the SST field shows a strong neg-
ative correlation throughout the eastern and central Pacific. When the Oct/Nov
South Atlantic surface zonal wind shows a positive anomaly (westerly wind), there
is a negative anomaly (cool conditions) in the east and central Pacific. As this pre-
dictor is correlated strongly with JJA conditions typical of La Nifia conditions, it

would likely be useful in predicting ENSO events.

In summary, the best five predictors used to make the 1 December forecast for the
JJA Nino SSTA are correlated with global climate features that are related to ENSO

conditions. Therefore, these predictors are useful for forecasting these climatic events.



Chapter 5

SKILL OF THE 1 DECEMBER NINO 3.4 JJA FORECAST

In order to assess the skill of the ENSO forecasts presented in this thesis, comparisons
must be made to ENSO-CLIPER. As mentioned previously, ENSO-CLIPER is regarded
as a more rigorous baseline for determining forecast skill than persistence alone. The same
forecast period and length will be used to evaluate each scheme (1 December forecast for
JJA Nino 3.4). Variance explained will be evaluated for each forecast scheme as well as

the standard error.

5.1 Variance Explained (r?) by the JJA forecast

The forecast scheme presented in this paper explains more variance than ENSO-
CLIPER does for the same forecast period (Table 5.1). For all years (1952-2002), SG
explains 58 percent of the variance, while ENSO-CLIPER explains 14 percent. SG explains
four times the variance of ENSO-CLIPER'’s for the period 1952-2002.

The comparison between the two schemes for 1992-2002 (the range of independent
data years of SG) shows that SG has higher values of correlation and variance explained,
regardless of the fact that ENSO-CLIPER's forecast for that period uses some dependent
data (independent data years for ENSO-CLIPER are 1995-2002). The variance explained
by SG (35 percent) for independent data years (1992-2002) is twice that of ENSO-CLIPER

(18 percent).
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Table 5.1: This table shows the variance explained (r?) for SG and ENSO-CLIPER for

various time periods.).

1 Dec. JJA Forecast  All Yrs. Independent Yrs. Dependent Yrs. (SG)

1950-2002 1992-2002 1950-1990
SG 58 35 69
ENSO-CLIPER 15 18 n/a

5.2 Examination of Error by Individual Years

Because the statistics for short ranges of years may not give a complete picture of
the skill of this forecast, individual years will be examined and assessed for error. One
striking feature in the plot of the standard error by year (Fig. 5.1) is that ENSO-CLIPER
has more years with large, outlying error values (greater than 1.0) than SG. Also note
that these outlying peaks in error seem to occur consistently for ENSO-CLIPER, whereas
for SG, they have only occurred since the late 1990s. Figure 5.2 shows the JJA Nino 3.4
SSTA observations and predictions by the JJA SG and ENSO-CLIPER forecast schemes.

The ten worst years for SG’s JJA forecast are listed in Table 5.2. In these years, the
Nifio 3.4 observations include both warm and cool phases of ENSO. These years consist
of both large and small SSTA in the Nino 3.4 region, although the tendency is towards
years with larger SSTAs. The average Nino 3.4 observations (without respect to sign) for
the ten worst years for the SG scheme is 0.81, which is a large SSTA value.

The ten years with the worst standard errors for ENSO-CLIPER’s JJA forecast are
listed in Table 5.3. It should be noted that ENSO-CLIPER shares four of its ten worst
years with SG (1997, 1987, 1975, and 1999). These years all exhibit a large SSTA in the
Nifio 3.4 region for JJA. The years with the highest RMSE scores for ENSO-CLIPER seem
to be mostly years in which the SSTA exhibited large deviations. This is to be expected,
since ENSO-CLIPER is heavily weighted by climatology and therefore does not handle
extremes well.

The years with the lowest standard error for SG (ENSO-CLIPER) scheme are listed in
Table 5.4 (Table 5.5) with their corresponding standard error and SSTA observation. On

average, the smallest errors tend to occur in years when the SSTA is small. The average



49

20

ol |

05 .n)kﬂ M | oL m

oo |4 {AMW\ v USR] e

RATLSl it
!

Standard Error

§
I /I

f——
ol
=]

-
=

15 T T T T T
1950 1960 1970 1980 1990 2000

Year

Figure 5.1: Shows the Standard Error (Observed-Predicted) for every year for JJA SG
and ENSO-CLIPER Forecasts. Note that the SG scheme has few large errors.
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Figure 5.2: Shows the JJA Nino 3.4 SSTA observations and predictions by the JJA SG
and ENSO-CLIPER schemes.
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SSTA observations (without respect to sign) are 0.40 for SG and 0.21 for ENSO-CLIPER.

Therefore, both models perform best when there are small SSTAs in the Nifio 3.4 region.

Table 5.2: This table shows the worst years (largest error) for the SG 1 December forecast
for JJA Nifio 3.4 SSTA and the corresponding Nifio 3.4 SSTA observations.

Worst Yrs. Nifio 3.4 SG Standard Error
for SG SSTA Obs Prediction (Observed)-(Predicted)
1997 1.81 0.66 1.15
2001 0.20 -0.81 1.02
1982 1.17 0.42 0.74
1999 -0.92 -0.24 -0.67
1975 -1.06 -0.41 -0.65
2002 0.97 0.33 0.64
1987 1.711 1.08 0.63
1995 -0.12 0.48 -0.60
1981 -0.40 0.18 -0.58
1980 0.25 -0.32 0.57
Average with
respect to sign 0.36 0.14 0.22
Average without
respect to sign 0.86 0.49 0.73

5.3 Analysis of Largest Errors made by the 1 December SG Forecast for JJA
Nino 3.4 SSTA

In an attempt to understand any physical explanations for why the SG forecast per-
forms poorly for certain years, composites of various global fields were created for the JJA
of the ten years with the largest errors. The JJA composites show the global conditions
that the SG model had difficulty forecasting.

The composites of the global fields for the forecast years with largest errors all show
El Nifio conditions in the Pacific basin (Fig. 5.3). The surface wind field shows anomalous
westerly winds along much of the equator, as well as a large region of strong westerlies in
the South Pacific. These conditions are commonly associated with El Nino events. The
composite of the 200-mb gZ of the worst forecast years shows anomalously high heights
throughout most of the globe, particularly the tropics and subtropics. High upper-level
heights are also linked with warm surface conditions. The SLP composite shows that the

Southern Oscillation is in its negative phase, which is associated with El Nifio conditions.
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Table 5.3: This table shows the worst years (largest error) for the ENSO-CLIPER 1
December forecast for JJA Nino 3.4 SSTA and the corresponding Nino 3.4 SSTA obser-
vations.

Worst Yrs. Nino 3.4 ENSO-CLIPER Standard Error
for ENSO-CLIPER SSTA Obs Prediction (Observed)-(Predicted)
1997 1.81 0.13 1.68
1965 1.09 -0.26 1.35
1987 1.71 0.40 1.31
1988 -1.45 -0.20 -1.25
1975 -1.06 0.06 -1.12
1972 1.12 0.13 0.99
1970 -0.71 0.19 -0.90
1985 -0.40 0.49 -0.89
1993 0.47 -0.32 0.79
1999 -0.91 -0.13 -0.78
Average with
respect to sign 0.17 0.05 0.11
Average without
respect to sign 1.07 0.23 1.02

Table 5.4: This table shows the best years (smallest error) for the SG 1 December forecast
for JJA Nifio 3.4 SSTA and the corresponding Nifio 3.4 SSTA observations.

Best Yrs. Nifo 3.4 SG Standard Error
for SG SSTA Obs Prediction (Observed)-(Predicted)

1961 0.03 0.09 -0.06

1964 -0.72 -0.79 0.07

1977 0.26 0.34 -0.08

1952 -0.18 -0.27 0.09

1971 -0.48 -0.58 0.10

1985 -0.40 -0.29 -0.11

1965 1.09 0.97 0.12

1976 0.13 0.26 -0.13

1953 0.36 0.21 0.15

1986 0.31 0.46 -0.15
Average with
respect to sign 0.04 0.04 -0.001

Average without
respect to sign 0.40 0.43 0.10
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Table 5.5: This table shows the best years (smallest error) for the ENSO-CLIPER 1
December forecast for JJA Nifio 3.4 SSTA and the corresponding Nino 3.4 SSTA obser-
vations.

Best Yrs. Nifio 3.4 ENSO-CLIPER Standard Error
for ENSO-CLIPER SSTA Obs Prediction (Observed)-(Predicted)
1980 0.25 0.24 0.01
1976 0.13 0.11 0.02
1967 -0.04 -0.01 -0.03
1984 -0.44 -0.48 0.04
1962 0.00 0.06 -0.06
1968 0.31 0.23 0.08
1952 -0.18 -0.28 0.10
1974 -0.35 -0.21 -0.14
1995 -0.12 0.05 -0.17
1959 -0.32 -0.14 -0.18
Average with
respect to sign -0.04 -0.04 -0.09
Average without
respect to sign 0.08 0.18 0.22
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Figure 5.3: Composites of JJA global fields for the worst years for the 1 December SG

Forecast. Worst years (listed in Table 5.2) are 1997, 2001, 1982, 1999, 1975, 2002, 1987,
1995, 1981, and 1980.
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The SST composite shows slight El Nino conditions in the Pacific. The composite maps
indicate that the SG model has some difficulties in forecasting warm ENSO conditions in

the Pacific.

5.4 Examination of Forecast Error in Terms of Too Warm/Cold

To better understand why this model performs poorly in some years and well in
others, the global conditions for the years in which the model performs well and poorly are
separately examined for possible answers. Years in which the standard error (observation-
prediction) is negative signifies a prediction that is too warm (over-prediction) compared
to the Nifio 3.4 SSTA for that year. Conversely, a prediction that is too cold occurs when
the standard error is positive (under-prediction). Examining the cases that are too warm
separately from the cases that are too cold may reveal some insight into the causes of error

for this scheme.

Table 5.6: Years in which SG forecasts too warm/cold for JJA Nino 3.4 SSTA and the
corresponding standard error (observation - prediction).

Forecast Too Warm Standard | Forecast Too Cold Standard
(over-predicts) Error (under-predicts) Error
1949 -1.65 1997 1.15
1999 -0.67 2001 1.02
1975 -0.65 1982 0.74
1995 -0.60 2002 0.64
1981 -0.58 1987 0.63

The five years in which SG over-predicts the Nino 3.4 SSTA by the most are shown
in Table 5.6. Composites of the JJA global conditions for the five years with errors that
are too warm show conditions characterized by La Nina, such as cool SST's in the east and
central Pacific, easterly equatorial winds along the Pacific, and a positive SO pattern. To
reduce redundancy, only the SST composite is shown in Figure 5.4. These conditions are
logical to expect, as forecasts that err on the warm side expect conditions that are warmer
than what occurs in reality. Conversely, the composite of the JJA global conditions for

the years which err on the cold side show El Nifio conditions (Fig. 5.5).
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Figure 5.4: Composite of JJA SSTA field for the five years where the 1 Dec. SG forecast
was too warm (over-predicts) compared to the Nino 3.4 observation. The “too warm”
years are 1949, 1999, 1975, 1995 and 1981.



55

NCEP /NCAR Reanalysis
Surfoce Skin Temperature(SST) (C) Compesite Anomaly 1968-1996 climo

Jun e Aug: 1897,2001,1982,2002,1987

-2 =1.7 -14 =12 <09 <0.7 =04 <01 D1 04 07 99 12 1.4 1.7 2

Figure 5.5: Composite of the JJA SSTA field for the five years where the 1 Dec. SG
forecast was too cold (under-predicts) compared to the Nino 3.4 observation. The “too
cold” years are 1997, 2001, 1982, 2002, and 1987.
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Composite maps of the difference between the too warm and too cold years are shown
in Fig. 5.5 (too warm - too cold). There appear to be large differences in the global fields
of 500-mb gZ, SLP, SST, and surface zonal wind. This further shows that the global

atmosphere and ocean are affected by the phases of ENSO.

Figure 5.6: Composites of the difference between the years that SG forecast too warm and
too cold (listed in Table 5.6) for the JJA forecast.

5.5 Degradation of the JJA Forecast Based on Removal of Predictors

The amount of variance explained by each forecast decreases upon removal of a pre-
dictor from the group of five best predictors used to make the forecast. By removing each
of the best five predictors individually, the importance of the predictors can be inferred
by the reduction in variance explained. Table 5.7 lists the removed predictors and the

corresponding reduction in variance.
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Table 5.7: This table shows the degradation in variance explained when each of the five
best JJA predictors was separately removed. The predictors are numbered as follows: 1
= South Pacific 500-mb u, 2 = Equatorial Pacific 500-mb u, 3 = Lake Baikal 500-mb u,
4 = South Atlantic 200-mb gZ, 5 = South Atlantic Surface u. The largest degradation
occurs with Predictor 2.

Predictor Percent Variance  Percent

Removed Explained Degraded

0 69 0

1 61 8

2 53 16

3 63 6

4 65 4

5 60 9
Average 60 9

The forecast for JJA was degraded the most by removal of Predictor 2, which is the
Equatorial Pacific 500-mb zonal wind. In combination with the other predictors, this one
explained the most variance and is therefore very important to the forecast. Predictor
5 contributes the second largest amount of degradation: removing it from the forecast
reduces the variance explained by 9 percent. These two predictors may be most important
to the forecast because they both cover regions in the tropics that are near to the ENSO
event. Removal of Predictor 4 (South Atlantic 200-mb gZ) causes the percent variance to
degrade the least, implying that this predictor does not contribute as much to the forecast

as the others.

5.6 Summary

The analysis in this chapter shows that the SG forecast scheme explained more vari-
ance than the ENSO-CLIPER scheme and also showed a reduction in the number of
large errors. Therefore, the five best Oct/Nov predictors selected for the 6-8 month SG

prediction have indeed produced a skillful ENSO forecast.



Chapter 6

DISCUSSION OF 1 DECEMBER FORECAST FOR SON NINO 3.4 SSTA
6.1 Relation of SON Predictors to Global Fields

In an attempt to understand how the predictors are related to global fields and ENSO,
correlation maps between each predictor and various fields were created. For each map,
a time series for a specific predictor region was correlated with a global field 9-11 months
later. For example, the Oct/Nov Lake Baikal SLP from 40-60°N, 90-120°E (the region of
the predictor) was correlated with the global SST during September-October-November
of the following year. On each map, red implies a strong positive correlation and on the
other end of the spectrum, purple stands for a strong negative correlation. For the wind
maps, reds indicate westerly winds, and purples indicate easterly winds. On height maps,

reds stand for high heights and purples stand for low heights.

1. Lake Baikal SLP Predictor (40-60°N, 90-120°E). Figure 6.1 shows the cor-
relation between the October-November Lake Baikal region (see the black box in
diagram a.) SLP correlated with the following year’s SON global anomaly fields of:
a.) SLP, b.) 200-mb gZ, c.) surface u, and d.) SST. The SLP map shows that the
predictor is correlated with the negative phase of the Southern Oscillation, which is
shown by the negative correlations in the east Pacific and the positive correlations
over the west Pacific. Negative correlations mean that when the predictor is posi-
tive (i.e. the Lake Baikal Oct/Nov SLP is anomalously high), the heights in the east
Pacific are low. The opposite is true for the regions of positive correlation: when
the predictor is anomalously positive, these regions have positive anomalies (high

heights) as well.
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Figure 6.1: Lake Baikal Oct/Nov SLP normalized anomalies in the region 40-60°N,
90-120°E (see black box in diagram a.) correlated with the following year’s SON
global anomaly fields of a.) SLP, b.) 200-mb gZ, c.) surface u, and d.) SST. Correlations
based on 1950-1990 data.
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The 200-mb geopotential height map shows that the Lake Baikal area SLP is corre-
lated with anomalously high heights throughout the tropics and subtropics. When
the SLP in the Lake Baikal region is high, the 200-mb heights in the tropics and
subtropics tend to be high. In the tropics, anomalously high heights at the 200-
mb pressure level are associated with a warm surface, which occurs during El Nifio
events. Therefore, using the Oct/Nov Lake Baikal region SLP may be a useful
predictor in forecasting the SON Nifio 3.4 SSTA.

There is a strong positive correlation between the Oct/Nov Lake Baikal SLP and
surface zonal winds in the central and western equatorial Pacific. This means that
anomalously high SLP heights in the Lake Baikal region in Oct/Nov are correlated
with westerly winds in the aforementioned region of the Pacific. Westerly winds
along the equator are associated with El Nino events. Therefore, the Oct/Nov Lake
Baikal SLP would appear to be useful in forecasting the SON Nifo 3.4 SSTA, which

is heavily influenced by equatorial surface winds.

The correlation between the Oct/Nov Lake Baikal region SLP and the following
SON SSTA shows a strong positive correlation throughout not only the equatorial
Pacific, but also the Indian and Atlantic Oceans. As was suspected from studying
the previous fields, the predictor is correlated with an El Nifio pattern warming in
the Pacific. This suggests that the Oct/Nov Lake Baikal SLP values would be useful

in forecasting the SON Nino 3.4 SSTA.

. South Atlantic 200-mb Geopotential Height (10-20°S, 15-40°W). Figure 6.2
shows the October-November South Atlantic 200-mb geopotential height (see the
black box in diagram a.) correlated with the following year’s SON global anomaly
fields of: a.) 200-mb gZ, b.) surface u, c.) SLP, and d.) SST. Anomalously high
200-mb heights in Oct/Nov in the region of the South Atlantic predictor correlated
well with high heights in the midlatitudes. In the tropics, however, the correlation

is not as strong. From the Oct/Nov South Atlantic 200-mb gZ predictor alone, it is
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difficult to determine whether it is correlated with a warm or cool ENSO event in

the following SON.

There is a strong negative correlation between the Oct/Nov South Atlantic 200-
mb predictor and the SON surface zonal wind in the equatorial west Pacific. The
negative correlation implies that when there are high heights in Oct/Nov in the
region of the predictor, there are easterly winds along the equator in the west Pacific.
The surface winds in this region are critical in predicting ENSO events, as they
influence the flow at the surface of the ocean. The anomalous easterly winds in this
region are associated with La Nina events. Therefore, it would be expected that this

Oct/Nov predictor is useful in determining the phase of an ENSO event.
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Figure 6.2: South Atlantic Oct/Nov 200-mb gZ normalized anomalies in the region
10-20°S, 15-40°W (see black box in diagram a.) correlated with the following year’s
SON global anomaly fields of a.) 200-mb gZ, b.) surface u, c.) SLP, and d.) SST.
Correlations based on 1950-1990 data.
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It is clear from the SLP map that there is a strong correlation between the Oct/Nov
South Atlantic 200-mb gZ predictor and the positive phase of the Southern Oscilla-
tion. The Oct/Nov predictor value is correlated with high SLP in the east Pacific
and low SLP in the west Pacific in the SON time period. As previously shown in a
schematic figure, high SLP occurs over regions where cool surface waters reside. The
positive phase of the SO is hence associated with La Nina conditions. Therefore,
the Oct/Nov 200-mb heights in the South Atlantic may be useful in predicting the

SON Nino 3.4 SSTA.

As expected from the previous correlation maps, the 200-mb gZ South Atlantic
is correlated with cool conditions in the eastern and central Pacific Ocean. Also
note that the predictor is positively correlated with SON SSTs in the west Pacific,
which means there are anomalously warm temperatures there. This SST pattern is
indicative of La Nifia conditions, suggesting that the Oct/Nov South Atlantic 200-
mb gZ predictor would be useful in forecasting the Nino 3.4 SSTA in the following
SON.

. North Pacific SST Predictor (35-45°N, 150-170°W). Figure 6.3 shows that the
Oct/Nov SST values in the North Pacific (35-45°N, 150-170°W) correlate positively
with SSTs in the east Pacific (warm conditions) and correlate negatively with SSTs
in the west Pacific (cool conditions). This SST pattern is indicative of a positive
ENSO phase. Hence, the Oct/Nov predictor value may be useful in predicting the

Nino 3.4 SSTA the following SON.

The correlation between the North Pacific SST predictor and the surface zonal wind
shows that the Oct/Nov predictor is correlated positively with the zonal winds in the
west Pacific (westerly winds) and negatively in the east Pacific (easterly winds) in
SON. This pattern of surface zonal wind suggests El Nino conditions in the Pacific,

as the SST correlation map also shows.

The SLP correlation map shows that the Oct/Nov predictor is negatively correlated

with the SON SLP throughout the east and central Pacific. This means that warm
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Figure 6.3: North Pacific Oct/Nov SST normalized anomalies in the region 35-45°N,
150-170°W (see black box in diagram a.) correlated with the following year’s SON
global anomaly fields of a.) SST, b.) surface u, c.) SLP, and d.) 200 mb gZ. Correlations
based on 1950-1990 data.
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conditions in the region of the predictor in Oct/Nov would suggest low SLP heights
in the central and east Pacific during the following SON. Low SLP is an indicator
of warm SST's, so this predictor can give insight to what the Nino 3.4 SSTA will be

the following year.

When correlated with the Oct/Nov SST predictor, the 200-mb gZ field shows gen-
erally low heights throughout much of the tropics and subtropics, but there is also a
large region in the central and east Pacific where the heights are neutral or slightly
positive. Low upper-level heights generally indicate cool SSTs in the east Pacific.
However, these heights seem to be in transition to a higher state, based on what
the other fields show. The 200-mb height field often shows a slight lag behind the
surface fields, so it is sometimes difficult to interpret conditions with only a snapshot

view of this predictor alone.

. South Pacific SLP Predictor (25-45°S, 160°E-160°W). Figure 6.4 shows the
correlation between the October-November South Pacific region (see the black box
in diagram a.) SLP correlated with the following year’s SON global anomaly fields
of: a.) SLP, b.) surface u, c¢.) 200-mb gZ, and d.) SST. The SLP map shows that
the predictor is correlated with the positive phase of the Southern Oscillation, which
is shown by the positive correlations in the east Pacific and the negative correlations
over the west Pacific. The positive phase of the SO is linked with La Nina conditions
in the Pacific, so this predictor may be useful, as it is correlated strongly with the

SO.

The correlation map between the Oct/Nov South Pacific SLP Predictor and surface
u shows a region of negative correlation in the central and west Pacific, as well as
a small region of positive correlation in the east Pacific. As previously discussed,
easterly winds (indicated by negative correlation areas) are indicative of La Nifna
conditions. This predictor would likely be of use in determining wind direction

along the equatorial Pacific, and hence give insight to ENSO conditions.
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Figure 6.4: South Pacific Oct/Nov SLP normalized anomalies in the region 25-45°S,
160°E-160°W (see black box in diagram a.) correlated with the following year’s SON
global anomaly fields of a.) SLP, b.) surface u, c.) 200-mb gZ, and d.) SST. Correlations
based on 1950-1990 data.
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The 200-mb gZ is negatively correlated with the South Pacific SLP predictor through-
out the entire tropics and subtropics. This means that when the predictor value is
anomalously high, the heights in the tropics and subtropics will be low. As discussed
previously, low heights throughout the tropics can indicate cool conditions at the

surface. In this case, the Pacific is very cool, as reflected by the 200-mb gZ.

The Oct/Nov South Pacific SLP predictor is correlated with cool conditions in the
central and eastern Pacific Ocean. Also note that the predictor is positively corre-
lated with SON SSTs in the west Pacific, which means there are anomalously warm
temperatures there. This SST pattern is indicative of La Nina conditions, suggest-
ing that the Oct/Nov South Pacific SLP predictor would be useful in forecasting the

Nino 3.4 SSTA in the following SON.

. PDO Index (SSTA in Pacific basin, poleward of 20°N). The PDO Index is
composed of the values of the SSTA in the Pacific basin, poleward of 20°N. When
the Oct/Nov value of this index is correlated with SSTA (Fig. 6.5), there is a strong
positive correlation throughout the west Pacific and Indian Oceans, which means
that a positive PDO value coincides with warm conditions there. There is a slight
region of cool SSTs (negative correlation) along the central and eastern equatorial

Pacific. These SST patterns are indicative of weak La Nina conditions.

The correlation map of surface zonal wind shows that the Oct/Nov PDO predictor
value is positively correlated with westerly winds in the east Pacific. These conditions
typically are associated with El Nino conditions. This map is incongruent with the
SST correlation map, which may suggest that ENSO is in transition, with westerly

winds just beginning to change the conditions in the Pacific.

Throughout much of the tropics, there is a positive correlation between the Oct/Nov
PDO predictor and the following SON SLP. Because there is little difference between
the SLP anomalies in the east and west Pacific, this predictor is not correlated with
either phase of the SO and therefore, cannot be linked directly with either phase of
ENSO.
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Figure 6.5: Oct/Nov Pacific Decadal Oscillation (PDO) Index correlated with the follow-
ing year’s SON global anomaly fields of a.) SST, b.) surface u, ¢.) SLP, and d.) 200-mb
gZ. Correlations based on 1950-1990 data.
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The correlation between the Oct/Nov PDO predictor and the following SON 200-mb
gZ global field shows very strong positive correlations (high heights) extending from
the tropics to mid-latitudes. These high heights are associated with warm surface
conditions, which are not reflected in the SST correlation map. It is difficult with
the PDO predictor alone to forecast the Nino 3.4 the following year, as the correla-
tions between the predictor and the global fields the following SON are somewhat

ambiguous.



Chapter 7

SKILL OF THE 1 DECEMBER NINO 3.4 SON FORECAST

The SON forecast scheme presented in this paper was compared with ENSO-CLIPER
to establish skill. The variance explained and standard error of each scheme were evaluated

to show forecast ability.

7.1 Variance explained (r?) by the SON Forecast

The 1 December forecast for the SON Nino 3.4 SSTA showed reasonable improvement
over ENSO-CLIPER for the forecast period. For all years (1952-2002), the SON forecast
scheme explained 36 percent of the variance, while ENSO-CLIPER explained 25 percent
of the variance. However, the combination of both schemes showed vast improvement over
each scheme independently, explaining over 50 percent of the variance for this 9-11 month
forecast. Therefore, the use of this SON forecast scheme and ENSO-CLIPER forecast
together has the ability to produce a much better forecast for the Nino 3.4 region.

For the independent forecast years of 1992-2002, the forecast skill is reduced for this
scheme as well as for the ENSO-CLIPER forecast. This scheme explains 23 percent of
the variance, while ENSO-CLIPER explains only 15 percent. Again, the combination of
the two schemes results in a much higher percentage of variance explained: 51 percent.
This result is encouraging, as forecasting with independent data tends to yield slightly
less skillful results then when hindcasting.

It is clear from the analysis of results that the combination of SG and ENSO-CLIPER
provides a much more skillful forecast than either of the forecasts on their own. Each model
appears to explain different portions of the variance, since the combination of variance

explained is nearly equal to the sum of the variances from each model. ENSO-CLIPER
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may add useful information from the Pacific basin that SG did not account for. For the 1
December forecast, ENSO-CLIPER uses three predictors: 1.) three month trend in Nifio
4 SSTA (i.e., SON-JJA values), 2.) SON value of the SOI, and 3.) three month trend in
SOI. These predictors clearly add some information that is useful and unique from the five
SON predictors used by SG. While the combination of the two schemes did not improve
skill for the JJA forecast, it is beneficial for the 1 December forecast for SON SSTA in
Nino 3.4.

Table 7.1: This table gives the percent variance (r2) explained for the three 1 December
SON Nifio 3.4 forecast schemes being evaluated.

Forecast Scheme  All Yrs. Independent Yrs. Dependent Yrs.

1952-2002 1992-2002 1950-1990
SG 36 23 73
ENSO-CLIPER 25 15 n/a
Combination 50 51 n/a

7.2 Examination of Error by Individual Years

Individual years were also examined to give insight into any large errors made by the
forecast scheme. The standard error (observation - prediction) for each year can be found
in Appendix A.2. The ten worst years in terms of standard error for the SG forecast for
SON are listed in Table 7.2.

The extremely warm ENSO events of 1997 (the largest El Nino event ever recorded)
and 1982 are two of the largest errors made by the SG forecast. Largest errors tended
to be made in years that had anomalously strong ENSO events, with the exception of
1993. The unusual extended El Nino conditions that persisted throughout the early 1990s
caused forecasting errors for most ENSO models.

The average standard error of the ten worst years of SG is 1.38°C. Comparatively,
this is 13 percent lower than the average standard error of ENSO-CLIPER (1.53°C). The
Combination forecast shows the lowest average of the ten largest errors, with a value that
is 19 percent lower that that of ENSO-CLIPER (1.23°C). The combination of SG and

ENSO-CLIPER shows a substantial reduction in the largest errors.
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Figure 7.1: Shows the standard error (observation - prediction) by year for the three SON
forecasts being evaluated (SG, ENSO-CLIPER, Combination).
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Figure 7.2: Shows the SON Nifio 3.4 SSTA observations and predictions by the SON
Combination and ENSO-CLIPER schemes.

The ten years with the worst standard errors for the ENSO-CLIPER SON forecast
are listed in Table 7.3. The worst errors occur mainly in years with largest SST anomalies
in the Nino 3.4 region.

The ten years with the worst standard errors for the Combination forecast (SG +
ENSO-CLIPER) SON forecast are listed in Table 7.4. Years with large anomalies in the
Nino 3.4 SST seem to be the years that the Combination forecast performs the poorest.

For comparison, the ten best years (lowest standard errors) are listed for each of the
forecasts (SG Table 7.5, ENSO-CLIPER Table 7.6, Combination Table 7.7). The averages

of the best ten years for each of the forecasts are all similarly close to zero.

7.3 Analysis of Largest Errors made by the 1 December SG Forecast for SON
Nino 3.4 SSTA

In an attempt to understand any physical explanations for why the SG forecast per-
forms poorly for certain years, composites of various global fields were created for the SON

of the ten years with the largest errors. The SON composites show the global conditions

that the SG model had difficulty forecasting.
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Table 7.2: This table shows the ten worst years (largest errors) for the 1 Dec SG Forecast
for SON Nifio 3.4 SSTA.

Year SON Nino SG SG Error
3.4 Obs  Prediction (Observed)-(Predicted)
1997 2.58 0.69 1.88
2002 1.47 -0.31 1.77
1991 0.93 -0.66 1.60
1976 0.83 -0.76 1.59
1988 -1.81 -0.38 -1.43
1975 -1.38 -0.06 -1.32
1998 -1.21 -0.02 -1.19
1982 1.94 0.74 1.19
1993 0.33 1.26 -0.92
1986 0.96 0.09 0.87
Average with 0.46 0.06 0.40
respect to sign
Average without 1.34 0.50 1.38

respect to sign

Table 7.3: This table shows the ten worst years (largest errors) for the 1 Dec
ENSO-CLIPER Forecast for SON Nino 3.4 SSTA.

Year SON Nino ENSO-CLIPER ENSO-CLIPER Error

3.4 Obs Prediction (Observed)-(Predicted)
1997 2.58 0.55 2.03
1994 0.87 -0.82 1.69
1955 -1.86 -0.20 -1.66
1975 -1.38 0.28 -1.66
1965 1.49 -0.15 1.64
1972 1.70 0.26 1.44
2002 1.47 0.04 1.43
1970 -1.23 0.16 -1.39
1999 -1.10 0.08 -1.18
1988 -1.81 -0.64 -1.17
Average with 0.07 -0.04 0.12

respect to sign
Average without
respect to sign 1.55 0.32 1.53
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Table 7.4: This table shows the ten worst years (largest errors) for the 1 Dec Combina-
tion (SG + ENSO-CLIPER) Forecast for SON Nifio 3.4 SSTA.

Year SON Nino Combination Combination Error
3.4 Obs Prediction  (Observed)-(Predicted)

1955 -1.86 0.08 -1.94

1997 2.58 0.93 1.65

2002 1.47 -0.18 1.65

1975 -1.38 0.17 -1.55

1991 0.93 -0.23 1.16

1988 -1.81 -0.71 -1.10

1994 0.87 0.06 0.82

1972 1.70 0.88 0.82

1976 0.83 0.04 0.80

1952 -0.07 -0.87 0.80
Average with 0.33 0.02 0.31

respect to sign
Average without
respect to sign 1.35 0.42 1.23

Table 7.5: This table shows the ten best years (smallest errors) for the 1 Dec SG Forecast
for SON Niiio 3.4 SSTA.

Year SON Nino SG SG Error
3.4 Obs  Prediction (Observed)-(Predicted)
1987 1.57 1.60 -0.03
1996 -0.33 -0.36 0.03
1990 0.23 0.29 -0.05
1967 -0.48 -0.53 0.05
1994 0.87 0.82 0.06
1971 -0.79 -0.85 0.06
1959 -0.26 -0.33 0.07
1981 0.01 0.08 -0.07
1966 -0.15 -0.26 0.12
1958 -0.07 0.05 -0.12
Average with 0.06 0.05 0.12

respect to sign
Average without
respect to sign 0.48 0.52 0.07
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Table 7.6: This table shows the ten best years (smallest errors) for the 1 Dec
ENSO-CLIPER Forecast for SON Nino 3.4 SSTA.

Year SON Nino ENSO-CLIPER ENSO-CLIPER Error

3.4 Obs Prediction (Observed)-(Predicted)
1976 0.83 0.83 0.00
1957 0.86 0.83 0.03
1969 0.74 0.80 -0.06
1968 0.41 0.33 0.08
1981 0.01 -0.10 0.11
1979 0.50 0.39 0.11
1971 -0.79 -0.68 -0.11
1960 -0.24 -0.13 -0.11
1992 -0.14 -0.01 -0.13
1989 -0.34 -0.19 -0.15
Average with 0.18 0.21 -0.23

respect to sign
Average without
respect to sign 0.49 0.43 0.09

Table 7.7: This table shows the ten best years (smallest errors) for the 1 Dec Combina-
tion (SG + ENSO-CLIPER) Forecast for SON Nifio 3.4 SSTA.

Year SON Nino Combination Combination Error
3.4 Obs Prediction ~ (Observed)-(Predicted)

1981 0.01 0.01 0.00

1969 0.74 -0.50 0.02

2000 -0.60 -0.57 -0.03

1979 0.50 0.54 -0.04

1993 0.33 0.39 -0.06

1959 -0.26 -0.17 -0.09

1964 -1.02 -0.92 -0.10

1980 -0.02 0.10 -0.11

1984 -0.66 -0.55 -0.11

1954 -0.92 -0.78 -0.14
Average with -0.20 -0.25 0.07

respect to sign
Average without
respect to sign 0.51 0.45 0.07
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Figure 7.3: Composites of SON global fields for the worst years for the 1 December SG
Forecast. Worst years (listed in Table 7.3) are 1997, 2002, 1991, 1976, 1988, 1975, 1998,
1982, 1993, and 1986.
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The composites of the global fields for the SG forecast years with largest errors all
show El Nifio conditions in the Pacific basin (Figure 7.3). The surface wind field shows
anomalous westerly winds along much of the equator, as well as a large region of strong
westerlies in the South Pacific. These conditions are commonly associated with El Nifio
events. The composite of the 200-mb gZ of the worst forecast years shows a mix of neutral
and high heights throughout the tropics. High upper-level heights are often found over
warm conditions at the surface. The SLP composite shows that the Southern Oscillation
is in its negative phase, which is associated with El Nino conditions. The SST composite
shows warm waters in the east and central Pacific, which is indicative of El Nifio conditions.
The composite maps indicate that the SG forecast for SON Nino 3.4 has some difficulties
in forecasting warm ENSO conditions in the Pacific.

Figure 7.4 displays composites for the ten years that the Combination forecast per-
formed the worst. The surface zonal wind composite shows westerly winds in the equatorial
west Pacific which implies El Nino conditions. The 200-mb gZ composite does not show
any large anomalies in the tropics. A weak negative Southern Oscillation pattern in the
SLP composite is related to El Nifio conditions in the Pacific. The SST composites shows
that the worst years, on average, were years that the Pacific was warm (El Nifo years).
On average, both the SG and the Combination forecasts seem to have difficulty with El

Nino events.

7.4 Examination of Forecast Error in Terms of Too Warm/Cold

To gain insight as to why this model performs poorly in some years and well in
others, the global conditions for the years in which the model performs well and poorly are
separately examined for possible answers. Years in which the standard error (observation-
prediction) is negative signifies a prediction that is too warm (over-prediction) compared
to the Nifio 3.4 SSTA for that year. Conversely, a prediction that is too cold occurs when
the standard error is positive (under-prediction). Examining the cases that are too warm
separately from the cases that are too cold may reveal some insight into the causes error

for this scheme.
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Figure 7.4: Composites of SON global fields for the worst years for the 1 December
Combination (SG + ENSO-CLIPER) Forecast. Worst years (listed in Table 7.5) are
1955, 1997, 2002, 1975, 1991, 1988, 1994, 1972, 1976, and 1952.
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The years in which the SG and Combination forecasts over- and under-predict are
listed in Table 7.8 and Table 7.9, respectively. Composites for the years in which both
models over-predicted are characterized by La Nina, such as cool SSTs in the east and
central Pacific, easterly equatorial winds along the Pacific, and a positive SO pattern. The
SST composites for the over-prediction years are shown in Figures 7.5 and 7.7 and the
under-prediction years are shown in Figures 7.6 and 7.8. Conversely, the composite of the
SON global conditions for the years which err on the cold side show El Nifio conditions
(Fig. 7.5). These results are logical, as a forecast that is too warm

Composite maps of the difference between the ”too” warm and ”too cold” years are
shown in Figure 7.9 ("too warm” - "too cold”). There appear to be large differences in
the global fields of 500-mb gZ, SLP, SST, and surface zonal wind. This further shows that
the global atmosphere and ocean are affected by the phases of ENSO.

Table 7.8: Years in which SG forecasts too warm/cold for SON Nifio 3.4 SSTA and the
corresponding standard error (observation - prediction).

Forecast Too Warm Standard | Forecast Too Cold Standard
(over-predicts) Error (under-predicts) Error
1955 -2.12 1982 1.19
1988 -1.43 1976 1.59
1975 -1.32 1991 1.60
1998 -1.19 2002 1.77
1993 -0.92 1997 1.88

Table 7.9: Years in which the Combination (SG + ENSO-CLIPER) forecast is too
warm/cold for SON Nifo 3.4 SSTA and the corresponding standard error (observation
- prediction).

Forecast Too Warm Standard | Forecast Too Cold Standard
(over-predicts) Error (under-predicts) Error
1955 -1.88 1997 1.75
1975 -1.50 2002 1.68
1988 -1.09 1991 1.18
1970 -0.73 1972 0.94
1961 -0.69 1994 0.89
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Figure 7.5: Composite of the SON SSTA field for the five years where the 1 Dec. SG

forecast was too cold (under-predicts) compared to the Nino 3.4 observation. The “too
cold” years are 1982, 1976, 1991, 2002, and 1997.
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Figure 7.6: Composite of the SON SSTA field for the five years where the 1 Dec. SG

forecast was too warm (over-predicts) compared to the Nifio 3.4 observation. The ”too
warm” years are 1955, 1988, 1975, 1998, and 1993.
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Figure 7.7: Composite of the SON SSTA field for the five years where the 1 Dec. Combi-

nation (SG + ENSO-CLIPER) forecast was too cold (under-predicts) compared to the
Nifio 3.4 observation. The “too cold” years are 1994, 1972, 1991, 2002, and 1997.
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Figure 7.8: Composite of the SON SSTA field for the five years where the 1 Dec. Com-

bination (SG+ENSO-CLIPER) forecast was too warm (over-predicts) compared to the
Nino 3.4 observation. The “too warm” years are 1955, 1975, 1988, 1970, and 1961.



84

Figure 7.9: Composites of the difference between the years that SG forecast too warm and
too cold (listed in Table 7.9) for the SON forecast.
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7.5 Degradation of the SON Forecast Based on Removal of Predictors

The amount of variance explained decreases upon removal of a predictor from the
group of five best predictors used to make the forecast. By removing each of the best five
predictors individually, the importance of the predictors can be inferred by the reduction
in variance explained. Table 7.10 lists the removed predictors and the corresponding

reduction in variance.

Table 7.10: This table shows which SON predictor was removed, the percent variance
explained with the remaining four predictors and the percent variance the forecast was
degraded by upon the removal of the predictor. For clarity, the predictors are numbered
as follows: 1 = South Atlantic 200-mb gZ, 2 = Lake Baikal SLP, 3 = South Pacific SLP,
4 = North Pacific SST, 5 = PDO Index.

Predictor Percent Variance  Percent
Removed Explained Degraded

0 73 0
1 63 10
2 61 12
3 66 7
4 71 1
) 57 16
AVG 64 9

The forecast for SON was degraded the most by removal of Predictor 5, the PDO
Index. By itself, the PDO Index does not explain much variance of the SON Nifio 3.4
SSTA. However, in combination with the other predictors, it explains the most variance
and is therefore very important to the forecast. Removing Predictor 2 from the forecast
reduces the variance explained by 12 percent, making it the second most predictor in the
group of best five. These two predictors may be most important to the forecast because
they both cover regions in the tropics that are near to the ENSO event. Removal of
Predictor 4 (South Atlantic 200-mb gZ) causes the percent variance to degrade the least,

implying that this predictor does not contribute as much to the forecast as the others.
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7.6 Summary

While the SG forecast scheme explained a slightly larger amount of variance than the
ENSO-CLIPER scheme, the combination of the two scheme explains almost twice as much
as each scheme individually. Also, the combination showed a reduction in the number of
large errors. Therefore, the five best Oct/Nov predictors selected for the 9-11 month SG

prediction have indeed produced a skillful ENSO forecast.



Chapter 8

CONCLUSIONS AND FUTURE WORK

This study is based on a climate prediction methodology that makes use of the valu-
able long-term memory of the atmosphere and ocean. Signals in the climate several seasons
in advance can be used for prediction of ENSO events. Accessing this data on a global
scale has been difficult until the recent advances in technology. Now, the ease with which
this data can be accessed makes it possible to scan the global data for these predictive sig-
nals. This forecast methodology assumes that the atmosphere-ocean system will continue
to operate as it has in the past. As ENSO events influence the entire global circulation, it
is likely that the global circulation also influences them. Studying past global associations
allows forecasts to be made even though the full physics of such relations are not fully
understood.

Many statistical models, such as ENSO-CLIPER, use only predictors local to the
Pacific basin where the ENSO events occur. By only utilizing data from this restricted
portion of the globe, these models exclude important global predictive signals in the entire
atmosphere and ocean. Likewise, initial value models do not utilize the useful memory
of the atmosphere for past parameter associations. Heavily based on equations modeled
to simulate real-world physics, initial value numerical models have not shown skill in
predicting long-term climate events.

This preliminary study in using global data to forecast ENSO events suggests that
it is beneficial to use global data, not just data local to the Pacific, in forecasting these
events. Results for the 6-8 month forecast (1 December to the following JJA) show that
this forecast scheme explains more variance than that of ENSO-CLIPER over an extended

period of time (51 years).
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The results for the 9-11 month forecast (1 December to the following SON) show that
SG only improves slightly upon ENSO-CLIPER (SG explained 36 percent; ENSO-CLIPER
explained 25 percent). However, a combination of the two schemes (SG + ENSO-CLIPER)
showed even more skill, explaining over 50 percent of the variance.

This research shows that the forecast presented in this thesis (SG) does indeed sur-
pass the rigorous benchmark test of ENSO-CLIPER by exploiting the predictive signals
in the global atmosphere and ocean data. The forecast must also be appreciated for the
level of skill it shows at such an extended range (6-11 months) and the fact that it crosses

the spring “predictability” barrier (Fig. 1.10).

8.1 Amendments to the Forecast

The SG forecast scheme employs a linear regression model which uses five pre-
dictors to make a precise ENSO forecast. Relying on this method does not allow any
human interpretation or reasoning behind the forecast. Also, studying the conditions
several years before the forecast period may offer additional information for making this
forecast and should likely improve the forecast. Studying the progression of conditions in

the equatorial Pacific over several years may be helpful in making a better forecast.

8.2 Future Work

Forecasting ENSO with past global atmospheric and oceanic data has been made
much more feasible than ever before thanks to the improvement of technology in recent
years. While many global predictors were tested for correlation with ENSO events, it
is likely that there is a near unlimited number of predictors that might be helpful in
predicting various aspects of the climate, such as monthly or seasonal rainfall, temperature,
etc. Similar forecasts have also been made for Atlantic basin hurricane activity (Blake
and Gray 2004, Gray and Klotzbach 2003, Klotzbach and Gray 2003, 2004).

The forecast schemes presented in this thesis are useful because they offer a skillful

prediction for an extended-range. However, adjustments to this forecast might also be
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made in early spring when more data is available and there is more insight as to whether

conditions in the Pacific will change rapidly or not in the “predictability barrier” period.
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Appendix A

Table A.1: 1 DECEMBER FORECAST FOR JJA NINO 3.4 SSTA

Forecast Point Forecast for: SG Prediction CLIPER Prediction OBS SG Error CLIPER Error
Dec. 1, 1948 JJA 1949 1.30 n/a -0.36 -1.66 n/a
Dec. 1, 1949 JJA 1950 -0.02 n/a -0.59 -0.57 n/a
Dec. 1, 1950 JJA 1951 0.55 n/a 0.40 -0.15 n/a
Dec. 1, 1951 JJA 1952 -0.27 -0.28 -0.19 0.08 0.09
Dec. 1, 1952 JJA 1953 0.21 0.11 0.36 0.15 0.25
Dec. 1, 1953 JJA 1954 -0.34 -0.13 -0.75 -0.41 -0.62
Dec. 1, 1954 JJA 1955 -0.29 -0.03 -0.75 -0.46 -0.72
Dec. 1, 1955 JJA 1956 -0.16 -0.14 -0.61 -0.45 -0.47
Dec. 1, 1956 JJA 1957 0.99 0.38 0.81 -0.18 0.43
Dec. 1, 1957 JJA 1958 0.25 -0.04 0.46 0.21 0.50
Dec. 1, 1958 JJA 1959 0.06 -0.14 -0.32 -0.38 -0.18
Dec. 1, 1959 JJA 1960 -0.28 0.32 0.02 0.30 -0.30
Dec. 1, 1960 JJA 1961 0.09 0.30 0.04 -0.05 -0.26
Dec. 1, 1961 JJA 1962 -0.53 0.06 -0.01 0.52 -0.07
Dec. 1, 1962 JJA 1963 0.50 0.02 0.65 0.16 0.63
Dec. 1, 1963 JJA 1964 -0.79 0.05 -0.72 0.07 -0.77
Dec. 1, 1964 JJA 1965 0.97 -0.26 1.09 0.12 1.35
Dec. 1, 1965 JJA 1966 -0.22 -0.19 0.33 0.55 0.52
Dec. 1, 1966 JJA 1967 -0.39 -0.01 -0.04 0.34 -0.03
Dec. 1, 1967 JJA 1968 0.14 0.23 0.31 0.17 0.08
Dec. 1, 1968 JJA 1969 -0.04 0.23 0.48 0.51 0.25
Dec. 1, 1969 JJA 1970 -0.50 0.19 -0.71 -0.21 -0.90
Dec. 1, 1970 JJA 1971 -0.58 -0.28 -0.49 0.10 -0.21
Dec. 1, 1971 JIJA 1972 1.38 0.13 1.12 -0.26 0.99
Dec. 1, 1972 JJA 1973 -0.75 -0.25 -0.96 -0.21 -0.71
Dec. 1, 1973 JJA 1974 -0.58 -0.21 -0.36 0.22 -0.15
Dec. 1, 1974 JJA 1975 -0.41 0.06 -1.06 -0.65 -1.12
Dec. 1, 1975 JJA 1976 0.26 0.11 0.13 -0.13 0.02
Dec. 1, 1976 JJA 1977 0.34 0.55 0.27 -0.07 -0.28
Dec. 1, 1977 JJA 1978 -0.18 0.21 -0.45 -0.27 -0.66
Dec. 1, 1978 JJA 1979 0.44 0.29 0.00 -0.44 -0.29
Dec. 1, 1979 JJA 1980 -0.32 0.24 0.25 0.58 0.01
Dec. 1, 1980 JJA 1981 0.18 0.00 -0.40 -0.58 -0.40
Dec. 1, 1981 JJA 1982 0.42 0.51 1.17 0.74 0.66
Dec. 1, 1982 JJA 1983 -0.25 -0.54 0.18 0.44 0.72
Dec. 1, 1983 JJA 1984 -0.63 -0.48 -0.44 0.18 0.04
Dec. 1, 1984 JJA 1985 -0.29 0.49 -0.40 -0.11 -0.89
Dec. 1, 1985 JJA 1986 0.46 0.50 0.31 -0.15 -0.19
Dec. 1, 1986 JJA 1987 1.08 0.40 1.71 0.63 1.31
Dec. 1, 1987 JJA 1988 -1.12 -0.20 -1.45 -0.33 -1.25
Dec. 1, 1988 JJA 1989 0.00 -0.05 -0.41 -0.40 -0.36
Dec. 1, 1989 JJA 1990 0.76 0.55 0.21 -0.55 -0.34
Dec. 1, 1990 JJA 1991 0.45 0.21 0.82 0.37 0.61
Dec. 1, 1991 JJA 1992 0.78 -0.03 0.30 -0.48 0.33
Dec. 1, 1992 JJA 1993 0.94 -0.32 0.47 -0.47 0.79
Dec. 1, 1993 JJA 1994 0.01 -0.05 0.47 0.47 0.52
Dec. 1, 1994 JJA 1995 0.48 0.05 -0.12 -0.60 -0.17
Dec. 1, 1995 JJA 1996 0.17 -0.32 -0.10 -0.27 0.22
Dec. 1, 1996 JJA 1997 0.66 0.13 1.81 1.15 1.68
Dec. 1, 1997 JJA 1998 -0.60 -0.65 -1.05 -0.45 -0.40
Dec. 1, 1998 JJA 1999 -0.24 -0.13 -0.92 -0.67 -0.79
Dec. 1, 1999 JJA 2000 -0.83 0.41 -0.36 0.47 -0.77
Dec. 1, 2000 JJA 2001 -0.82 0.41 0.20 1.02 -0.21
Dec. 1, 2001 JJA 2002 0.33 0.28 0.97 0.64 0.69
Dec. 1, 2002 JJA 2003 0.05 -0.14 -0.67 -1.31 -1.36
Dec. 1, 2003 JJA 2004 -0.48 -0.12 - - -
AVERAGE with
respect to sign - 0.05 0.05 0.03 -0.02 -0.01

AVERAGE without
respect to sign - 0.47 0.24 0.54 0.40 0.51




Table A.2: 1 DECEMBER FORECAST FOR SON NINO 3.4 SSTA
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Forecast Point Forecast for: SG CLIPER Combo OBS SG CLIPER Combo
Forecast Forecast Forecast SON Niio 3.4 Error Error Error

Dec. 1, 1951 SON 1952 -0.63 -0.59 -0.87 -0.07 0.57 0.52 0.80
Dec. 1, 1952 SON 1953 0.17 0.25 0.33 0.52 0.35 0.27 0.19
Dec. 1, 1953 SON 1954 -0.63 -0.47 -0.78 -0.92 -0.29 -0.45 -0.14
Dec. 1, 1954 SON 1955 0.26 -0.20 0.08 -1.86 -2.12 -1.66 -1.94
Dec. 1, 1955 SON 1956 -0.44 0.20 -0.16 -0.68 -0.24 -0.88 -0.52
Dec. 1, 1956 SON 1957 1.00 0.83 1.36 0.86 -0.14 0.03 -0.50
Dec. 1, 1957 SON 1958 0.05 0.11 0.14 -0.07 -0.12 -0.18 -0.20
Dec. 1, 1958 SON 1959 -0.33 0.08 -0.17 -0.26 0.07 -0.34 -0.09
Dec. 1, 1959 SON 1960 -0.01 -0.13 -0.07 -0.24 -0.24 -0.11 -0.17
Dec. 1, 1960 SON 1961 -0.22 0.48 0.19 -0.55 -0.32 -1.03 -0.74
Dec. 1, 1961 SON 1962 -0.97 -0.16 -0.82 -0.51 0.47 -0.35 0.31
Dec. 1, 1962 SON 1963 0.61 0.07 0.53 0.90 0.30 0.83 0.38
Dec. 1, 1963 SON 1964 -1.32 0.06 -0.92 -1.02 0.29 -1.08 -0.10
Dec. 1, 1964 SON 1965 1.08 -0.15 0.73 1.49 0.41 1.64 0.76
Dec. 1, 1965 SON 1966 -0.26 -0.63 -0.62 -0.15 0.12 0.48 0.47
Dec. 1, 1966 SON 1967 -0.53 0.07 -0.33 -0.48 0.05 -0.55 -0.15
Dec. 1, 1967 SON 1968 0.53 0.33 0.65 0.41 -0.12 0.08 -0.25
Dec. 1, 1968 SON 1969 0.18 0.80 0.72 0.74 0.56 -0.06 0.02
Dec. 1, 1969 SON 1970 -0.85 0.16 -0.50 -1.23 -0.38 -1.39 -0.73
Dec. 1, 1970 SON 1971 -0.85 -0.68 -1.10 -0.79 0.06 -0.11 0.31
Dec. 1, 1971 SON 1972 0.90 0.26 0.88 1.70 0.81 1.44 0.82
Dec. 1, 1972 SON 1973 -0.79 -0.55 -0.96 -1.43 -0.64 -0.88 -0.48
Dec. 1, 1973 SON 1974 -1.31 -0.19 -1.09 -0.70 0.60 -0.51 0.39
Dec. 1, 1974 SON 1975 -0.06 0.28 0.17 -1.38 -1.32 -1.66 -1.55
Dec. 1, 1975 SON 1976 -0.76 0.83 0.04 0.83 1.59 0.00 0.80
Dec. 1, 1976 SON 1977 1.07 0.33 1.05 0.60 -0.47 0.27 -0.45
Dec. 1, 1977 SON 1978 -0.66 -0.54 -0.85 -0.24 0.41 0.30 0.61
Dec. 1, 1978 SON 1979 0.33 0.39 0.54 0.50 0.17 0.11 -0.04
Dec. 1, 1979 SON 1980 -0.53 0.67 0.10 -0.02 0.51 -0.69 -0.11
Dec. 1, 1980 SON 1981 0.08 -0.10 0.01 0.01 -0.07 0.11 -0.00
Dec. 1, 1981 SON 1982 0.74 1.04 1.31 1.94 1.19 0.90 0.62
Dec. 1, 1982 SON 1983 -0.34 -1.32 -1.16 -0.62 -0.28 0.70 0.54
Dec. 1, 1983 SON 1984 0.17 -1.00 -0.55 -0.66 -0.83 0.34 -0.11
Dec. 1, 1984 SON 1985 -0.19 0.19 0.01 -0.37 -0.18 -0.56 -0.39
Dec. 1, 1985 SON 1986 0.09 0.35 0.34 0.96 0.87 0.61 0.62
Dec. 1, 1986 SON 1987 1.60 0.75 1.75 1.57 -0.03 0.82 -0.19
Dec. 1, 1987 SON 1988 -0.38 -0.64 -0.71 -1.81 -1.43 -1.17 -1.10
Dec. 1, 1988 SON 1989 0.05 -0.19 -0.07 -0.34 -0.39 -0.15 -0.26
Dec. 1, 1989 SON 1990 0.29 0.65 0.69 0.23 -0.05 -0.42 -0.46
Dec. 1, 1990 SON 1991 -0.66 0.35 -0.23 0.93 1.60 0.58 1.16
Dec. 1, 1991 SON 1992 0.66 -0.01 0.51 -0.14 -0.81 -0.13 -0.66
Dec. 1, 1992 SON 1993 1.26 -0.82 0.39 0.33 -0.92 1.15 -0.06
Dec. 1, 1993 SON 1994 0.82 -0.82 0.06 0.87 0.06 1.69 0.82
Dec. 1, 1994 SON 1995 -0.14 -0.66 -0.55 -0.82 -0.68 -0.16 -0.27
Dec. 1, 1995 SON 1996 -0.36 -0.59 -0.66 -0.33 0.03 0.26 0.33
Dec. 1, 1996 SON 1997 0.69 0.55 0.93 2.58 1.88 2.03 1.65
Dec. 1, 1997 SON 1998 -0.02 -0.93 -0.65 -1.21 -1.19 -0.28 -0.56
Dec. 1, 1998 SON 1999 -0.82 0.08 -0.54 -1.10 -0.27 -1.18 -0.56
Dec. 1, 1999 SON 2000 -0.97 0.20 -0.57 -0.60 0.37 -0.80 -0.03
Dec. 1, 2000 SON 2001 0.33 0.17 0.39 -0.05 -0.38 -0.22 -0.44
Dec. 1, 2001 SON 2002 -0.31 0.04 -0.18 1.47 1.77 1.43 1.65
Dec. 1, 2002 SON 2003 0.88 -0.30 0.47 -0.47 -1.35 -0.17 -0.94
Dec. 1, 2004 SON 2004 0.22 -0.36 -0.07 - - - -

Average with

respect to sign - -0.05 -0.02 -0.02 -0.01 0.02 -0.01 0.00

Average without
respect to sign - 0.55 0.43 0.57 0.79 0.57 0.66 0.52
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Table A.3: JJA POOL OF PREDICTORS

Predictor Month Latitude, Longitude Correlation w/ JJA
Nifio 3.4 SSTA

1952-2002

500-mb u Oct/Nov 25-35°S, 150°E-175°W 0.44
500-mb u Oct/Nov 5°N-5°S, 95-120°W 0.38
500-mb u Oct/Nov 15-25°N, 80-120°E -0.29
500-mb u Oct/Nov 45-55°N, 90-125°E -0.34
500-mb u Oct/Nov 25-40°N, 5-30°W -0.37
Surface u Oct/Nov  15-35°S, 160-180°E 0.41
Surface u Oct/Nov  15-35°S, 125-150°E 0.35
Surface u Oct/Nov  15-35°S, 160°E-125°W 0.43
Surface u Oct/Nov  5-15°S, 5-30°E -0.50
Surface u Oct/Nov  45-55°S, 175°E-160°W -0.42
SLP Oct/Nov 35-55°N, 125-155°W 0.36
SLP Oct/Nov 38-48°N, 130-145°W 0.38
SLP Oct/Nov 40-55°N, 120-145°W 0.40
SLP Oct/Nov 45-60°N, 100-120°E 0.43
SLP Oct/Nov 45-60°N, 100-125°E 0.41
SLP Oct/Nov 5-20°N, 160°E-160°W -0.49
SLP Nov 20-40°S, 120-160°W -0.42
200-mb gZ Oct/Nov 10-25°S, 10-40°W -0.46
200-mb gZ Nov 10-25°S, 20-50°W -0.38
200-mb gZ Nov 10-20°S, 20-45°W -0.50
200-mb gZ Oct/Nov 15°N-30°S, 60°E-100°W -0.31
200-mb gZ Oct/Nov 0-30°S, 60°E-120°W -0.30
200-mb gZ Oct/Nov  0-30°S, 0°E-80°W -0.30
500-mb gZ Oct/Nov 35-50°N, 10-30°W 0.28
700-mb gZ Oct/Nov 25-45°S, 160°E-175°W -0.48
700-mb gZ Oct/Nov  30-45°S, 160-180°E -0.48
PDO Index Oct/Nov  Pac. basin poleward of 20°N -0.05
SOI Oct/Nov - 0.04
SOI May/June - 0.40
Nifio 3.4 SSTA  Oct/Nov 5°N-5°S, 120-170°W -0.04
Nifio 3.4 SSTA JJA 5°N-5°S, 120-170°W -0.14
SST Oct/Nov 1°N-35°S, 0-35°W -0.40
SST Oct/Nov  5°N-5°S, 169°E-120°W -0.01
SST Oct/Nov 10.5°N-10.5°S, 85-120 °W -0.23
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Table A.4: SON POOL OF PREDICTORS

Predictor = Month Latitude, Longitude Correlation w/ SON
Nifio 3.4 SSTA

1952-2002

500-mbu  Oct/Nov 5°N-10°S, 100-160°W 0.39
500-mb u  Oct/Nov 5°N-5°S, 100-140 °W 0.44
500-mb u  Oct/Nov 45-55°N, 90-125 °E -0.36
500-mb u  Oct/Nov 25-35°S, 110-180 °E 0.38
Surfaceu  Oct/Nov 15-30°S, 150°E-170 °W 0.41
Surfaceu  Oct/Nov  15-30°S, 140°E-120 °W 0.44
Surfaceu  Oct/Nov  5°N-15°S, 5-30°W -0.47
200-mb gZ Oct/Nov 10-20°S, 15-40°W -0.45
200-mb gZ Oct/Nov 10-20°S, 2-100°W -0.33
500-mb gZ Oct/Nov 28-40°S, 100°E-175°W -0.43
500-mb gZ Oct/Nov 50-65°N, 90-125°E 0.30
500-mb gZ Oct/Nov 15-25°S, 80-100°W -0.24
700-mb gZ Oct/Nov 25-40°S, 100°E-175°W -0.46
700-mb gZ Oct/Nov 50-65°N, 90-125°E 0.38
PDO Oct/Nov  SSTA in Pacific, poleward of 20°N -0.05
SLP Oct/Nov  40-60°N, 90-120°E 0.43
SLP Oct/Nov  25-45°S, 160 E-160°W -0.44
SST Oct/Nov  10.5°N-10.5°S, 80-110°W -0.32
SST Oct/Nov  35-45°N, 150-170°W 0.25
SST Oct/Nov  5-30°N, 90-126°E -0.31
SST Oct/Nov  5°N-30°S, 2-35°W -0.37
SST Oct/Nov  1°N-14°S, 139-159°E 0.29




Appendix B

Table B.1: FORECAST SKILL FOR YEARS WITH LARGE JJA SST ANOMALIES:
ENSO events are marked by large SST anomalies in the east and central Pacific. Fore-
casting these events with skill is very important and useful.

Year JJA Niiio 3.4 Obs  SG Error CLIPER Error
1988 -1.45 -0.33 -1.25
1975 -1.06 -0.65 -1.12
1998 -1.05 -0.45 -0.40
1973 -0.96 -0.21 -0.71
1999 -0.92 -0.67 -0.79
1954 -0.75 -0.41 -0.62
1955 -0.75 -0.46 -0.72
1964 -0.72 0.07 -0.77
1970 -0.71 -0.21 -0.90
1956 -0.61 -0.45 -0.47

AVG with

resp. to sign -0.90 -0.38 -0.78

AVG without

resp. to sign 0.90 0.39 0.78
1963 0.65 0.16 0.63
1957 0.81 -0.18 0.43
1991 0.82 0.37 0.61
2002 0.97 0.64 0.69
1965 1.09 0.12 1.35
1972 1.12 -0.26 0.99
1982 1.17 0.74 0.66
1987 1.71 0.63 1.31
1997 1.81 1.15 1.68

AVG with

resp. to sign 1.13 0.37 0.93

AVG without
resp. to sign 1.13 0.47 0.93
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Table B.2: FORECAST SKILL FOR YEARS WITH LARGE SON SST ANOMALIES:
ENSO events are marked by large SST anomalies in the east and central Pacific. Fore-
casting these events with skill is very important and useful.

Year SON Nifio 3.4 Obs SG Error CLIPER Error Combination Error
1955 -1.86 -2.12 -1.66 -1.94
1988 -1.81 -1.43 -1.17 -1.10
1973 -1.43 -0.64 -0.88 -0.48
1975 -1.38 -1.32 -1.66 -1.55
1970 -1.23 -0.38 -1.39 -0.73
1998 -1.21 -1.19 -0.28 -0.56
1999 -1.10 -0.27 -1.18 -0.56
1964 -1.02 0.29 -1.08 -0.10
1954 -0.92 -0.29 -0.45 -0.14
1995 -0.82 -0.68 -0.16 -0.27
1971 -0.79 0.06 -0.11 0.31
1974 -0.70 0.60 -0.51 0.39
1956 -0.68 -0.24 -0.88 -0.52
1984 -0.66 -0.83 -0.34 -0.11
1983 -0.62 -0.28 0.70 0.54
2000 -0.60 0.37 -0.80 -0.03
1961 -0.55 -0.32 -1.03 -0.74
1962 -0.51 0.47 -0.35 0.31

AVG with

resp. to sign -0.99 -0.46 -0.70 -0.40

AVG without
resp. to sign 0.99 0.66 0.81 0.58

Table B.3: FORECAST SKILL FOR YEARS WITH LARGE SON SST ANOMALIES:
ENSO events are marked by large warm SST anomalies in the east and central Pacific.
Forecasting these events with skill is very important and useful.

Year SON Nino 3.4 Obs SG Error CLIPER Error Combination Error
1979 0.50 0.17 0.11 -0.04
1953 0.52 0.35 0.27 0.19
1977 0.60 -0.47 0.27 -0.45
1969 0.74 0.56 -0.06 0.02
1976 0.83 1.59 0.00 0.80
1957 0.86 -0.14 0.03 -0.50
1994 0.87 0.06 1.69 0.82
1963 0.90 0.30 0.83 0.38
1991 0.93 1.60 0.58 1.16
1986 0.96 0.87 0.61 0.62
2002 1.47 1.77 1.43 1.65
1965 1.49 0.41 1.64 0.76
1987 1.57 -0.03 0.82 -0.19
1972 1.70 0.81 1.44 0.82
1982 1.94 1.19 0.90 0.62
1997 2.58 1.88 2.03 1.65

AVG with

resp. to sign 1.15 0.68 0.79 0.52

AVG without
resp. to sign 1.15 0.76 0.79 0.67




Appendix C

Table C.1: ADDITIONAL STATISTICS FOR THE JJA FORECAST: Original statistics
and equations were computed based on the Ordinary Least Squares (OLS) technique.
This Appendix lists some additional statistics (based on the same 1950-1990 forecast
data) computed by the Least Absolute Distance (LAD) method as suggested by Professor

P. Mielke.

For the JJA Forecast: Measure of Agreement between x and y: 0.55
Variance Explained: 0.63

For the SON Forecast: Measure of Agreement between x and y: 0.53
Variance Explained: 0.53
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