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ABSTRACT: The interannual variations of atmospheric heat sources and moisture sinks over the Equatorial
Pacific and their relations with the SST anomalies are studied using ECMWF reanalysis data from 1979 to 1993.
It is found by singular value decomposition (SVD) analysis that the region in the tropical Pacific with high
positive correlation between the vertically integrated heat source <Q1> anomay and the SST anomaly, and
between the vertically integrated moisture sink <Q2> anomaly and the SST anomaly, is mainly located in along
and narrow belt to the east of 170 °E between 5°S and 5°N. The analysis of the vertical structure of atmospheric
heat sources and moisture sinks shows that the interannual variations of 91, 02 and SST in the equatorial central
and eastern Pacific are strongly and positively correlated in the whole troposphere except the bottom (962.5 hPa)
and the top (85 hPa) layers. However, in the western Pacific, the interannual variations of Q1 below 850 hPa is
negatively related to the SST. The correlation coefficient at the level 962.5 hPa reaches even —0.59. In other
layers the positive correlation between the interannual variations of 91, 02 and the SST are weak in the western
Pecific.
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1 INTRODUCTION

ENSO is the strongest signal foretelling climate changes on the interannual scale. Taking
place in the tropics, it results in serious climatic anomalies in many parts of the globell’ 2], as
shown in lots of observational analysis and numerical simulation study. The relationship between
monsoon variation in East Asia and tropical oceans is especially interested and studied by
Chinese researchers, who have achieved fruitful, meaningful results ¥, As an important ring in
the study of air-sea interactions and ENSO, diagnostic analysis of anomalous changes in the
meteorological fields corresponding to SST anomalies a so receives much attention. It isthe basis
to understand the ENSO cycle and its effects on monsoon and global climate changes. Wang[s]
has a detailed study on the variation of meridional and zonal atmospheric circulation cells that are
corresponding to the ENSO cycle. In their work on the relationship between interannua
variations of meridional wind anomalies and SST anomalies in the tropical Pacific Ocean, Zhang
ea” reported different wind fields in association with SST anomalies in varying regions and on

time different scales. Zhang et a". made an analysis of near-the-surface wind, air temperature
and humidity and the correlation between sea surface sensible / latent heat and SST, using NCEP
/ NCAR data covering the period from 1958 to 1997. It should be noted that research isrelatively
little on atmospheric heat sources and moisture sinks relating to the ENSO cycle while the
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understanding of changes in atmospheric heat sources holds very important significance if one
wants to know more about monsoon circulation and global atmospheric circulation during the
ENSO episodes. Such instanceisfound in Li and Yanai (1996)[8]. With the 1985 — 1992 ECMWF
TOGA analysis data, they are able to find that heating tends to enhance over the Arabian Sea,
Bay of Bengal and western Pacific but to weaken over the equatorial Indian Ocean and equatorial
central and eastern Pacific in the years with strong monsoon as defined by Webster and Yang
(1992) " in their Asian Summer Monsoon Index; heating decreases significantly over South Asia
but increases substantially from the equatorial central Pacific and South America coast in the
years defined to be with weak summer monsoon in Asia.

With the first version of NCEP reanalysis data (1980 — 1994), Yanai et a investigated how
the atmospheric heat sources and sinks vary on the seasonal and interannual scales between 50°S
and 50°N across the globe, with the finding that there is a high and positive correlation between
the interannual variations of the vertically integrated values of atmospheric heat sources Q1 and
sea surface temperature (SST), the coefficient being 0.92 and 0.90, respectively, while it is very
low in the region of equatorial western Pecific with the coefficient being only 0.44. On the
relationship between SST anomalies and atmospheric heat sources, Yanai only takes into account
the equatorial region (5°S — 5°N). How are the atmospheric heat sources coupled with the SST
in the whole region of tropical Pacific Ocean between 30°S and 30°N? How does the former
interact with SST anomalies at different altitudes of the region? In view of the fact that the
reanalysis data of ECMWF is better than that of NCEP in some of seasonally averaged
climatological features ~ and that Newman et d' . also report that the former data are closer to
observed precipitation and OLR fields in the Warm Pool region of tropical western Pacific and
thus enable better estimates of atmospheric heating fields, the current work uses them to calculate
atmospheric heat sources and moisture sinks and studies more of their interannual variations and
relationship with the SST to probe into the atmospheric heat sources with ENSO cycles.

2 DATAAND TREATMENT

Data used to determined atmospheric moisture and heat budget are from the reanalysis data
of ECMWF (to be shortened as ERA). Being a globa gridpoints dataset, it has 17 vertical layers
with a horizontal resolution of 2.5° long. x 2.5° lat., and covers four levels of time and a total
length of 15 years (1979 — 1993). For the ERA system, a special version of the ECMWF
operational data assimilation system is used, which includes a Tyos Spectral forecast model that is
divided into 31 layers in the vertical and takes a 3-D semi-Lagrange advection format (Gibson et
al., 1999) "I ERA data of temperature, humidity and wind field at various mandatory levels at
00:00 and 12:00 GMT are used to derive the apparent heat source Q1 and moisture sink Q2 as
defined by Yanai et a " for 13 layers twice daily and their vertically integrated values over the
wholecolumn Q1 and Q2 . Thethirteen layersare at 962.5 hPa, 887.5 hPa, 812.5 hPa, 737.5
hPa, 650 hPa, 550 hPa, 450 hPa, 350 hPa, 275 hPa, 225 hPa, 175 hPa, 125 hPa, and 85 hPa,
respectively.

The SST data in the work are taken from reconstructed Reynolds series at a climate
analysis center at NOAA-CIRES. Specifically, they are SSTs on monthly mean global
gridpointsin each of the months in 1979 — 1993. The dataset has aresolution of 2° long. x 2°
lat.

To make the current work comparable with that of Yanai et a ., eleven low-pass filter
techniqueﬁ[m are equally applied in the 15-year month-by-month anomaly series obtained for
atmospheric heat sources, moisture sinks and SST in order to highlight the interannual variations.

As the Pacific Ocean is a key area of our concern in the study, the SST data in the region of
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125°E — 91°W, 29°S — 31°N are used and that for the atmospheric heat sources and moisture
sinks cover 125°E — 90°W, 30°S — 30°N.

3 SST ANOMALIESAND ANAMALOUSFIELDS OF <Q1> AND <Q2>

How do the SST anomalies in the region 125°E — 90°W, 30°S — 30°N couple with the
anomalous fields of <Q1>, the vertically integrated value of the atmospheric heat source, and
<Q02>, the vertically integrated value of moisture? The Singular Value Decomposition (SVD)
method is used here. It shows some degree of advantages in extracting two or more dominant
coupled signals and has universal adaptability so that it has been widely used in meteorological
analysis. The principle of SVD is not elaborated here and the reader can refer to [16] for detail.

The low-pass filtered anomaly field <Q1> or <Q2> for the Pacific region is taken as the | eft
field A. In view of the fact that if small sample datafields of large number spatial gridpoints were
used, the SVD technique would quite possibly yields unrea correlation, the gridpoint intervals
are taken to be five latitudes/longitudes in the anomaly fields of <Q1> and <Q2> to put together
atotal of m1=390 gridpoints in the |eft field. The low-pass filtered anomalous SST in the Pacific
region is taken as the right field B. It is four latitudes/longitudes in gridpoint intervals and has a
total of m2=549 gridpoints. The total of samples amount to »=180 (months) in which m2 is about
three times of m3. The SVD technique is used to determine the distribution patterns of paired
diversity correlation between the anomaly of <Q1> and <Q02> and simultaneous SST anomaly.
Tab.1 gives the sguare covariance contribution by the first four modes and the corresponding
time coefficients of the corresponding mode. In the table, (1) indicates that the left field A is the
anomaly field <Q1> and the right field B is that of SST; (2) indicates that the left field A is the
anomaly field <02> and theright field B isthat of SST.

Tab.1 Percentages of square covariance contribution by the first four modes in the SVD
analysis scf; (%) and the time correlation coefficients of corresponding mode r; (4, B)

Modes scfil %) (4, B)
2 3 4 1 2 3 4
2 89.1 6.2 14 1.0 0.92 0.89 0.87 0.91
2 88.1 6.1 18 11 0.90 0.91 0.87 0.90

It is shown in Tab.1 that for (1) and (2), the square covariance contribution by the first mode
is both above 88% and correlation coefficients for corresponding modal time are aso above 0.90.
To verify whether the correlation is significant, the Monte Carlo testis run, i.e. the SVD is built
using <Q1> and <Q2> and random fields. The random fields are composed of
computer-generated sequences in normal distribution that have the same number of gridpoints of
SST anomaly fields and the same lengths of series. Comparing the quadratic sums of covariance
between the anomaly fields of <Q1> and <Q2> and SST anomaly fields and between the
anomaly fields of <Q1> and <Q2> and random fields with 100 degrees, (I CIl ?), and the
percentages for the quadratic sums of interpretive covariance in each of the spatial patterns of
SVD pairs, we can infer how the anomaly fields of <Q1> and <Q2> are correlated with SST
anomaly fields and whether the covariance as interpreted by single SVD modes exceeds
randomized levels. Following the SVD principle, I Cll ? stands for the closenessin the overall
linkage between any two fields and is related with the characteristic values of the covariance
matrixes of the left and right fields in the following Waylle]

R
| = > 0” 1
=1

Specifically, o; is the singular value and R is the number of o, that is non-zero. It is known
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from the computation that I Cll ?for the anomaly fields of <Q1> and SST is 1.67E+011 while
that for the anomaly fields of <Q1> and the random fields with 100 degrees can be 5.07E+009 at
maximum; I Cll 2for the anomaly fields of <Q2> and SST is 1.49E+011 while that for the
anomaly fields of <02> and the random fields with 100 degrees can be 4.98E+009 at maximum.
It is seen that it is no doubt that on the whole there is linkage between the anomaly fields of
<Q1> and <Q2> and SST anomaly fields. It can also be found by comparing the size of the scf;
value that the percentages of the anomaly fields of <Q1> and <Q2> and the quadratic sum of
the interpretive covariance in first pair of SVD mode are larger than the corresponding
maximum values with the random test, making the linkage reliable. In contrast, other pairs of
SVD modes do not pass the significance tests on the 95% significance level. The following part
of the text will deal with the diversity correlation distribution patterns of the first mode.

Fig.laand Fig.1b are the diversity correlation distribution patterns of the first mode for the
SVD in the <Q1> anomaly field and simultaneous SST anomaly field. They show that the
<Q1> and SST anomaly fields near the equator in the central and eastern Pacific Ocean
between 30°S and 30°N are in out-of-phase distribution with other regions (like the
northwestern and southwestern Pacific). It is obvious that the distribution pattern of SST in the
central and eastern Pacific as shown in Fig.1b is similar to that of the warm episode (El Nifio)
in the real ENSO cyclem]. The anomaly distribution of <Q1> as displayed in Fig.1a can be
viewed as the anomaly pattern of <Q1> corresponding to the El Nifio episode. Superimposing
the distribution of the coefficients larger than 0.6 (Fig.1a) and that of the coefficients larger than
0.6, in absolute value, zones of large positive coefficients can be seen overlapping mainly
between 5°S and 5°N in areas east of 170°E, and stretches of large negative coefficients can be
found overlapping in a small area near 140°E, 12.5°N and some waters close to the Solomon
Islands. In these areas, high positive correlation is found between the anomaly fields of <Q1> and
SST. Correlation coefficients are 0.70 for the anomalies of <Q1> and SST averaged over the area
at 130°E — 140°E, 10°N — 15°N (asindicated by Block A in Fig.1c), 0.86 for those averaged over
the area at 170°E — 140°W, 5°S — 5°N in the central Pacific (as indicated by Block B in Fig.1c),
and 0.88 for those averaged over the area at 140°E — 90°W, 5°S — 5°N in the eastern Pacific (as
indicated by Block C in Fig.1c), respectively. In areas that do not overlap, small correlation
coefficients are found between the anomaly fields of <Q1> and SST. The correlation coefficient
isonly 0.39 for the anomalies of <Q1> and SST averaged over the area at 125°E — 170°E, 5°N —
5°N in the western Pacific (as indicated by Block D in Fig.1c). It can be seen that the results of
the current work agree with the conclusion by Yanai et a. Additionally, most of the tropical
Pacific where the anomalies of <Q1> and SST are shown, through the SVD anaysis, to be in
high positive correlation, iswithin 5°S and 5°N east of 170°E.

Fig.2 depicts the anomaly field of <Q2> and the first mode of the SVD of the anomaly field
of SST in the same period. Being generally similar to the anomaly field of <Q1>, it differs only
by showing a relatively small overlapped area where the absolute values of the corréelation
coefficients are above 0.6 in the equatorial eastern Pecific. The coefficients are 0.34, 0.82 and
0.76 respectively for the correlation between the anomaly fields of <Q2> and SST averaged over
the western, central and eastern Pacific regions between 5°S and 5°N.

Fig.1d and Fig.2d present the anomalies of <Q1> and <Q02> and the first mode of the SVD of
the anomaly field of SST in the same period, with the solid lines for the anomalies of <Q2> or
<02> and the dashed lines for the anomaly of SST. If the definition of Trenberth (1997) is
followed, there were three major El Nifio episodes that last relatively long over the 15-year
period of interest (1979 - 1993), which appeared in April 1982 — July 1983 (16 months), August
1986 — February 1988 (19 months) and March 1991 — July 1992, respectively; there were two La
Nifia episodes during the period, occurring in September 1984 — June 1985 (10 months) and May
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Fig.1 The diversity correlation distribution patterns of the first mode for the SVD in the
<Q1> anomaly field (a) and simultaneous SST anomaly field (b), which are vertically
integrated; (c) is the distribution of the absolute correlation coefficients larger than
0.6 in (a) and (b); (d) is the time coefficients of the first mode, in which the solid line
stands for the <Q1> anomaly and dashed line for the SST anomaly.
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Fig.2 The captions of (a), (b), (c) and (d) are the same as Fig.1 but for the <Q1> anomaly
field and simultaneous SST anomaly field.

1988 — June 1989 (14 months), respectively. Fig.1d clearly reflects the characteristics of these
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episodes. For the 47 years analyzed by Trenberth 1 (1950 — 1996), the ENSO episodes
(containing both El Nifio and La Nifia) take up about 45% of the time, i.e. the tropics is in the
warm (El Nifio) phase or cold (La Nifia) phase most of the time. It can then be known that the
first mode of SVD as shown in Fig.1 has substantial background of great importance or is highly
representative. Power spectral analysis also shows that periods of 3 to 5 years are the most
predominant of all the curves of temporal coefficients.

4 VERTICAL DISTRIBUTION OF ATMOSPHERIC HEAT SOURCE Q1 AND
MOISTURE SINK Q2AND THEIR RELATIONSHIPWITH SST

Next, let's study the vertical structure of Q1, the atmospheric heat source, and 02, the
moisture sink, and their relationship with SST. In view of the results above, the areas of interest
remain the same as those discussed above, namely, the regions of western, central and eastern
Pacific Ocean. Fig.3a, Fig.4a and Fig.5a give the time-altitude cross sections of the low-pass
filtered Q1 anomalies averaged over these regions; Fig.3b, Fig.4b and Fig.5b give the curves of
temporal variation of SST anomalies averaged over individua waters. Tab.2 gives the
coefficients of simultaneous correlation in the 180-month time series between mean Q1
anomalies and SST anomalies averaged in each layer of the regions.

=2
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Fig.3 Time-dtitude cross section of Q1 anomaly averaged over the region of the equatoria
western Pacific (125°E — 170°E, 5°S—5°N) (&) and temporal variation of SST anomalies (b).

From Fig.4 and Fig.5, it is known that the variation of the atmospheric heat source Q1 isin
good positive correlation with that of SST over the regions of central and eastern Pacific. During
the three major El Nifio episodesin 1979 — 1993, 01 shows large positive anomalies over nearly
the whole column of the troposphere, corresponding to the significant positive anomalies of SST
(>0.8°C). The maximum heating appears in the middle and upper levels (600 hPa — 300 hPa).
During the two La Nifia episodes, however, negative anomalies of Q1 occur in the entire
troposphere. Except for the bottom level (962.5 hPa) and top level (85 hPa), the correlation
coefficients (Tab.2) al stand above 0.70 with the maximum also appearing in the middle and
upper levels of the troposphere.
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Fig4 SameasFig.3 but for the region of equatorial central Pacific (170°E — 140°E, 5°S—5°N).

Tab.2 Coefficients of the correlation between anomalies of Q1 and SST averaged over the region of
the equatorial Pacific Ocean

at./hPa 9625 887.5 8125 7375 650 550 450 350 275 225 175 125 85
W. Pacific -0.59 -0.07 024 047 048 043 044 038 028 030 025 025 0.06
C. Pacific -0.10 0.84 084 083 084 08 08 087 089 088 082 071 0.06
E. Pacific 049 085 072 083 085 08 081 085 092 089 087 071 0.38

In the western Pacific, things are drastically different (Fig.3). During the three main episodes
of El Nifio, the atmospheric heat source Q1 in the troposphere is either large negative anomaly
(1982 — 1987) or weak positive / negative anomaly (1986 — 1987, 1991 — 1992); As shown in the

year
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Fig.5 Same asFig.3 but for the region of equatorial eastern Pacific (140°W —90°W, 5°S—5°N).
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coefficients of the relationship between Q1 and SST, they are in mild positive correlation
between 737.5 hPa and 450 hPa (about 0.45); They are even highly negatively correlated at 962.5
hPa (-0.59). What is the same as the central and eastern Pacific is that the maximum heating
anomaly centre also appears between 600 hPa and 300 hPa.

Fig.6, Fig.7 and Fig.8 show Q2 in different regions of the equatorial Pacific. Tab.3 gives the
coefficients of the simultaneous correlation in the 180-month time series between 02 anomaly
and SST anomaly averaged over regions of the equatoria Pacific in various levels of the
troposphere. It shows that before 1990, the maximum anomaly centers for the central and eastern
Pacific appear between 900 hPa and 700 hPa; Two of them appear over the western Pecific, one
between 900 hPa and 800 hPa and the other between 600 hPa and 300 hPa; After 1990, the 02
center rises a little to levels between 800 hPa and 600 hPa over the central and eastern Pacific
region while a center appears between 700 hPa and 400 hPa over the western Pacific.

Fig.6 Time-atitude cross section of 02 anomalies (a) and temporal variation curves of SST (b)
averaged over the region of western Pacific.

From the coefficients of the correlation between 02 and SST (Tab.3), like the anomaly of Q1,
the 02 anomaly averaged over the region of central Pacific is highly positively correlated with
SST except for the bottom and top levels, all greater than 0.70. In the eastern Pacific, however, it
is similar to the case of the central Pecific at al but levels below 800 hPa, in which positive
correlation coefficients are relatively small. In the western Pacific, things are similar to the case
of 01 in that the positive correlation between Q2 and SST is quite weak throughout the whole
column of the atmosphere.

Tab.3 Coefficients of correlation between anomalies of 02 and SST averaged over the region of
equatorial Pacific

Height/hPa 962.5 8875 8125 7375 650 550 450 350 275 225 175 125 85

W.Pecific 040 037 046 035 020 025 025 026 026 020 019 026 -022
C.Pecific 053 08 08 079 07 072 074 079 08 08 08 08 -051
E Pecific 022 050 063 083 084 079 067 076 083 08 08 083 -0.66
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Fig.7 Same as Fig.6 but for the region of equatorial central Pacific.
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Fig.8 SameasFig.6 but for the region of equatorial western Pacific.
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5 CONCLUSIONSAND DISCUSSIONS

a. With a SVD analysis, we find that for the main coupling modes of the anomaly fields of
the vertically integrated atmospheric heat source <Q1> and moisture sink <Q2> and the SST,
their spatial distribution pattern is corresponding to the ENSO cycling distribution pattern.
During the El Nifio episode, there are significantly positive anomalies of the heat source and
moisture sink east of 170°E over the central and eastern Pacific near the equator, which are
associated with the anomaly of warm SST; the opposite situation is observed during the La Nifia
episode.

b.Over the tropical Pacific, the area with high positive correlation between <Q1> and <Q2>
anomaly and SST anomaly mainly concentrates in a strip between 5°S and 5°N east of 170°E.

c.In the central and eastern parts of the equatorial Pacific, the atmospheric heat source Q1
shows large positive anomaly nearly throughout the whole troposphere when the SST anomalies
are positive during the three El Nifio episodes occurred in 1979 — 1993. The correlation
coefficients of the two fields are all above 0.70 except for the bottom layer (962.5 hPa) and top
layer (85 hPa). The correlation between the moisture sink Q2 and the SST anomaliesis high and
positive except the bottom and the top layers over the central and eastern Pacific. Over the
western Pacific, 01 and 02 arein weak positive correlation with the SST anomaly in all layers.

d.From the vertical distribution of Q1 and Q2 anomalies, we note that maximum heating
anomaly centers for the three regions of the equatorial Pacific occur basically in alayer between
600 hPa and 300 hPa. For moisture sinks, however, the maximum anomaly center of Q2
appeared between 900 hPa and 700 hPa over the central and eastern Pacific; there appear to have
two centers over the western Pacific, one between 900 hPa and 800 hPa and the other between
600 hPa and 300 hPa, in the period prior to 1990. In the period after it, the maximum anomaly
center of 02 over the central and eastern Pacific lifted to a layer between 800 hPa and 500 hPa,
while there seemed to have one center between 700 hPa and 400 hPa over the western Pacific.

e.An area of high SST, the western Pacific is also a place where deep convection is
complicatedly related with SST. Complicated relationships can aso be found in atmospheric
heating. What kind of favorable condition is there in a strip between 5°S and 5°N east of 170°E
in the tropical Pacific that links the heating in the entire atmospheric column of the region with
the SST so closely? Fig.9 gives the annual mean distribution of climatological OLR. It shows that
the western Pacific is covered with intense convection of deep cumulus while the strip is an area
with large OLR values. It shows that deep cumulus convection is absent over the narrow strip in
the tropical Pacific. It can be further inferred that cloud clusters over the equatorial Pacific seem
to be playing an important role in the linkage between SST anomalies and atmospheric heating
anomalies. More study remains on the physical mechanisms responsible for the relationships
between atmospheric heating and SST over different parts of the Pacific Ocean.
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Fig.9 Horizontal distribution of annual mean of climatological OLR in tropical Pacific.
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