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ABSTRACT

This  study focuses  on the  temporal  variation of  dissimilarity  in  heat  content  (HC) anomalies  in  the  upper  300 m of
ocean  (HC300A)  in  the  equatorial  Pacific  (±10°N)  and  its  response  to  the  El  Niño-Southern  Oscillation  (ENSO).  The
HC300A anomalies  are  derived  from four  ocean  reanalyses  that  are  commonly  used  in  ENSO studies  and are  compared
using a  simple differencing method.  The dissimilarity  in  HC300A is  found to vary closely with the magnitude of  ENSO
(regardless  of  phase),  meaning  that  it  tends  to  be  greater  during  strong  ENSO events.  However,  the  dissimilarity  among
ocean reanalyses persists after the event decays. This effect is more pronounced after strong events. The persistence of the
dissimilarity after ENSO events is a result of a late maturation of the ENSO signal, its persistence, and the interruption of
the  signal  decay  due  to  follow-up  ENSO  events.  The  combined  effect  of  these  three  factors  slows  down  the  decay  of
HC300A in  the  region  and  hence  results  in  the  slow decay  of  dissimilarity.  It  is  also  found  that  areas  with  a  significant
spread  in  vertical  temperature  profiles  collocate  with  the  ENSO signal  during  warm ENSO phases.  Thus,  differences  in
subsurface process reconstruction are a significant factor in the dissimilarity among ocean reanalyses during warm ENSO
events.
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Article Highlights:

•  Dissimilarity among ocean reanalyses in ocean heat content varies with the magnitude of ENSO.
•  The dissimilarity persists after strong ENSO events.
•  The dissimilarity is suggested to be caused by differences in reconstructed subsurface processes among reanalyses.

 

 
 

 

1.    Introduction

Ocean heat content (HC) is one of the most widely used
ocean  parameters  in  El  Niño-Southern  Oscillation  (ENSO)
studies,  such  as  studies  of  ENSO  phase  transition  and  cli-
mate  impacts  (Wang  et  al.,  1999; Zhou  and  Chan,  2007;
Xue et  al.,  2012; Hu et  al.,  2014).  It  is  defined as  the  ver-
tical integration of ocean temperature from the surface to a
certain  depth  [depending  on  purpose;  Eq.  (1)].  Since  it
includes subsurface temperature variability rather than only

sea  surface  temperature  variability,  it  can  be  used  to  high-
light  subsurface  wave  activity  within  the  integrating
column. Wave activity in the equatorial Pacific is an essen-
tial part of ENSO variability (Suarez and Schopf, 1988; Jin,
1997).  Its  physical  significance  in  ENSO  dynamics  on  an
interannual  time  scale  is  emphasized  in  the  Recharge-Dis-
charge  Oscillator  Model  (Jin,  1997).  In  this  model,  the
ocean heat content in the Pacific basin is described as being
transported  in  and  out  of  the  equatorial  Pacific,  leading  to
the ENSO cycle.

Computation  of  HC  requires  vertical  ocean  temperat-
ure profiles within the range of depth in question. Comput-
ing HC distribution in the Pacific basin simply requires tem-
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perature  profiles  to  be  known  throughout  the  whole  basin.
However,  in-situ  measurements  are  not  always  available
and  do  not  always  cover  the  whole  basin  densely,  espe-
cially prior to the completion of the Tropical Ocean-Global
Atmosphere  program  [TOGA,  completed  in  1995
(McPhaden et al., 2010)]. Studying HC derived from measure-
ments  from  only  the  pre-TOGA  period  may  not  be  a  reli-
able  option.  Ocean reanalyses  provide  temperature  profiles
that  densely  cover  the  whole  Pacific  basin  after  assimilat-
ing available data.

Xue  et  al.  (2012)  investigated  the  difference  between
HC  patterns  derived  from  different  ocean  reanalyses.  In
their  study,  10  near  real-time  ocean  reanalyses  were  com-
pared for their HC patterns in different ocean basins. It was
found  that  the  spread  in  the  equatorial  Pacific  HC  (±2°N,
for  ocean  heat  content  from  the  surface  to  300  meters
below) were among those ocean reanalyses that varied from
time  to  time.  In  particular,  the  ocean  reanalyses  diverge
more  than  usual  on  HC during  strong  El  Niño  episodes  in
1982−83 and 1997−98. However, they did not comment on
the spread in HC other than these two episodes.

While  Xue  et  al.  (2012)  provided  extensive  insights
into the consistency in equatorial Pacific Ocean HC among
ocean reanalyses, for the sake of ENSO studies, more informa-
tion concerning this topic is needed. In particular,  it  would
be  useful  to  know  how  the  similarity  among  ocean  reana-
lyses  in  off-equatorial  HC  changes  over  time.  Off-equat-
orial  processes  are  considered  to  be  an  important  part  of
ENSO variability (Wang et  al.,  1999; Hu et  al.,  2014; Hua
and Yu, 2015). Hu et al. (2014) studied the transitional proper-
ties of La Niña with HC covering ±6°N to show how a La
Niña event can take place after another La Niña event. Hua
and  Yu  (2015)  reported  that  ENSO-related  subsurface  sig-
nals can be found up to 10°N. It is important to understand
the  similarity  in  reconstructed  HC  patterns  among  ocean
reanalyses in off-equatorial regions as well.

In  this  study,  the  intercomparison  of  HC anomalies  in
the Pacific Ocean is extended to ±10°N to cover off-equat-
orial  processes.  HC  anomalies  are  computed  for  the  upper
300 m (HC300A hereafter). Four ocean reanalysis products
are  chosen  because  of  their  frequent  use  in  the  field  of
study.  To  identify  periods  in  which  HC300A  patterns  are
less similar, HC300A patterns derived from different ocean
profiles are compared against each other every month. The
variation of dissimilarity will also be explained.

It should be emphasized that this study does not aim to
judge the reliability of the chosen ocean reanalyses. Instead,
it  is  intended  to  discover  the  scenarios  in  which  the
HC300A  patterns  in  the  equatorial  Pacific  from  different
ocean  reanalyses  tend  to  be  less  similar  to  each  other.
Second, this study will not explain the observed dissimilar-
ity  among  ocean  reanalysis  products  from a  data  assimila-
tion point of view. Again, the main objective of this study is
to  highlight  situations  in  which  ocean  reanalyses  show
greater divergence. 

2.    Data and methodology

Four ocean reanalyses are selected in this study. In alpha-
betical order,  they are the Ocean Data Assimilation system
of  the  Geophysical  Fluid  Dynamics  Laboratory  (GFDL)
(Zhang et al., 2007), the Global Ocean Data Assimilation Sys-
tem (GODAS) of the National Centers for Environmental Pre-
diction (Behringer and Xue, 2004), the Ocean Reanalysis Sys-
tem 4 (ORAs4) of the European Centre for Medium-Range
Weather Forecasts (Balmaseda et al., 2013), and the Simple
Ocean Data Assimilation (SODA) version 2.2.4 of the Depart-
ment  of  Atmospheric  and  Oceanic  Science  at  the  Uni-
versity  of  Maryland  and  the  Department  of  Oceanography
at Texas A&M University (Carton and Giese, 2008). These
reanalysis  products  are  selected  because  of  their  frequent
use  in  ENSO  studies.  Only  monthly  data  are  used.  The
NOAA  Extended  Reconstructed  Sea  Surface  Temperature
V3b (ERSST; Xue et al., 2003) is used to calculate sea sur-
face temperature anomalies (SSTAs) in the Niño-3.4 region
(5°S−5°N, 190°−240°E) as an index of ENSO magnitude.

The  study  domain  is  (140°E  to  90°W,  10°S  to  10°N).
As mentioned above,  rather  than focusing only on the nar-
row equatorial Pacific, this study also covers off-equatorial
regions because of their role in ENSO variability (Hu et al.,
2014; Hua and Yu, 2015). Subsequently, this study domain
will be further divided into inner-equatorial (±5°N) and off-
equatorial  regions  (5°–10°N  and  5°–10°S).  The  study
period  is  from  January  1980  to  December  2008,  which  is
the  common  temporal  coverage  of  selected  ocean  reana-
lyses at the time of this study.

In this study, ocean heat content (HC) is defined by the
following equation: 

HC =
∫ h

0
ρ cpTdz , (1)

⟨x⟩

where h is  the  depth  below the  sea  surface  where  the  ver-
tical integration ends, ρ is the density of seawater, cp is the
specific heat capacity of seawater, and T is the temperature
of  seawater.  The  ending  depth  of  the  integration  (h)  is
chosen  to  be  300  m  below  the  sea  surface,  which  is  the
same as that used by Xue et al. (2012) and Hu et al. (2014).
Other studies have used different integrating depths for HC
ranging  from  350  m  to  400  m  or  more  (e.g.,  Wang  et  al.,
1999; Zhou  and  Chan,  2007).  However,  as  HC  anomalies
are  dominated by temperature variations along the thermo-
cline between 50 m and 250 m below the sea surface (Fig. 1),
adding extra integrating depth below the thermocline in the
computation will not significantly affect the findings. Differ-
ent  ocean  reanalyses  have  different  climatological  mean
states as well as variability in ocean temperature (Xue et al.,
2012). In order to account for these differences in the compar-
ison, standardized anomalies are used. This standardization
is  done  in  each  grid  cell.  Let x denote  the  raw  values  of
ocean  heat  content  in  a  certain  grid  cell,  which  itself  is  a
time series with n time steps. The standardized anomaly of
ocean heat content, denoted by , is 
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⟨x⟩ = x− x
sx
, (2)

where 

x =
1
n

∑n

i=1
xi , (3)

 

sx =

√
1

n−1

∑n

i=1
(xi− x)2 . (4)

Very  short,  high-amplitude  waves  are  found  in  some
ocean  reanalysis  products. Figure  2 shows  a  snapshot  of

HC300A  averaged  from  January  to  March  2008  from
SODA.  In  this  figure,  short  waves  can  still  be  observed  in
the off-equatorial central Pacific even though a three-month
moving average has already been applied. These waves are
considered not irrelevant to ENSO. To provide information
relevant to ENSO studies, a set of data pretreatment proced-
ures  is  employed  to  filter  out  such  signals  from  the  raw
data. Details of the filtering procedure are as follows:

First, to remove high-frequency (sub-seasonal) signals,
a  three-month  moving  average  is  performed.  Second,  to
remove the strong short waves seen in the raw data, an area
filtering technique is applied. The HC300A field is linearly

 

 

Fig.  1.  The  top  350 meters  of  ocean temperature  variability  of  different  ocean reanalyses  in  the  equatorial  Pacific
Ocean (140°E to 90°W, meridional average from 10°S to 10°N) A 7-year high-pass filter was applied for the whole
study period. The magenta dashed line in each plot marks the 300-meter level. All ocean reanalyses show that ocean
temperature varies the most in the top 300 meters of the ocean.
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re-gridded  into  a  coarse  2°  (latitude)  ×  5°  (longitude)  data
grid.  Individual  signals  with  a  size  of  less  than  four  grid
boxes are removed.

The HC300A field is then ranked according to the mag-
nitude in each grid (Table 1). The ranking is made to reduce
the  influence  of  the  magnitude  difference  in  the  re-created
HC300A among reanalyses on the measure of dissimilarity.
As  a  result,  the  analysis  will  be  influenced  to  a  greater
extent  by  differences  in  the  HC300A  signal  distribution,
which is of interest in this study.

Figure  3 shows a  snapshot  of  HC300A after  the  treat-
ment  in  April  1998,  the  decay  phase  of  the  1997−98  El
Niño. In general, a large area of positive HC300A (anomal-
ously deep thermocline) can be observed in the east. In the
west,  the  thermocline  is  anomalously  shallow,  shown  as  a
large  patch  of  negative  HC300A  on  the  plot.  It  is  evident

that  the  use  of  different  ocean  reanalyses  to  generate
HC300A can yield different results.

The dissimilarity in HC300A of one ocean reanalysis to
the others is defined as the average of the sum of the abso-
lute  difference  in  the  ranked  HC300A  of  the  reanalysis  to
the others as shown in Eq. (5). For instance, the dissimilar-
ity in HC300A between GODAS and the other three reana-
lysis  products  at  a  certain time step is  computed according
to the following methods: First, compute the sum of the abso-
lute difference in the ranked HC300A between GODAS and
the  others  in  all  grids  within  the  domain.  Second,  average
the  three  sums  to  get  the  dissimilarity  of  GODAS  for  the
time step.  Repeat  these  processes  for  all  four  reanalyses  at
all time steps to acquire four dissimilarity time series. Equa-
tion  (5)  shows  the  definition  of  the  dissimilarity  of  reana-
lysis Aj to the others at time t:

Dissimilarity
(
A j, t
)
=

1
N −1

n∑
i=1,i, j

∑
x,y

∣∣∣HCAAi (x,y, t)−HCAA j (x,y, t)
∣∣∣ , (5)

where HCA is the ranked HC300A field and x and y are the
coordinates  in  the  field.  The  dissimilarity  measuring  tech-
nique  is  a  simple  differencing  technique  similar  to  root
mean square differencing, except for the use of a ranking sys-
tem and absolute value.

There are many ways to measure dissimilarity between
two patterns. These methods can be loosely categorized into
two groups, based on either simple differencing or relative dif-
ference. Pattern correlation is an example of the latter and is
not suitable for this purpose. It is noted that there are periods

with very weak signals in the study domain. In such periods,
the  relative  difference–based  dissimilarity-measuring  tech-
niques yield a very high dissimilarity for even a few small dif-
ferences  between  two  patterns.  Such  subtle  differences  are
likely  to  be  ignored  in  qualitative  studies.  To  avoid  this
undesirable  property,  a  simple  differencing  technique  is
employed. However, this technique is also sensitive to differ-
ences in magnitude rather than simply the distribution of sig-
nals. The ranking system reduces this sensitivity in the meas-
urement so that the results align with our objectives.

Table 1.   Ranks of signal strength and rank numbers.

Rank number Description Range of standardized HC300A

−2 Strong cold signal HC300A ≤ −2
−1 Cold signal −2 < HC300A ≤ −1
0 No signal −1 < HC300A < +1
1 Warm signal +1 ≤ HC300A < +2
2 Strong warm signal HC300A ≥ +2

 

 

Fig. 2. The three-month moving average of standardized HC300A in February 2008 derived
using  SODA.  Despite  the  use  of  the  three-month  moving  average,  short  waves  can  still  be
observed (here, in the off-equatorial central Pacific). These waves are irrelevant to ENSO and
are filtered out to reduce their influence on the dissimilarity measurement.
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The  three-month  average  of  Niño-3.4  SSTA  from
December, January, and February (DJF) in subsequent years
is used to classify warm and cold years at the end of the devel-
oping  year.  Periods  of  time  in  the  developing  year  are
marked by (0), while (1) signifies periods of time in the sub-
sequent  year.  The  pointwise  spread  of  HC300A  is  defined
as  the  range  of  HC300A  among  the  ocean  reanalysis  data
sets  (that  is,  the  maximum  minus  the  minimum).  Growth
and decay rate are measured by their rate of change, which
is defined as the slope of six-month running least square lin-
ear  regression.  The  six-month  running  window  is  selected
because  it  approximates  the  typical  time  required  for  an
ENSO event to grow and decay. Changing the length of the
running window to three months does not affect the result sig-
nificantly. 

3.    Temporal  variation  of  the  dissimilarity  in
equatorial  HC300A  and  its  response  to
ENSO

 

3.1.    Temporal  variation  of  dissimilarity  and  the  ENSO
state

Figure  4a shows the  time series  of  the  dissimilarity  of
each  ocean  reanalysis  to  the  others.  It  is  clear  that  they

closely  follow  the  absolute  value  of  Niño-3.4  SSTA.  Note
that a nine-month moving average is applied to smooth the
original  spiky  dissimilarity  time  series.  After  that,  correla-
tion  coefficients  between  the  absolute  value  of  Niño-3.4
SSTA and  the  dissimilarity  of  each  ocean  reanalysis  range
from 0.60 to  0.67.  The  correlation  coefficients  are  maxim-
ized when the absolute Niño-3.4 SSTA leads by one month
(the range of correlation coefficients becomes 0.63 to 0.70).
Hence,  the  dissimilarity  among  ocean  reanalyses  in
HC300A  generally  lags  slightly  behind  ENSO  variability.
The delay in  the peak of  dissimilarity  varies  from event  to
event.  For  instance,  dissimilarity  peaks  four  months  after
the  mature  phase  of  the  1997−98  El  Niño.  The  large
(slightly  lagged)  correlation  between  the  two  implies  that
the  dissimilarity  among  ocean  reanalyses  of  HC300A
increases  with  the  magnitude  of  ENSO events  (both  warm
and cold phases). This result is consistent with the findings
of Xue et al. (2012) that during the strong El Niño events of
1982−83  and  1997−98,  the  reanalyses  diverge  wider  on
HC300A than usual. The dissimilarity of ORAs4 to the rest
of the reanalyses is significantly smaller than the average of
all reanalyses (greater than 99% confidence level). As illus-
trated  in Fig.  4a,  ORAs4 has  the  lowest  dissimilarity  most
of  the  time.  Hence,  HC300A  from  ORAs4  would  be  the
closest to the ensemble mean of the selected reanalyses.

 

 

Fig. 3. Ranked HC300A in April 1998 after data pretreatments for each of the four reanalysis
products. Signals irrelevant to ENSO (see the text) are filtered out.
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However,  the  coherence  between  the  dissimilarity  and
the magnitude of ENSO (absolute value of Niño-3.4 SSTA)
is  broken  after  the  maturity  of  ENSO  events,  especially
after  strong  events.  After  the  1982−83  El  Niño,  for
example,  the  dissimilarity  among  ocean  reanalyses  decays
slowly  from  its  maximum.  As  a  result,  the  dissimilarity
among ocean reanalyses remains high throughout the decay
phase of the El Niño episode and lasts until late 1984. Persist-
ing dissimilarity,  although weaker,  can also be observed in
the decay phase of the 1987−88, 1993−94, and 1997−98 El
Niño  events,  as  well  as  the  1988−89  and  1999−2001  La
Niña events.

Higher dissimilarity after an ENSO event is a result of
its slow decay rate (relative to its growth rate) and a delay in
the decay of dissimilarity. The rate of change in the dissimilar-
ity among ocean reanalyses shows a moderate positive skew
of 0.507 (Fig. 5). Hence, the dissimilarity among ocean reana-
lyses in HC300A tends to grow faster than it can decay. On
the other hand, the absolute value of Niño-3.4 SSTA shows
much  weaker  skewness  (–0.086),  suggesting  symmetry  in

the  growth  and  decay  rates.  Also,  after  a  strong  ENSO
event, dissimilarity starts to fall from a higher level and thus
takes a longer time to decay. Dissimilarity among ocean reana-
lyses  seems  to  be  much  larger  after  a  strong  ENSO  event
than a moderate one. As mentioned above, the decay of dis-
similarity generally lags behind the peak of an ENSO event
by months.  Hence,  dissimilarity starts  to fall  slowly one to
four  months  after  the  peak  of  an  ENSO  event.  This  gives
the  impression  that  the  dissimilarity  in  HC300A  among
ocean reanalyses persists throughout the decay phase of an
ENSO event.

Both inner-equatorial (±5°N) and off-equatorial regions
(5°–10°N  and  5°–10°S)  contribute  to  dissimilarity  across
the whole equatorial Pacific. Figure 4b shows the variation
in  the  average  dissimilarity  of  HC300A  among  reanalyses
in the two regions. The dissimilarity in the inner-equatorial
region  follows  the  ENSO  state  closely.  This  dissimilarity
lags  behind  that  of  the  ENSO  state  by  a  month,  and  it
decays quickly after the event (except after the 1982−83 El
Niño). In contrast, dissimilarity in the off-equatorial regions

 

 

Fig.  4.  (a)  Time  series  of  dissimilarity  in  HC300A in  the  equatorial  Pacific
derived from each ocean reanalysis to the others (colored solid lines) and the
absolute value of Niño-3.4 SSTA (dashed black line). A nine-month moving
average is applied to the all-time series. It is clear that the dissimilarity time
series,  regardless  of  which  product,  closely  follows  the  absolute  Niño-3.4
SSTA most of the time. Exceptions can be found after strong ENSO events,
in  which  the  dissimilarity  persists.  (b)  Average  dissimilarity  in  HC300A
among reanalyses in the inner-equatorial region (solid red line), off-equatorial
regions  (solid  blue  line),  and  absolute  Niño-3.4  SSTA  (dashed  black  line).
Note that the two dissimilarity time series are on different scales.
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shows extra persistence after almost all major ENSO events
in the study period (1986−87, 1987−88, 1988−89, 1991−92,
1997−98,  and  1998−99)  and  lags  behind  the  magnitude  of
ENSO  by  three  months.  The  differences  in  variation  sug-
gest that the sources of dissimilarity in the two regions are dif-
ferent.

The  variations  in  the  dissimilarity  of  the  two  regions
are  also  found  to  closely  follow  the  signal  strength  in  the
respective  regions  (Fig.  6).  Here,  the  signal  strength  in  a
region is measured by the sum of the absolute rank number
of  all  grid  boxes  within  the  region.  With  that,  the  correla-
tion  coefficient  between  the  dissimilarity  in  off-equatorial
regions (inner-equatorial regions) and the signal strength in
the  regions  is  0.930  (0.848).  Also,  no  lead-lag  relationship
is  found between signal  strength and dissimilarity in either
region. Hence, the total dissimilarity is controlled mainly by
signal strength across the whole equatorial Pacific. In other
words, dissimilarity tends to be greater when signal strength
is higher. 

3.2.    General  reasons  for  the  persistence  of  the
dissimilarity after an ENSO event

The  persistence  of  the  dissimilarity  after  an  ENSO
event  is  related  to  the  persistence  of  the  signal  strength  in

the basin. Here, the nature by which the equatorial Pacific sig-
nal strength varies is described in order to explain the persist-
ence of the dissimilarity after an ENSO event. Note that the
ocean  heat  content  signal  in  the  basin  is  related  to  the
exchange of ocean heat content between the two equatorial
bands. This will also be discussed in detail in section 5.

The  signal  strengths  in  both  the  inner  and  off-equat-
orial regions peak around one to three months after the peak

 

 

Fig. 5. Rate of change of average dissimilarity among reanalyses (blue bars)
and  absolute  value  of  Niño-3.4  SSTA  (red  bars).  The  average  dissimilarity
shows moderate positive skew (0.507), while the absolute value of Niño-3.4
SSTA shows negligible skew (–0.086). Dissimilarity tends to grow faster than
it decays. ENSO state tends to grow and decay at a similar rate.

 

Fig.  6.  Dissimilarity  (solid  line)  and  signal  strength  (dashed
line)  in  the  equatorial  region  (magenta)  and  off-equatorial
region (cyan).
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of  the  ENSO  state.  As  the  peak  of  the  signal  strength  is
delayed, its decay is also delayed. Thus, decay in the signal
strength lags the decay phase of the ENSO event.

Also, the signal strength tends to decay at a slower rate
than it  grows (this  is  indicated by the skewness of  the rate
of change of the signal strength, which is 0.387 and 0.674 in
the  equatorial  region  and  off-equatorial  region,
respectively).  These  signals  can  persist  for  more  than  18
months  (observed  subjectively);  hence  the  same  signal
strength  is  maintained  in  the  whole  equatorial  Pacific
region. Furthermore, the signal persistence is observed to be
greater after strong ENSO events. On the other hand, the ini-
tial  signal  that  leads  to  an  ENSO event  is  primarily  gener-
ated  less  than  a  year  before.  Hence,  signal  strength  can
grow within a year but take more time to decay. As a result,
the  rate  of  change  of  the  signal  strength  is  positively
skewed.

The combined effect of delayed signal decay and slow
signal decay can cause the signal strength in the equatorial
Pacific basin to persist after the peak of an ENSO event. Con-
sidering that there is a high, positive instantaneous correla-
tion between the signal strength and the dissimilarity among
ocean  reanalyses,  the  dissimilarity  also  persists  after  an
ENSO event.

In  addition,  extra  persistence  of  the  dissimilarity  after
strong ENSO events may also be caused by an interruption
of signal decay due to a follow-up ENSO event. The dissimil-
arity  apparently  decays  at  a  slower  rate  after  the  1982−83
and 1991−92 El Niño events and in the strong ENSO activ-
ity  period  from 1997  to  2000  (Fig.  4a).  A closer  look  into
the  evolution  of  the  dissimilarity  in  the  inner-equatorial
region (Fig. 4b) reveals that the decay of the dissimilarity is
interrupted  (characterized  by  a  short  period  of  growth
between  the  two  decay  periods).  These  interruptions  coin-
cide with a follow-up event after the original strong ENSO
event. For example, the interruption at the end of 1998 is asso-
ciated  with  the  1998−99  La  Niña,  which  is  related  to  the
1997−98  El  Niño  before  it.  Similar  situations  can  also  be
observed after other strong ENSO events. The magnitude of
the follow-up event (if one occurs), and the signal strength,
tend to be stronger after a strong ENSO event since it leads
to a stronger anti-phase equatorial  signal  (e.g.,  1987−88 El
Niño and the follow-up 1988−89 La Niña). Because of this,
the  interruption  in  the  decay  of  the  dissimilarity  will  be
greater after a strong ENSO event, and it further slows the dis-
similarity decay rate. 

4.    Horizontal  distribution  of  dissimilarity
and  its  relationship  with  different  ENSO
states

As  mentioned  in  Xue  et  al.  (2012),  dissimilarity  in
HC300A among ocean reanalyses  is  not  evenly  distributed
across  the  equatorial  Pacific  Ocean. Figure  4b has  already
shown  that  dissimilarity  in  the  off-equatorial  regions  is
higher than that in inner-equatorial regions most of the time.

From the average dissimilarity across the equatorial Pacific
Ocean (Fig. 7), it can be observed that the four ocean reana-
lyses diverge the most in the off-equatorial central and east-
ern Pacific. Lack of observations in the off-equatorial east-
ern Pacific in the past [see Figs. 5d, 5e in Xue et al. (2012)]
may have caused the large dissimilarity in the region. In con-
trast,  the  dissimilarity  in  the  western  Pacific  is  noticeably
lower than in the rest of the equatorial Pacific, which could
be  the  result  of  the  abundance  of  in-situ  observations  dur-
ing the study period (Hu et al., 2020).

There  is  a  clear  spatial  structure  of  the  spread  in
HC300A  among  ocean  reanalyses  during  warm  ENSO
events. Figure 8 illustrates how the spread structure evolves
in  different  stages  of  warm  events.  The  selected  stages
include  August,  September,  October  (ASO),  November,
December,  January (NDJ),  February,  March,  April  (FMA),
and  May,  June,  July  (MJJ).  Areas  in  which  the  spread  of
HC300A has a significantly positive (negative) lagged correla-
tion (significant level at 10% tested with Student-t test) with
D(0)JF(1) Niño-3.4 SSTA are marked by black dots (black
meshes) in Fig. 8. In the calculation of correlation, only the
14 years  with  positive  D(0)JF(1)  Niño-3.4  SSTA are  used.
D(0)JF(1)  Niño-3.4 SSTA is  used to  approximate the peak
magnitude of the ENSO state each year. Lagged correlation
between  HC300A  and  D(0)JF(1)  Niño-3.4  SSTA  is  also
shown on the plot to represent the distribution of signals. It
can be observed that the spatial pattern of the spread “propag-
ates” along with the typical ENSO signals.  This is clearest
in  MJJ(1),  in  which  part  of  the  spread  may  be  associated
with the spearhead of the advancing equatorial negative sig-
nal  in  the  east-central  Pacific.  Also,  in  ND(0)J(1),  the
spread may be associated with meridional separation of the
equatorial positive signal in the eastern Pacific.

However, the spatial structure of the spread during cold
ENSO  years  is  not  as  clear  as  that  which  is  observed  in
warm years. Applying the same correlation analysis for the
14 years with D(0)JF(1) Niño-3.4 SSTA shows no propagat-
ing  area  of  significant  spread  (Fig.  9).  Note  that  the  abso-
lute value of D(0)JF(1) Niño-3.4 SSTA is used in the calcula-
tion of correlation. There is no area with a significant spread
in  HC300A  in  ASO(0)  and  MJJ(1).  In  ND(0)J(1)  and
FMA(1),  areas  with  a  significant  negative  correlation
between the spread and absolute Niño-3.4 SSTA are mostly
confined  to  the  east-central  Pacific.  In  the  inner-equatorial
region, the correlation between the spread and D(0)JF(1) is
negative.  This  means  the  spread  is  reduced  in  these  areas
when the cold event is stronger. Compared to that of warm
ENSO  years,  the  spread  pattern  of  cold  ENSO  years  does
not  evolve  clearly  and  is  mostly  confined  to  ND(0)J(1).
Hence,  the  relationship  between  the  spread  pattern  in
HC300A during cold ENSO events is far less clear than that
of  warm events.  However,  this  does not  mean that  there  is
no relationship between the dissimilarity in HC300A among
ocean reanalyses and cold ENSO events, nor that the dissimil-
arity decreases with the magnitude of a cold event. 
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Fig. 7. Average dissimilarity among ocean reanalyses in HC300A in the equa-
torial Pacific throughout the study period. Average dissimilarity is lower in
the  inner-equatorial  region  and  off-equatorial  western  Pacific.  However,
the dissimilarity in the off-equatorial central and eastern Pacific is higher.

 

 

Fig.  8.  Lagged-correlation  maps  of  HC300A  (shading)  and  standardized
HC300A spread anomaly (dotted and meshed areas)  to the absolute value
of  D(0)JF(1)  Niño-3.4  SSTA.  Here,  only  years  with  positive  D(0)JF(1)
Niño-3.4 SSTA (14 years in total) are used in the calculation of correlation.
Red shading and dots signify areas with positive correlation. Blue shading
and  mesh  signify  areas  with  negative  correlation.  Areas  with  correlations
less than the 90% confidence level are removed.
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5.    Possible  mechanism  of  dissimilarity
variability in a warm ENSO phase

 

5.1.    Variation  of  ocean  heat  content  in  the  equatorial
Pacific during a warm ENSO event

As discovered in the previous sections, the dissimilarit-
ies  in  both  equatorial  and  off-equatorial  regions  of  the
Pacific Ocean follow closely with the signal strength in the
respective region (Fig. 6). Here, we discuss the mechanism
of the variation of signal strength in order to explain the vari-
ation of the dissimilarity during a warm ENSO event.

In  the  recharge-discharge  oscillator  theory  (Jin,  1997),
a prominent thermocline tilting is observed along the equat-
orial  Pacific  during  the  mature  phase  of  a  warm  ENSO
event. The thermocline is anomalously deep (shallow) in the
eastern (western) Pacific. As a result, a strong signal in (abso-
lute)  HC300A  can  be  found  in  both  the  equatorial  eastern
and  western  Pacific  during  the  mature  phase  of  a  warm
ENSO event.

Poleward  Sverdrup  transport  along  the  equator  is  also
maximized during the mature phase of a warm ENSO event.
This poleward transport discharges ocean heat content away
from  the  inner  equatorial  Pacific  region.  Such  discharges
have  two  effects:  In  the  equatorial  region,  the  basin  mean
ocean heat content becomes anomalously low. The off-equat-
orial region receives ocean heat content from the equatorial
region.  Both  effects  cause  an  increase  in  signal  strength  in

the respective region.
As the ENSO event decays, the thermocline tilting also

decays,  which  should  result  in  a  sharp  reduction  in  signal
strength  in  both  regions.  However,  the  increase  in  signal
strength  due  to  anomalously  low ocean heat  content  in  the
equatorial region and the flux of ocean heat content leaving
in the off-equatorial region partly cancels the reduction rate
of signal strength. Consequently, the signal strength decays
slowly as the ENSO event rapidly decays.

After a weak warm ENSO event, the residual signal in
the equatorial region may be too weak to trigger a follow-up
event  (a  follow-up  cold  ENSO  event).  On  the  other  hand,
after  a  strong  warm  event,  the  residual,  anomalously  low
ocean heat content in the equatorial region may lead to sur-
face cooling in the eastern Pacific. The cooling then grows
through  Bjerknes  feedback.  The  signal  in  the  equatorial
region can also be amplified due to the ensuing thermocline
tilting.  As  a  result,  the  signal  strength  after  a  strong  warm
ENSO  event  will  decay  even  more  slowly  than  a  weak
warm ENSO event. 

5.2.    Spread  in  ocean  temperature  among  ocean
reanalyses during a warm ENSO event

As ocean  heat  content  is  essentially  a  vertical  integra-
tion of ocean water temperature,  spread in ocean temperat-
ure is the main factor of spread in ocean heat content among
ocean reanalyses. Figures 10 and 11 show the lagged correla-
tion of ND(0)J(1) Niño-3.4 SSTA to the standardized ocean

 

 

Fig. 9. Same as Fig. 7 except only the years with negative D(0)JF(1) Niño-3.4
SSTA  (14  years  in  total)  are  used  in  the  calculation  of  correlation.  The
absolute value of Niño-3.4 SSTA is used in the calculation.
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temperature  anomaly  (OTA),  which  is  used  to  trace  the
propagation of the ENSO signal, and spread among the reana-
lyses  on  OTA  at  different  depths  in  the  Pacific  Ocean.
Warm ENSO signals  in  the  inner-equatorial  regions  (shad-
ing in the figures) can already be seen half a year before the
maturation of a warm event. Cold signals can be seen three
months later to the west. These two signals evolve and propag-
ate to the east. The spread of OTA among ocean reanalyses
largely collocates with these ENSO signals.  This may sug-
gest that the spread in HC300A during warm ENSO phases
is  likely  to  be  caused  by  the  differences  in  the  reconstruc-
tion of subsurface dynamics among reanalyses.

The  spread  among  the  data  sets  is  not  as  well-struc-
tured  in  the  off-equatorial  region  as  in  the  inner-equatorial
region.  A  possible  explanation  for  this  centers  around  the
fact that the spread in the off-equatorial region is naturally lar-

ger than that in the equatorial region, as suggested in Fig. 7.
As  a  result,  the  spread  in  response  to  warm  ENSO  events
(i.e., the anomaly of the spread among the data sets) stands
out  less  from  the  noisy  background  spread.  Nevertheless,
the spread among the data is also mostly collocated with the
ENSO signals. This suggests that the differences in the repro-
duced surface processes are the cause of dissimilarity in the
off-equatorial region.

The  unclear  spread  pattern  of  HC300A  among  ocean
reanalyses during cold ENSO years does not lead us to the
relationship  between  subsurface  temperature  variation  and
variability of dissimilarity for these periods. In fact, the struc-
ture of spread in OTA among ocean reanalyses is unclear dur-
ing  cold  ENSO  phases  (not  shown).  Further  study  is
required  to  understand  the  mechanism behind  the  variabil-
ity of the dissimilarity during cold ENSO events. 

 

 

Fig. 10. Lagged correlation of standardized ocean temperature anomaly (OTA) (shading) and spread among
the  reanalyses  on  OTA to  ND(0)J(1)  Niño-3.4  SSTA (dots  and  meshes).  Red and blue  shading  denote  the
areas where the lagged correlation of OTA is positive and negative, respectively. Dots and meshes indicate
the areas where the lagged correlation of the spread is positive and negative, respectively. Only the years that
end  with  a  warm  event  are  considered.  Figures  on  the  left  represent  the  evolution  in  the  inner-equatorial
region.  Figures  on  the  right  represent  the  evolution  in  the  off-equatorial  region.  Only  the  statistically
significant signal are drawn (test level of 10%).
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6.    Discussion and summary

To  study  how  the  dissimilarity  among  ocean  reana-
lyses  in  HC300A  in  the  equatorial  Pacific  Ocean  (±10°N)
changes with time, HC300A is derived from the ocean reana-
lyses of GFDL, GODAS, ORAs4, and SODA. They are com-
pared  against  one  another  using  a  simple  differencing
method.

It  is  found  that  the  dissimilarity  among  reanalyses  in
HC300A in the equatorial Pacific Ocean closely follows the
ENSO state,  which  is  represented  by  the  absolute  value  of
Niño-3.4 SSTA. Ocean reanalyses tend to split  more when
ENSO is strong. Also, the rate of change of the dissimilar-
ity  shows a  moderate,  positive  skewness.  The dissimilarity
tends to decay more slowly than it grows, so it persists after
ENSO  events.  It  remains  at  a  high  magnitude  after  the
mature  phase  of  ENSO  events,  especially  after  strong
events.

The dissimilarity appears to be controlled mainly by the

signal strength of the HC in the region of concern. The persist-
ence  of  the  dissimilarity  after  ENSO events  is  then  caused
by the delay in signal strength and the persistence of the sig-
nal.  The  persistence  of  the  signal  strength  in  the  decay
phase of ENSO may in turn be caused by the ocean heat con-
tent discharge.

Thermocline  tilting  and  basin  mean  thermocline  depth
contributes  to  the  signal  strength  of  HC300A in  the  equat-
orial Pacific. As a warm ENSO matures, the thermocline tilt-
ing  maximizes  and  consequently  results  in  high  signal
strength (and therefore, high dissimilarity). During the sub-
sequent ENSO decay, ocean heat content discharge from the
equatorial region to the off-equatorial region leads to anomal-
ously shallow (deep) mean thermocline depth in the equat-
orial  (off-equatorial)  region.  This  keeps  the  signal  strength
high  in  both  regions.  Although  the  thermocline  tilting
decays with ENSO, the signal strength, due to ocean heat con-
tent discharge, reduces the decay rate of the signal strength.
This  decay  rate  will  be  even  slower  after  a  strong  ENSO

 

 

Fig. 11. Continuum of Fig. 10. The years after a warm event are considered in the calculation of correlation.
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event due to the genesis of a follow-up ENSO event. Since
the dissimilarity among the reanalyses is directly related to
the signal strength in a region, the decay rate of the dissimilar-
ity is also slowed, and it persists longer after ENSO events,
especially after strong ENSO events.

The spread of patterns in vertical ocean temperature in
both the east and west equatorial regions show a clear relation-
ship with propagating ENSO signals. The areas with signific-
ant  spread collocate  mostly with ENSO signals.  Therefore,
it is proposed that the source of the dissimilarity is related to
the  differences  in  the  reproduced  subsurface  dynamics
among reanalyses.

The  structure  of  the  spread  pattern  in  HC300A during
cold ENSO events is not as clear. As a result, it is more diffi-
cult  to  directly  relate  the  spread  pattern  with  subsurface
ENSO  signals.  However,  as  dissimilarity  in  HC300A  is
largely related to signal strength without a lead-lag relation-
ship, and signal strength variation is caused by passing subsur-
face  ENSO  signals,  the  dissimilarity  in  HC300A  during
cold ENSO events should also be related to the variation in
the reproduced subsurface dynamics, though further study is
required to confirm this.

Given that ocean reanalyses diverge to a greater extent
after an ENSO event, especially after strong events, studies
of ENSO decay and transition behaviors with ocean reana-
lyses are less reliable than studies of the developing phase.
Sensitivity  tests  concerning  the  choice  of  ocean  reanalysis
products are more important in these kinds of studies. Such
precaution is more important for analyses done over the off-
equatorial eastern Pacific.
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