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Abstract— Numerous studies on the effects of the El Nifio-Southern Oscillation (ENSO) on
the stratosphere have been conducted in recent years. However, few of these have examined
whether the use of an adequate representation of the stratosphere might affect simulations of
the ENSO. In the present work, sea surface temperature data from two numerical model
configurations, namely one with a well-resolved stratosphere, the “high top configuration”
(Hadley Centre Global Environmental Model, HaddGEM2-CCS), and the other without a well-
resolved stratosphere, the “low top configuration” (HadGEM2-CC), are employed to study the
impact of the stratosphere on the surface climate, especially on the ENSO. A pre-industrial
control run is performed to eliminate interference from other factors, such as greenhouse gas
warming and volcanic eruptions. Based on the present research, both model configurations
function reasonably well and have shown little difference from each other when analyzng the
global annual and seasonal mean sea surface temperatures, except for the Northern Atlantic
Ocean region. A statistical analysis performed using the t-test method shows that the significant
differences in the annual and seasonal mean sea surface temperatures in the Northern Atlantic
region result from real signals rather than random noises. Furthermore, the configuration with
a better representation of the stratosphere simulates the quasi-period of the ENSO and the
seasonal phase-locking characteristics of El Nifio more precisely. Therefore, it is probably
advantageous to adopt climate models that resolved stratosphere for a more realistic
representation of ENSO climatology and its possible variations under certain conditions.

Key-words: stratosphere, sea surface temperature, ENSO, HadGEM, high top
configuration, low top configuration



1. Introduction

The present work aims to determine the effects of the stratosphere on global
climate as well as on the El Nifio-Southern Oscillation (ENSO) by examining and
comparing numerical simulations both with and without a well-resolved
stratosphere.

1.1. The ENSO phenomenon

The ENSO is a quasi-periodic climate phenomenon that occurs in the tropical
Pacific and is attributed to a coupled ocean-atmosphere interaction.

The atmospheric aspect, called the Southern Oscillation, was first identified
by Walker (1923, 1924) as a seesaw of surface pressure between the central
tropical Pacific and the Indonesian Archipelago. The three-dimensional
circulation pattern explaining Southern Oscillation was described by Bjerknes
(1969) and designated as the ‘Walker Circulation’ (Fig. 7). The quasi-periodic
warming of the waters off the coast of Peru and Ecuador is called El Nifio. El Nifio
has long been understood to be part of an oceanic oscillation that extends
westward along the equator. Bjerknes (1966, 1969) was among the first to
recognize its connection to the Southern Oscillation.
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Fig. 1. Schematic diagrams of (a) normal conditions and (b) El Nifio conditions in the
Pacific Ocean. From www.pmel.noaa.gov/tao/elnino/ninonormal.html

During normal years, as shown in Fig. /(a), a particularly strong cooling in
the eastern Pacific is called La Nifia. Under El Nifno conditions, as shown in
Fig. 1(b), the Walker circulation reverses, resulting in El Nifio events. El Nifio
events are not always followed by La Nifa, and vice versa, as they sometimes are
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followed by neutral conditions. However, El Nifio events have a typical life cycle
that tends to be phase-locked with the seasonal cycle, with warm SST anomalies
tending to appear in January, strengthening during the year, and eventually
peaking in the northern winter one year after their onset (Wang, 1995). This
seasonal phase locking is also observed in the climate model results examined
here (see Section 3.2). Although ENSO events are irregular, in the historical
record, the length of this interval has varied from 2 to 7 years (NOAA Climate
Prediction Centre (2005-12-19)).

The ENSO is widely accepted to be the largest source of internal variability
in the global climate system (7renberth et al., 1998). The eastward displacement
of the atmospheric heat source overlying the warmest water results in significant
changes in the global atmospheric circulation, which forces weather changes in
regions remote from the tropical Pacific. These remote influences are known as
teleconnections.

1.2. ENSO and the stratosphere

El Nifio events are associated with maximum warm anomalies occurring in the
tropical Pacific. Thus, it is useful to study these events by simulating aspects of
surface climate. Observational and modeling studies over the past two decades
have fundamentally changed our understanding of the role of the stratosphere in
surface weather and climate. Interactions between the stratosphere and other
components of the earth’s system, from the troposphere to the deep ocean and
possibly even the ice sheets of Greenland and Antarctica, reveal coupling across
a wide range of spatial and temporal scales. In response to these discoveries,
operational forecasts, seasonal predictions, and coupled climate models are
raising their lids by adding model layers, incorporating additional stratospheric
processes and assimilating data higher into the stratosphere than ever before
(Gerber et al., 2012).

Van Loon and Labitzke (1987) studied the statistical relationship between
ENSO and the Arctic stratosphere. They found that strong El Nifio events are
associated with a strong Aleutian High and weak polar vortex in the stratosphere.
Furthermore, the stratosphere appears to play an important role in transmitting the
tropical ENSO signals to the mid-latitudes (e.g., Bell et al., 2009). Extra tropical
upward wave propagation intensified during warm ENSO events in the boreal
winter, modulating the meridional overturning circulation of the stratosphere and
the stratospheric polar vortex (Garcia-Herrera et al., 2006). The vortex
anomalies, ultimately, then propagated downward, affecting the mid-latitudes in
the troposphere (Cagnazzo and Manzini, 2009).

Several modeling studies have shown that including a well-resolved
stratosphere could produce more reliable tropospheric climate change projections.
For example, Hardiman et al. (2012) suggested that simulations should be
performed using stratosphere-resolving general circulation models to capture the



influence of teleconnections and stratospheric processes on surface climate. This
finding also indicates that little distinction is found between the model simulations
with and without a well-resolved stratosphere, unless the effects of
teleconnections on the surface fields during specific years are considered (e.g.,
the ENSO on the northern extra tropical mean sea level pressure (MSLP)).
However, most of the studies included the influences of various possible factors
interfering with the interconnectedness of the ENSO and the stratosphere, such as
seasonality and nonlinearity (Van Loon and Labitzke, 1987; Manzini et al., 2006),
volcanic eruptions (Labitzke and Van Loon, 1989) and ozone depletion (Kiehl/ and
Boville, 1988). However, these observational analyses may benefit from further
comparisons with control run simulations. Control run simulations allow for the
systematic study of the possible influences by excluding external factors, and they
only differ in the stratosphere representations.

Therefore, to study the dynamical impact of the stratosphere alone on the
surface climate, and the ENSO in particular, the present work used numerical
simulations from model configurations with and without a well-resolved
stratosphere. These model configurations are the two configurations of the Hadley
Centre Global Environmental Model (HadGEM) run at the Met Office Unified
Model for CMIPS. (Refer to Section 2 for more details.) Pre-industrial control
runs were used to investigate the effects of the vertical height and resolution of
the stratosphere alone on surface climate, and again, the ENSO in particular.
(Details of the control run are described in the Section 2.)

In the present work, the first aspect under review is the annual and seasonal
mean SSTs in both model configurations, which are compared with observations.
The effects of random variability on the annual mean SSTs are also examined.
The second aspect under review focuses on the equatorial tropical region in both
model configurations to investigate the quasi-period of ENSO events through a
power spectrum. The third aspect is the study of the evolution of the ENSO in
both model configurations through Hovmoller diagrams. (Details are shown in
Section 3.4.) A detailed analysis of the possible factors that may give rise to the
differences in the ENSO characteristics between the configurations, as described
in Section 3, will be the subject of a later and more extensive study, but these are
discussed in general terms at the end of this report.

2. Models and methods

Two configurations of the HadGEM run at the Met Oftice Unified Model for CMIP5
are used in the present work. These two configurations are the HadGEM2-CCS (high
top configuration) and HadGEM2-CC (low top configuration) (Martin et al., 2011),
which differ only in their vertical extent and vertical resolution. The high top
configuration includes a well-resolved stratosphere, incorporating 60 vertical levels
(L60) and an upper boundary at 85 km (mesopause). The low top configuration has



38 vertical levels (L38) and an upper boundary at 40 km (mid stratosphere). As
shown in Appendix 1, the vertical resolutions show the details of how these levels
are defined. The high top configuration is better by more than a factor of two in the
vertical resolution within the stratosphere (Collins et al., 2008).

To obtain a clear view of the dynamic impact of the vertical height and
resolution of the stratosphere alone on the ENSO, the ‘control runs’ of both the
high top and the low top configurations were used instead of the historical runs,
as performed in Hardiman et al. (2012). The control run is a simulation using pre-
industrial levels of CO2z and ozone that are held constant with time (7aylor et al.,
2009). In other words, the influence of volcanic eruptions and increasing CO»
concentrations is eliminated. The pre-industrial control run also serves as the
baseline for the analysis of historical and future scenarios, because it runs with
non-evolving, pre-industrial conditions. The pre-industrial control run is used in
addition to estimate the unforced variability of the model (Taylor et al., 2009).

Therefore, the two sets of SST data in this work result from the pre-industrial
control runs of the high top and low top configurations, which are publicly
available from CMIPS5 data centers and were downloaded by a DPhil student. The
present research is based on these two sets of SST data. The SSTs used in the
present work are determined by four variables: time, longitude, latitude, and
depth. The depth is set to one meter below the ocean surface, which is sufficient
to represent surface temperature variability. The time (t) unit is one month, which
means the SST is a monthly average temperature. Both configurations were run
over the same period of time, spanning 240 years (t=2880) in total. However,
because some of the data are missing in the SST data sets of both configurations
(details in the Appendix 2), only 150 years of data were used for the analysis,
which is still sufficiently long to study quasi-periodic events such as the ENSO.
Hence, adequate realizations for examining its statistics are available.

There are different ways of measuring the strength of the ENSO (Trenberth
1997). For the oceanic component, the most common method is to average the
SST anomalies over certain regions termed Nifio 1+2, Nifo 3, Nifo 4, and Nifio
3.4 (Fig. 2). These SST-based indices are statistically positive for El Nifio and
negative for La Nifia. In addition, there are various procedures to evaluate the SST
anomalies. This study adopted two of these: one as SST anomalies with the
seasonal cycle and the other without. The SST anomalies evaluated with the
seasonal cycle computed by subtracting the annual mean SST from each SST,
while those without the seasonal cycle are determined by subtracting the
monthly average of the corresponding month (relevant Matlab codes are listed
in Appendix 5).
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Fig. 2. Nifio regions (wwwl.ncdc.noaa. gov/pub/data/cmb/teleconnections/nino-
regions.gif)

El Nifio events are then defined based on the conditions of certain thresholds
being exceeded. The present work utilized the official National Oceanic and
Atmospheric Administration (NOAA) definition stating that El Nifio (La Nifa) is
a phenomenon in the equatorial Pacific Ocean characterized by five consecutive,
three-month running-means of SST anomalies in the Nifio 3.4 region above
(below) the threshold of +0.5 °C (-0.5 °C). This standard measurement is known
as the Oceanic Nifio Index (ONI) (refer to NOAA ONI in the references for
details).

In this work, the eastern and central equatorial Pacific Ocean regions, Nifio3
(5S-5N, 90W-150W) and Nifio 3.4 (5S5N, 120W-170W), were used to measure
the strength of ENSO and ONI of Nifio3.4. Moreover, to determine how well the
SST was simulated in both model configurations, corresponding plots from
NOAA were used for comparison.

3. Results and analysis

Using the high top simulations run with the Met Office Unified Model for CMIPS5,
and equivalent low top simulations, the present work studies the effects of the
inclusion of a well-resolved stratosphere through general circulation model
climate simulations of oceanic surface climate.



3.1. Global annual climatology

Figs. 3(a) and (b) show the climatology plots of global SST averaged over 150
years of control data for the high top and low top configurations, respectively, and
(c) shows the observed annual mean sea surface temperature climatology from the
National Oceanic and Atmospheric Administration (NOAA,
http://www.cpc.ncep.noaa.gov/ products/precip/CWlink/climatology/). Both high
top and low top configurations generally captured the warmest mean temperature,
which occurs near 120° E in the tropics and the coldest around the North and
South Poles. The findings agree well with plot (¢), which also shows a cold tongue
in the east Pacific Ocean along the coastline of South America.

(a) annual mean Global SST in Hightop (b) annual mean Global SST in Lowtop
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Fig. 3. Global sea surface temperature averaged over 150 years; (a) the high top model
configuration, (b) the low top model configuration, and (c) the annual mean of global SST
from 1982 to 1995, plot from the NOAA National Weather Service.

Fig. 4 shows the annual mean global SSTs of the high top run minus the low
top run, i.e., the difference between Figs. 3(a) and (b). The differences in
temperature are less than 1 °C between the high top and low top model
configurations, except in the northern extra-tropical region. The significant
differences in the northern Atlantic region may be attributed to various causes,
including the ocean circulation or different surface winds. All these possible



reasons result from the differences between the high top and low top
configurations’ parameters, which are different in the vertical extension and
vertical resolution of the stratosphere.
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Fig. 4. Differences in the annual mean global SSTs between the high top and low top model
configurations.

The present work then further examined whether the differences are
attributable to noise or real signal differences between the high top and low top
configurations. Thus, it is necessary to consider a steady state configuration. The
first 20 (out of 240 available) years of data were disregarded to cut off the spinning
up processes. However, noise still remains because of the random variability. To
test whether the high top and low top annual SSTs are significantly different, a
standard 2-sample t-test is introduced.

The t-test is the most commonly used method to evaluate the differences in
the means between two  samples with normal  distributions
(http://www.statsoft.com/ textbook/basic-statistics/). The t-value is determined
as:

1 —
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where X1 and X > are the means of data sets 1 and 2, respectively. Sx1x2 is the
standard deviation of the combined data, defined by Eq.(2). n is the number of
data points in each data set, which refers to the number of time points here (81885
points). In Matlab, the function 4 = ttest2(x,y) was used in this study.

The data were also tested for normality 1 similar variance to ensure the t-test
was valid. In Fig. 5, the green area indicates that 4=1 and blue indicates that 4=0.
This means that differences between the annual mean SSTs of the high top and
low top model configurations in the green area result from real signal differences
between the high top and low top runs at a 99% confidence level. In contrast, the
possibility that the differences in the blue area are generated by noise cannot be
disregarded. In the northern Atlantic Ocean region, the differences in annual mean
temperature between the high top and low top model configurations are mainly
statistically significant with 99% confidence. The SSTs in the high top
configuration in this region are expected to have more variability as SST is more
influenced by the stratosphere (Baldwin and Dunkerton, 2001).

T-test with 99% confidence

90E 180 90W

Fig. 5. t-test of the high top and low top annual mean global SSTs.



3.2. Global seasonal climatology

The seasonal mean climatology plots (Fig. 6) from high top and low top
configurations and those from the NOAA National Centres for Environment and
Predictions (NCEP) reanalysis are reported. The NOAA NCEP reanalysis data set
is a continually updated grided data set representing the state of the Earth’s
atmosphere, incorporating observations and numerical weather prediction (NWP)
model outputs dating back to 1948. It could serve as observational data or data
close to observations. The data set was adopted to create seasonal SST
climatology plots for comparison. (The plots are available at
www.esrl.noaa.gov/psd/cgibin/data/composites/printpage.pl)

In this research, spring is considered to begin on the first day of March, and
each season lasts 3 months, which is generally the definition used in meteorology
for the northern hemisphere. Therefore, spring begins on March 1, summer on
June 1, autumn on September 1, and winter on December 1.

The corresponding seasonal climatology plots from both the high top and
low top configurations were initially compared with those from the NCEP
reanalysis (plots in column 3 of Fig. 6). Both the high top and low top
configurations generally agree well with the observations. Fig. 7 shows the
seasonal mean global SSTs for the high top minus the low top runs. The
differences in temperature are less than 1 °C between the high top and low top
configurations, except in the northern extra-tropical region, which is similar to the
annual mean in Fig. 4. The t-test for these seasonal means was also computed,
and the results show a pattern similar to the one in Fig. 5. The seasonal

climatology is in reasonable agreement with the theory suggested in Baldwin and
Dunkerton (2001).
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Fig. 6. Seasonal mean global sea surface temperature climatology plots from the high top
configuration (column 1), the low top configuration (column 2), and the NOAA National
Centres for Environment and Predictions (NCEP) reanalysis (column 3, available at
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl). =~ The first row
represents spring (MAM), the second represents summer (JJA), the third row represents

autumn (SON), and the last row represents winter (DJF).
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Fig. 7. Differences in the seasonal mean global SSTs between the high top and low top
configurations during (a) spring (MAM), (b) summer (JJA), (¢) autumn (SON), and (d) winter
(DJF).

3.3. ENSO power spectrum

After studying the global behavior, the focus now is exclusively on the
behavior of El Nifio as described by the SST variability in the equatorial central
and eastern Pacific region, i.e., the Nifio 3 and Nifio 3.4 regions of both the
high top and low top configurations. The normalized power spectra of the
corresponding monthly SST anomalies are computed by taking the fast Fourier
transform of a time series as the output in its frequency spectrum (based on the
code from http://blinkdagger.com/matlab/matlab-introductory-fft-tutorial/).
Detailed Matlab codes are shown in Appendix 5.

First, the Nifio indices were computed by averaging the SST anomalies over
the corresponding Nifio regions. For example, low Nifio 3 indices without the
seasonal cycle are computed by averaging the low top SST anomalies without the
seasonal cycle over the Nifio 3 region. The time series can then be plotted (Fig. §),
and the corresponding power spectra can then be computed (Fig. 9).

The power spectra of the low top Nifio 3 indices with the seasonal cycle and
those without the seasonal cycle are identical, except near the 1 year per cycle
strong peak observed in that with the seasonal cycle. This finding indicates that
the method adopted to remove the seasonal cycle is reasonable for investigating
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the stratospheric impacts on ENSO quasi-periods. In addition, studying the
differences without the representation of the seasonal cycle may be easier,
because the effect of the seasonal cycle in power spectrum study can be
eliminated. The horizontal axis represents the number of years per cycle over a
total of 150 years, and a frequency band of 10 years per cycle is statistically more
reliable than the rest. For example, a frequency of 10 years per cycle has 15 cycles
as a sampling ensemble. Therefore, the focus was directed towards a range of 0
to 10 years per cycle on the Nifio indices without the seasonal cycle.

The time series of the Nifio 3 and Nifio3.4 indices without the seasonal cycle
for the both high top and low top configurations were produced (not shown here)
as well as the corresponding power spectra (Figs. 10 and /11).

Both the high top Nifio3 and Nifio3.4 power spectra show peak bands over
approximately 3 to 8 years per cycle, especially in the band of 7 to 8 years per
cycle. The major ENSO events simulated in the low top configuration have quasi-
periods of 7 to 8 years. Some of the ENSO events are located in a period band of
5 to 7 years, as well as a period of approximately 3 years. The low top power
spectra also capture the peak band of 3 to 8 years per cycle. However, a stronger
peak is observed in the region of 8 to 9 years per cycle. The major ENSO events
simulated in the low top configuration have quasi-periods of 8 to 10 years. Only
a few events have a quasi-period of approximately 6.5 years or 5.6 years.

By just considering the power spectra in Figs. /0 and /1, the high top
configuration matches better with the general quasi-periods of the ENSO, which
vary from 2 to 7 years. Most of the power is found within the band of 2 to 8 years
for the high top configuration, whereas most of the power is found within the band
of 9 to 10 years for the low top configuration. However, this conclusion is
imprecise, thus requiring further study.
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Fig. 8. The time series of the low top Nifio 3 index: the SST anomalies without the seasonal
cycle.
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Fig. 9. Corresponding power spectra of time series in Fig. §: the power spectrum without
the seasonal cycle. The x-axis represents the number of years per cycle and the y-axis is
the power.
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Fig. 10. Power spectra of the Nifio3 SST anomalies without the seasonal cycle for (a) the
high top configuration and (b) the low top configuration.
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Using the NOAA definition described in Section 2 to classify the El Nifio
events, Appendix 3 shows the time series of both the high top and low top Nifio
3.4 ONI with a threshold of 0.5 °C. The power spectra (not shown) corresponding
to the time series are similar to those shown in Fig. /7. The time series are then
used to classify El Nifio episodes. The criterion, which is often used to classify El
Nifio episodes, is that five consecutive 3-month running mean SST anomalies
exceed the threshold. A list of El Nifio episodes from the high top configuration
can then be produced (Matlab code is in Appendix 5). With this list, several
examples of the evolutions of El Nifio episodes can then be plotted.

3.4. ENSO evolutions

Changes in the SST anomalies shown above during the ENSO cycle are
accompanied by wind anomalies that cause the mean easterlies to weaken during
El Nifio events and strengthen during La Nifia events. To illustrate the structure
of the evolution over time during ENSO events, both high top and low top
equatorial SSTs are considered as a function of longitude and time (Figs. /2 and
13), and SST anomalies along the Equatorial Pacific are represented as a
Hovmoller diagram for the high top and low top configurations, respectively. A
Hovmoller diagram created from the NOAA Tropical Atmosphere and Ocean
(TAO) project of the equatorial SST and SST anomalies from 1990 to 2000 is
available in Appendix 4 for reference.

Fig. 12 shows the high top SST anomalies in the equatorial Pacific region
averaged over the latitude band 5S to 5N, and Fig. /3 shows the low top
configuration anomalies. A red color indicates a strong El Nifio signal, and dark
blue represents La Nifia signals. A total of 15 diagrams were produced, covering
150 years each for the both high top and low top configurations. Each diagram
covers a 10-year time scale (e.g., Fig. 12, years 30 to 39). Based on the high top
configuration Hovmoller diagrams, the majority of El Nifio events tend to reach
their peak towards the end of the calendar year, such as the one shown in Fig. 12,
in which the El Nifio event reaches its maximum between December of year 36
and January of year 37. However, in the low top configuration diagrams, El Nifio
events do not show this seasonal phase-locking property. For example, the El
Nifio event between year 78 and year 79 shown in Fig. 13 peaks around summer.

The Hovmoller diagrams shown in this work for both high top and low top
configurations contain relatively active ENSO phenomena, with El Nifio events
followed by La Nifia events. Several other diagrams show neutral conditions
(normal years) following El Nifio or La Nifia events. This finding is consistent
with the general characteristics of the ENSO presented in the introduction.
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Fig. 12. Hovmoller diagram from
January in year 30 to January in year
40 of the high top configuration
simulation. The horizontal axis is the
longitude from 110E to 80W; the
vertical axis is the time stating with
January in year 40 and ending with
January in year 30. The SST
anomalies plotted here are the high
top SST anomalies in the equatorial
region averaged over latitude 5S to
5N.

Fig. 13. Hovmoller diagram from
January in year 70 to January in year
80 of the high top configuration
simulation. The horizontal axis is the
longitude from 110E to 80W; the
vertical axis is the time stating with
January in year 80 and ending with
January in year 70. The SST
anomalies plotted here are the low
top SST anomalies in the Equatorial
region averaged over latitude 5S to
SN.

4. Summary
This work uses pre-industrial control runs for the high top and low top

configurations of HadGEM to investigate the effects of a well-resolved
stratosphere on SSTs.
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Annual mean and seasonal mean SSTs are well simulated in both
configurations (Figs. 4 and 6). The annual and seasonal mean SSTs in the northern
Atlantic Ocean are cooler with a well-resolved stratosphere (high top
configuration) than without one (low top configuration) (Figs. 4 and 7). The
differences between these SSTs could reach as high as 1.5 °C. This work further
examined whether the temperature differences are statistically significant using a
statistical method called the ‘t-test’ (Fig. 5). The annual mean SST differences
that occur in the northern Atlantic Ocean are statistically significant and are not
due to random variability in these two configurations.

For Nifio indices without the effects of the seasonal cycle, studying the
ENSO quasi-periods in a power spectrum is easier, because the influence of the
seasonal cycle is eliminated (Fig. 9). The configuration with a well-resolved
stratosphere has a slight advantage in terms of simulating the ENSO quasi-period
properly. The ENSO quasi-period is shown primarily to be a band of 2 to 8 years,
close to observed periods of 2 to 7 years. The configuration without a well-
resolved stratosphere shows an ENSO quasi-period primarily in the longer period
band of 9 to 10 years (Figs. 10 and 11).

The Hovmoller diagrams (Figs. 12 and 13) for both high top and low top
configurations show the irregularity of ENSO events, which is consistent with the
general characteristics of ENSO descripted in introduction. Hence, both
configurations show that El Nifio events are not always followed by La Nifia, and
vice versa. Neutral conditions sometimes follow El Nifio and La Nifia events in
an ENSO phenomenon. The Hovmoller diagrams also show that the configuration
with a well-resolved stratosphere, El Nifio events tend to reach their peaks towards
the end of the calendar years, which is the seasonal phase locking phenomenon
(Fig. 13).

5. Discussion and future work

This work suggests that an accurate representation of the stratosphere may be
necessary to improve simulations of surface climate, especially during ENSO
events. Both configurations appropriately simulated the long-term mean sea
surface temperature. However, the configuration with a well-resolved
stratosphere has an advantage in simulating the ENSO quasi-period and the El
Nifio phase-locking phenomenon. Thus, it is possible to conclude from this work
that a model with a well-resolved stratosphere is better than one without in terms
of simulating the ENSO. However, other properties of the ENSO need to be
further examined.

Future work is needed to resolve the aforementioned problems. The
following aspects need to be improved:

Surface wind stress data and thermocline data for both model configurations
in the pre-industrial control run are needed to more explicitly investigate the
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impact of the stratosphere on the ENSO (Fig. 1). As mentioned in Section 1, the
ENSO is a phenomenon that results from a complex interaction between the
atmosphere and the ocean. Based on a more accurate representation of surface
wind stress, the atmosphere and ocean coupling strength can be studied further.
Further analysis of systematic errors is required. The model resolution
subgrid processer must be parameterized, which introducing errors. In other
words, anything influencing the Earth system that acts on scales less than the
model grid size must just be put into the model as a best guess estimate. Clouds,
for instance, play a large role on air temperatures but are often too small to be
resolved in a model. Furthermore, Guilyardi et al. (2004) and Bellenger et al.
(2014) suggested that multi-model analyses show that serious systematic errors
persist in the simulated background climate as well as in the natural variability.
It is necessary to compare the outcomes of both configurations with
observations. Since the present work makes use of a pre-industrial (1860) control
run, it is less meaningful to compare the time series with observational data for it
does not simulate a historical period. However, the power spectra can be
compared with the observations. Comparing the outcome with other global
climate models may also be useful.
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Appendix

Appendix 1. Currently available vertical resolutions
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Fig. 14 .The vertical coordinate system in the atmosphere is height-based and terrain
following near the bottom boundary. Left: Schematic picture, showing impact of orography
on atmosphere model levels. Right: Model level height (or depth) vs. thickness plotted for
the 40 L ocean model configuration and the 38 L and 60 L atmosphere model configurations
at a point with zero orography (Martin et al., 2011)



Appendix 2. Investigation of the original data

Note: Since the control run SST data of both high top and low top configurations
have been produced only recently and have not been investigated, the present
work has encountered difficulties due to the incompleteness of these original data,
to which proper attention has not been previously given. In order to investigate
these issues with the original results based on the incomplete data, different codes
were used to reproduce the process, which was highly time-consuming. However,
the present work was based on data that had been verified and shown to be
reliable. Further investigations with the original incomplete data will still be
helpful.

(1) Both data sets are in NetCDF form, which require to download a NetCDF
toolbox from Unidata website (available at
http://www.unidata.ucar.edu/downloads/netcdf/index.jsp), as the student
version of Matlab does not contain this necessary toolbox.

(2) Use ‘ncdump’ comment to read the information on the data set, take the high
top data file for example.

>> ncdump(’'p_temp akgieo pm control.nc')
NetCDF-3 Classic p_temp_akgieo_pm control.nc {

dimensions:
depth = 1 ;
latitude = 216 ;
longitude 360 ;
t = UNLIMITED ; (2870 currently)

variables:

// Preference 'PRESERVE FVD': false,

// dimensions consistent with ncBrowse, not with native MATLAB netcdf package.

single depth(depth), shape = [1]
depth:units = "m"
depth:positive = "down"

single latitude(latitude), shape = [216]
latitude:units = "degrees_north"

single longitude(longitude), shape = [360]
longitude:units = "degrees_east"
longitude:point_spacing = "even"
longitude:modulo = " "

[EZmgle E(e], shape - (2870)

t:units = "days since 1859-12-01 00:00:00"
t:calendar = "360_day"
t:time origin = "01-DEC-1859:00:00:00"

single| temp(t,depth,latitude,longitude)|, shape = [2870 1 216 360]
temp:source = "Unified Model Output (Vn 6.6):"
temp:name = "temp"
temp:title = "POTENTIAL TEMPERATURE (OCEAN) DEG.C"
temp:date "01/12/59"
temp:time = "00:00"
temp:long_name = "POTENTIAL TEMPERATURE (OCEAN) DEG.C"
temp:units = "degC"
temp:missing_value = 200000004008175468544.000000 £
temp: FillValue = 200000004008175468544.000000 £
temp:valid min -1.800000 £
temp:valid max = 119.068375 £

|

| I |
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The time size was 2870, which is not 2880 for 240 years as expected, which
implies that some data may be missing inside or at the end of the data set (as the
model is still running).

For low top configurations, all the data were correctly obtained, except from
the 1050 to 1100 months region. Thus, the exact month should be identified and
the integer number of the data to the corresponding year should be cut-off to fix
the problem above. This method will not affect the analysis as long as the high
top and low top configurations have the same time scale, and the statistical study
has enough realization.

Missing data of high top configurations occurred in several places around
2240 months and 2380 months. In the current study, the high top data set was not
fixed because of time constrains. The latter portions of both models were
disregarded since they do not affect the reliability of the outcome. Only data that
cover 150 years were considered.

Appendix 3. Nifio 3.4 ONI time series
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Fig. 15. Time series of the Nifio 3.4 Oceanic El Nifio Index for (a) the high top
configuration and (b) the low top configuration produced from this work
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Appendix 4. Hovmoller diagrams from NOAA
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Fig. 16. Hovmoller diagrams from January 2000 to January 2010 of the NOAA Tropical
Atmosphere Ocean project (TAO). The horizontal axis is the longitude from 310E to 90W;
the vertical axis is the time stating with Jan 2010 and ending with Jan 2000

The first plot panel are mean SSTs in Equatorial region averaging over latitude
2S - 2N; the second plot panel is the SST anomalies in Equatorial region averaging
over latitude 2S - 2N.

(Figures are available from http://www.pmel.noaa.gov/tao/jsdisplay/)

Appendix 5. Matlab code

1. Nino indices with and without the seasonal cycle

2. Power spectrum
(1) Matlab script based on
http://blinkdagger.com/matlab/matlab-introductory-fft-tutorial/
(2) Adopted the script above for the power spectrum in this project, taken power
spectrum of Nino 3 indices without seasonal cycle for example.

3. El Nino episodes (High top for example)
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