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ABSTRACT

Recent decadal regime shifts in the large-scale circulation of the tropical atmosphere are examined using
analyses and independent observations of the circulation and precipitation. Comparisons between reanalysis
products and independent observations suggest that the shifts that are apparent and significant in the reanalysis
products may be artifacts of changes in the observing system and/or the data assimilation procedures.

1. Introduction

The National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Re-
search (NCAR) produced a 50-yr analysis of the global
atmospheric circulation (Kalnay et a. 1996) whose
length makes it an attractive database for discovering
and quantifying decadal time scale climate variations.
Numerous studies have made use of reanalysis products
to evaluate many aspects of atmospheric variability, in-
cluding several recent contributions examining the sec-
ular variations and decadal regime shifts in the atmo-
sphere.

The object of reanalysis is to optimally combine at-
mospheric observations with an atmospheric general cir-
culation model (AGCM) to produce the best estimate
of the global atmospheric state (Bengtsson and Shukla
1988). By using an AGCM as the source of the back-
ground state in the data assimilation, it is possible to
infer many atmospheric parameters in addition to those
that were observed. For example, the divergent and ro-
tational components of the wind may be separately an-
alyzed, and AGCM model diagnostic quantities such as
precipitation and evaporation may be calculated. In this
paper, atmospheric parameters that are observed and
directly assimilated will be referred to as ‘‘reanalysis
fields’ and quantities that are strictly AGCM outputs
will be referred to as ‘‘reanalysis products.”

Several studies have questioned the reliability of re-
analysis fields and reanalysis products. For example,
Trenberth and Guillemot (1998) performed a compre-
hensive evaluation of the humidity and water cycle in-

Corresponding author address: J. L. Kinter |11, Center for Ocean—
Land-Atmosphere Studies, 4041 Powder Mill Road, Suite 302, Cal-
verton, MD 20705.

E-mail: kinter@cola.iges.org

© 2004 American Meteorological Society

ferred from reanalysis. In their case, they examined both
reanalysis fields (specific humidity and moisture trans-
port) and reanalysis products (precipitation and diver-
gence), and they found that there are substantial prob-
lems with reanalysis quantities of both types, stemming
from the fact that moisture is not conserved in the data
assimilation process. Newman et al. (2000) compared
the reanalysis product of precipitation from NCEP-
NCAR, European Centre for Medium-Range Weather
Forecasts (Gibson et al. 1997), and the National Aero-
nautics and Space Administration (NASA; Schubert et
al. 1997) in the region of the western tropical Pacific,
and they found serious discrepanciesin the spatial struc-
ture of the time mean. They pointed out that the heating
discrepancies represented by the precipitation differ-
ences lead to large differences in the divergent circu-
lation in the Tropics, even though the rotationa circu-
lation is fairly well represented. Trenberth et al. (2001)
and Trenberth and Stepaniak (2002) also evaluated as-
pects of reanalysis fields and products associated with
the tropical circulation and the stratospheric analysis,
respectively. In both cases, it was found that there are
difficulties in properly assimilating satellite data and
there is significant sensitivity to the choice of vertical
coordinate in the AGCM used to produce the back-
ground state for data assimilation, particularly in the
representation of basic atmospheric dynamics in the
highest levels of the model.

Krishna Kumar et al. (1999), in attempting to explain
the recent reduction in the correlation between Indian
monsoon rainfall and indicators of El Nifio-Southern
Oscillation (ENSO), noted that the divergent tropical
circulation deduced from the NCEP-NCAR reanalysis
product of velocity potential was significantly different
during El Nifio (warm sea surface temperature) events
in the 1958-80 and 198197 periods. They inferred that
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this change was due to a southeastward shift in the
center of anomalous ascent and subsidence, because
such a change would be associated with a shift in the
zonal overturning circulation in the Tropics, known as
the Walker circulation, which is associated with the In-
dian monsoon (e.g., Webster et al. 1998; Klein et al.
1999).

Chen et a. (2001) noted a secular upward trend in
the rainfall in the Amazon basin of South America,
based on data from several stationsin that region. They
pointed out that this is opposite to the trend that would
be expected from ongoing deforestation in the Amazon
region that would tend to reduce the efficiency of mois-
turerecycling and therefore the rainfall. They noted that
the trend in the divergent circulation, inferred from the
NCEP-NCAR reanalysis, would support an increase in
the precipitation in that region. The trend in velocity
potential over South Americawas also noted by Krishna
Kumar et al. (1999). Chen et al. (2001) went on to
speculate that the trend in the velocity potential could
be associated with regional and global changes in sea
surface temperature (SST) that have been observed, and
they offered a heuristic argument for how that might
have taken place.

Can the secular changes in the reanalysis product of
velocity potential, used by Krishna Kumar et al. (1999)
and Chen et a. (2001) to explain interdecadal variations
in large-scale tropical phenomena, be corroborated with
independent data that extend over a similar length of
time? In this paper, the velocity potential variation over
the last 50 yr, as represented in reanalysis products, is
examined, and the reanalysis precipitation product,
which may be viewed as a proxy for the heating field
that drives the divergent circulation in the Tropics, is
compared with independent estimates of the decadal
variations of tropical precipitation derived from obser-
vations and from climate model integrations. The fol-
lowing section describes the data sources and data anal -
yses that were undertaken, and section 3 provides the
results of a comparison between reanalysis and various
independent observational datasets. Section 4 describes
the results of the comparison between the reanalysisand
several atmospheric model integrations. Some conclud-
ing remarks are given in section 5.

2. Data sources and analysis

Two principal types of data were used for this study.
First, objective analyses and assimilations of large sets
of observations were used. These analyses include the
monthly mean atmospheric quantities from the NCEP—
NCAR reanalysis (Kalnay et al. 1996) aswell as month-
ly mean objective analyses of global precipitation in-
cluding the Climate Prediction Center Merged Analysis
of Precipitation (CMAP; Xie and Arkin 1997) and the
Climate Research Unit (CRU) of the University of East
Anglia analysis of monthly mean precipitation (Hulme
1994); objective analyses of regional precipitation, in-
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cluding Willmott's analysis for South America (C. Will-
mott 2001, personal communication; analysis method
of Willmott and Robeson 1995); and station observa-
tions of river discharge (Vorosmarty et al. 1996a,b,
1998).

Second, the output of atmospheric general circulation
models that have been used to estimate the variability
of the global atmospheric circulation and precipitation
in so-called climate-of-the-twentieth-century (C20C) in-
tegrations was used. In the C20C methodol ogy, the low-
er boundary conditions are specified from several de-
cades of monthly mean global analyses of observed SST
and seaice, and the models are integrated from an initial
atmospheric state over the period of the observed
boundary conditions (Folland and Kinter 2002). Each
AGCM is integrated several times with different initial
conditions to estimate the internal variability of the at-
mosphere. The C20C methodology is similar to that
used for the Atmospheric Model Intercomparison Pro-
ject (AMIP; Gates 1992).

The C20C data that have been analyzed were pro-
duced using three different AGCMs: the Center for
Ocean-Land-Atmosphere Studies (COLA) AGCM,
version 2.2, at T63 horizontal resolution with 18 vertical
levels (Schneider 2002); the Max Planck Institute for
Meteorology AGCM version ECHAMS3 at T42 resolu-
tion with 18 vertical levels (Bengtsson et al. 1996); and
the NASA Seasonal-to-Interannual Prediction Project
(NSIPP) AGCM at 2° X 2.5° horizontal resolution with
18 vertical levels (Takacs and Suarez 1996). In each
case, an ensemble average of 9-10 model integrations
was evaluated over 50 yr of monthly mean model output
data.

For all the datasets examined, monthly mean data
were used to compute a mean annual cycle and inter-
annual variance of monthly means. The entire period
for which data are available in each dataset were used
to compute the mean and variance, except as noted be-
low. In some cases, the seasonal mean for June-July—
August (JJA) was computed, and in some cases all
months were included in the analysis. Area average
guantities were computed with appropriate areaweights.

3. Results of comparison with independent
observations

The inverse relationship between interannual varia-
tions of the Indian monsoon and ENSO has been known
for nearly a century (Walker 1923, 1924). The relation-
ship has a strong linkage to the annual cycle, primarily
because the Indian monsoon is a boreal summer phe-
nomenon while the peak ENSO amplitude is observed
in boreal winter (Rasmusson and Carpenter 1983). There
is adso a strong decadal waxing and waning of the
ENSO-monsoon relationship (e.g., Krishnamurthy and
Goswami 2000). At times, the relationship has been
sufficiently strong to be used as a basis for predicting
the Indian monsoon (e.g., Shukla and Paolino 1983).
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Over the last 20 yr, the magnitude of the negative cor-
relation between Indian monsoon rainfall and eastern
tropical Pacific SST has dropped from a value of about
0.8 to avalue of about 0.2 (e.g., Kinter et al. 2002).

Krishna Kumar et al. (1999) proposed an explanation
for this reduction, suggesting that the interdecadal shift
toward the southeast of the Walker circulation centers
of seasonal anomalous ascending and descending mo-
tion over the tropical Indian and Pacific sectors (aswell
as over South America), associated with the seasonal
anomal ous upper-tropospheric divergent and convergent
flows, respectively, had altered the connection between
the Indian monsoon and ENSO. To substantiate this ex-
planation, they showed that the NCEP-NCAR reanal-
ysis product of velocity potential at 200 hPa has centers
of positive and negative anomalies in composites of El
Nifio events that have indeed shifted to the southeast.

The calculation of Krishna Kumar et al. (1999) was
repeated, and their result was reproduced. Since the de-
cade of the 1970s is a climatic transition period in the
Tropics (Kinter et al. 2002), attention was restricted to
the 21 yr preceding (1950—70) and the 21 yr following
(1980—2000) that decade for our analysis. It was found
that the southeastward shift noted by Krishna Kumar et
al. (1999) in composites of El Nifio eventsis not strictly
associated with El Nifio, but it is a ubiquitous feature
of the NCEP-NCAR reanalysis product. Figure la
shows the difference in 200-hPa velocity potential for
the JJA-mean composite of El Nifio eventsin the 1980—
2000 period minus the 1950—70 period. In this case, the
period 1950-2000 was used to construct a climatolog-
ical mean from which the anomalies were computed that
are included in the composites. Figure 1b shows the
difference computed for all JJA seasons in the two pe-
riods. It is apparent from Figs. 1a and 1b that the same
southeastward shift of the centers of upper-level diver-
gence and convergence over the Indo-Pacific sector of
the Tropics is found whether or not the data are com-
posited for El Nifio events. A separate calculation for
a non-ENSO composite was found to be qualitatively
similar to the ENSO and all-years composites (not
shown). The magnitude of the mean shift isabout double
that of the shift in the El Nifio composites, indicating
that the mean shift dominates the change in the inter-
annual variability.

The interdecadal change in the NCEP-NCAR re-
analysis product is not restricted to 200 hPa, but can be
seen throughout the troposphere. Figure 2 shows the 21-
yr means of the vertical component of velocity in pres-
sure coordinates near the equator for JJA seasonsin the
early period (1950-70; Fig. 2, top) and the recent period
(1980-2000; Fig. 2, bottom). The main differences in
the two periods are: 1) the center of upward motion in
the upper troposphere at about 100°E is considerably
stronger in the recent period than in the early period;
2) the center of upward motion near the date line is
considerably weaker in the recent period than in the
early period; and 3) the center of descending motion
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overlying ascending motion at about 55°W in the early
period changes sign to become a center of upward mo-
tion throughout the troposphere in the recent period.

The dominant balance that determines|arge-scalemo-
tions in the Tropics is between heating and the product
of the vertical component of velocity and the static sta-
bility. In the time mean, the vertical component of ve-
locity and the associated horizontal convergence and
divergence are completely determined by the distribu-
tion of heating due to condensational heating and ra-
diative cooling. Annamalai et al. (1999) found that the
divergent circulation in reanalysesis strongly influenced
by the model heating, especially in the upper-tropo-
spheric wind, in data-sparse regions such as are common
in the Tropics. Thus it is reasonable to consider the
reanalysis product of precipitation, which is represen-
tative of the vertically integrated heating in the Tropics,
as a driver of the vertical motion and horizontally di-
vergent wind fields, and to compare that quantity with
independent estimates of tropical precipitation on sea-
sonal time scales (Newman et al. 2000). Estimates such
as the CMAR CRU, and Willmott analyses are inde-
pendent of the NCEP-NCAR reanalysis since no pre-
cipitation observations were assimilated in the latter.
Furthermore, while the JJA season is of particular im-
portance for such phenomena as the Indian monsoon,
it is not unique with respect to the relationship among
tropical precipitation, total heating, and the divergent
circulation in the Tropics. For this reason, the remainder
of this paper considers the behavior of these quantities
for all months of the year.

The 21-yr means of precipitation were computed from
the NCEP-NCAR reanalysis product for the two periods
of 1950-70 and 1980—2000 (all months), and it was
found that the two periods were considerably different
(Fig. 3a). Three regions of large differences were found
in the vicinity of Indonesia, the north-central tropical
Pacific at about 160°W, and over the Amazon basin of
South America. The time series of area averages for
these three regions are shown in Figs. 3b, 3c, and 3d,
respectively. The region near Indonesia has substantial
interdecadal fluctuations with three periods (1950-54,
1955-83, and 1984-2000) having distinct means and
interannual variability. The central tropical Pacific re-
gion undergoes a marked transition from a higher to
lower precipitation rate in about 1973-74. The Amazon
basin region undergoes a similar sharp transition of the
opposite sign at about the same time. The decrease in
precipitation in the central Pacific and the increase in
precipitation over the Amazon basin are consistent with
the interdecadal changes in the upper-tropospheric di-
vergent circulation represented in the reanalysis prod-
ucts (Fig. 1b). The same qualitative behavior is found
in the JJA season alone (not shown).

The analysis of Hulme (1994) includes the period of
the reanalysis, so the interdecadal variations in the two
datasets can be compared. Figure 4 shows the same
interdecadal difference map and time series of area av-



352 JOURNAL OF CLIMATE VOLUME 17

0 | 60E 120E 180 120W 60W 0

Fic. 1. (a) Difference of 21-yr-mean seasonal means of NCEP-NCAR reanalysis 200-hPa velocity potential for the JJA mean composite
of El Nifio events in the 1980—2000 period (1982, 1986, 1991, 1994, 1997) minus the 1950—70 period (1951, 1957, 1963, 1965, 1968, 1969).
The vectors show the difference of the composite divergent wind. The scale for the vectorsin m s=* is shown at lower right. (b) Difference
computed for all JJA seasons in the two periods.
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Fic. 2. The 21-yr means of NCEP-NCAR reanalysis negative vertical component of velocity averaged over 2.5°S-2.5°N for JJA seasons
in the (top) early period (1950-70) and (bottom) recent period (1980—2000).

erages as shown in Fig. 3, computed for the CRU pre-
cipitation analysis. The large interdecadal differences
found in the reanalysis product of precipitation are not
found in the CRU analysis. In particular, the central
Pacific precipitation is, if any trend may be ascribed to
the time series, increasing rather than decreasing. The
magnitude of precipitation anomalies in the central Pa-
cific is considerably larger in the CRU time series than
in the reanalysis product (note change of scal es between
Fig. 3 and Fig. 4), which may be due to the bias toward
island rainfall in the latter. There is a slight increase in
the precipitation over the Amazon basin, but the trend
is not significant. Importantly, there is no evidence of
a regime shift in the decade of the 1970s as is found at
several locations in the reanalysis product of precipi-
tation.

The CRU analysis, being an objective analysis based
solely on gauge observations, suffers from the short-
coming of sparse coverage, particularly over oceanic
regions where only limited island station data are avail-
able. The reanalysis product of precipitation was also
compared with the CMAP analysis that merges obser-
vations based on gauge measurements and proxies for
precipitation based on infrared radiation measured from

satellites. While the time series is much shorter because
of the shorter record of the satellite data, there is little
agreement between the reanalysis product of precipi-
tation and the CMAP analysis (not shown). During the
same period, there is good agreement in the areaaverage
time series between the CRU and CMAP analyses, es-
pecially for the Indonesian and South American regions.

A very detailed objective analysis was performed by
C. Willmott and S. Webber [2001, personal communi-
cation, hereinafter WW, see Willmott et al. (1996) for
a description of the analysis method] for the South
American gauge observations of precipitation. Thetime
seriesfor the areaaverage over part of the Amazon basin
is shown in Fig. 5 for the reanalysis product, the CRU
analysis, the CMAP analysis, and the WW analysis. It
is clear that the latter three are in good agreement in
the overlapping periods, while the reanalysis product is
an outlier.

The correlation coefficients among pairs of thesetime
series (for all months) are given in Table 1. The cor-
relation was computed for the period of overlap of all
time series (upper trianglein Table 1) and for the period
of overlap of each pair of time series (lower trianglein
Table 1).
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Fic. 3. (a) Difference of 21-yr-mean annual means of NCEP-NCAR reanalysis precipitation in the 1980—-2000 period minus the 1950—
70 period. (b) Time series of NCEP-NCAR reanalysis monthly mean precipitation averaged for the region equator—10°N, 95°-115°E. (c) As
in (b) but for the region equator—10°N, 170°-150°W. (d) As in (b) but for the region 10°S—equator, 55°—45°W.
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There is clearly a high degree of correspondence the low correlation between the reanalysis product and
among the three analyses of precipitation other thanthe the other analyses of precipitation may be due to the
reanalysis product. The correlations, computed withre-  bias in the latter toward land points and island stations.
spect to two choices of base periods, show that the re- It should also be noted that the high degree of correlation
analysis product is an outlier. It should be noted that among the analyses of precipitation, other than the re-
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FiG. 5. Time series of precipitation analyses averaged for the region 10°S—equator, 55°—45°W: (a) NCEP-NCAR reanalysis, (b) CRU
analysis, (¢) CMAP analysis, and (d) WW analysis.

analysis product, is not surprising, given the fact that is not sufficiently constrained to produce a precipitation
many of the same observations of precipitation were analysisthat adequately represents the observed precip-
used in constructing those analyses. The fact that the itation.

reanalysis product is an outlier showsthat the reanalysis Another way to see the differences among these rep-
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TaBLE 1. Lag autocorrelation and correlation coefficients of time
series of monthly mean (all months) area-averaged precipitation for
the region 10°S—equator, 55°-45°W. The upper triangle of correlations
is based on the period 1979-90, the period of record for which all
time series are available. The lower triangle of correlationsis for the
time periods that are common in each pair of time series: 1950-98
for reanalysis—-CRU, 1979-2000 for reanalysis-CMAPR, 1960-90 for
reanalysis-WW, 1979-98 for CRU-CMAP; 1960-90 for CRU-WW,
and 1979-90 for CMAP-WW. The main diagonal (boldface) contains
the 1-month autocorrelation for each time series computed for all
months over the maximal base period for each precipitation analysis.

Reanalysis CRU CMAP Www
Reanalysis 0.88 0.15 0.11 0.080
CRU 0.19 0.29 0.88 0.91
CMAP 0.11 0.78 0.26 0.91
Www 0.17 0.90 0.91 0.36

resentations of the precipitation over part of the Amazon
basin is to compare the lag-1 autocorrelation of the
monthly values, for all months, shown on the main di-
agonal of Table 1. The 1-month-lag autocorrelation for
the reanalysis product is substantially larger. For the
reanalysis product of precipitation, the persistence of
monthly mean anomalies explains over 75% of the total
variance, which is uncharacteristic of tropical rainfall.
Resampling the reanalysis data to the much sparser grid
of the CRU dataset does not significantly change the
result. The same behavior can be found in other regions
where there are large decadal shifts in the reanalysis
precipitation product (not shown).

The time series of precipitation for the South Amer-
ican region was also compared with river discharge data
available from the River Discharge Database (RivDis)
dataset (Vorosmarty et al. 1996a,b, 1998). Although
none of the time series of discharge data for the rivers
that drain the region in question either spanned the rel-
evant period or were continuous over the full period,
no trends or regime shifts comparable to those found in
the NCEP-NCAR reanalysis precipitation product were
found. For example, time series of river discharge at
Obidos, Brazil, are available for the 1930s, 1940s, and
1970s, and the mean annual cycle and interannual var-
iance of the time series for the earlier decades are quite
similar to those of the later decade (not shown).

4. Results of comparison with model integrations

Because the analyses of precipitation have shortcom-
ings in terms of their spatial coverage or their temporal
extent, an alternative method of evaluating the reanal-
ysis products was employed, namely, to compare with
the output of AGCMs integrated over the same period
of time as the reanalysis with observed SST and seaice
as lower boundary conditions. Insofar as the models are
able to reproduce the observed state of the climate, it
may be presumed that features of the model climate,
such as its mean precipitation and mean divergent cir-
culation, are representative of the observed features. For
example, Sperber and Palmer (1996) noted that the pre-
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cipitation variability over the Nordeste region of Brazil,
which is similar to the region of the Amazon basin used
in this study, is fairly well simulated in AMIP integra-
tions, similar to the C20C integrations used here.

Given that the mean annual cycle and interannual
variability of the precipitationinthe AGCM integrations
closely resemble the observed, ensemble means of
C20C integrations from different models were used for
comparison with both the reanalysis products and the
independent observations of precipitation. The SST da-
tasets used to force the C20C integrations and the re-
analysis were nearly identical.

As arepresentative C20C example, the model output
from the COLA AGCM that was integrated at T63 hor-
izontal resolution with 18 vertical levels using the Had-
ley Centre Global Sea Ice and SST dataset, version 1.1,
(HadISST1.1) analysis of SST and sea ice as a lower
boundary condition was used (Rayner et al. 2003). The
same interdecadal difference and area-averaged time se-
riesas shown in Fig. 3 was computed from the ensemble
mean of COLA AGCM C20C integrations. The result
isshown in Fig. 6. There are regions in which the model
output has large interdecadal differences, notably the
increase in precipitation in the tropical western North
Pacific and the decrease in the precipitation over the
oceanic regions west of Central America and northeast
of South America. The latter extends over the Amazon
basin in the COLA AGCM model output. The COLA
AGCM does not reproduce the large, systematic inter-
decadal differences in precipitation that were found in
thereanalysis product, particularly those over the central
tropical Pacific and over the Amazon basin. In fact, the
model output has a slight downward trend in the pre-
cipitation over the Amazon basin. Importantly, the mod-
el does not show a regime shift in the decade of the
1970s.

To determine the extent to which thismay be amodel-
dependent result, the same calculation was made for
similar ensembles of multidecadal integrations made
with the ECHAM 3 and NSIPP models. All three models
produce interdecadal differences that are very similar
to that shown in Fig. 6a with regions of similar extent
having differences of similar extent and magnitude. Fig-
ure 7 shows the time series for the Amazon basin area
average from the NCEP reanalysis (repeated from Fig.
3d) and the COLA, ECHAMS3, and NSIPP AGCM sim-
ulations. The time series were all normalized by their
respective standard deviations. The slight downward
trend in precipitation is present in all three models, al-
though the trend is not significant in all three. Again,
there is no regime shift in any of the model outputsin
the decade of the 1970s.

The correlation coefficients (Table 2) among the
AGCM runs and the various analyses of precipitation
in the Amazon basin indicate that the models behave
more like the reanalysis product in terms of their lag
correlation, but they are essentially uncorrelated with it.
As with reanalysis, resampling the AGCM output data
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Fic. 6. Asiin Fig. 3 but for the COLA AGCM simulation of precipitation.

to the much sparser grid of the CRU dataset does not
significantly change this result. All model simulations
of interannual variability in the Amazon region are mod-
erately well correlated with the other analyses of pre-
cipitation and each other.

5. Concluding remarks

There is ample evidence that several parameters that
characterize the tropical climate underwent a regime
shift in the middle of the decade of the 1970s, partic-
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TaBLE 2. Lag autocorrelation and correlation coefficients of time
series of monthly mean, area-averaged precipitation for the region
10°S—equator, 55°-45°W from reanalysis, the CRU analysis, and sev-
eral AGCM ensemble means. The upper triangle of correlations is
based on the period 197990, for comparison with Table 1. The lower
triangle of correlationsisfor the maximal time period that is common
for all time series: 1950—98. The main diagonal (boldface) shows the
1-month lag autocorrelation for each time series for all months in
1950-98.

Reanalysis CRU COLA ECHAM NSIPP
Reanalysis 0.88 0.15 0.049 0.029 0.16
CRU 0.19 0.29 0.42 0.29 0.32
COLA —0.090 0.18 0.78 0.42 0.42
ECHAM 0.024 0.26 0.32 0.62 0.58
NSIPP 0.043 0.27 0.38 0.49 0.66

ularly in the Pacific (Nitta and Yamada 1989; Trenberth
1990; Gaffen et al. 1991; Graham 1994; Stephens et al.
2001). Attributing the cause of the regime shift is a
difficult problem. Several studies have noted the ap-
parent regime shift at about the same time in the di-
vergent atmospheric circulation in the Tropics that can
be inferred from the NCEP-NCAR reanalysis products.
This circulation regime shift was examined in detail,
and we find that, while it is consistent with the regime
shift in the reanalysis product of precipitation, it is not
consistent with several other precipitation analyses. In
particular, it is found that the spatial structure and the
abrupt nature of the regime shift in the reanalysis prod-
uct of precipitation are not found in other decades-long
analyses of tropical precipitation. Focusing, for exam-
ple, on the Amazon basin, it was found that the re-
analysis precipitation product is very poorly correlated
with all other analyses of precipitation, which are well
correlated among themselves. It was also found that
AGCMs forced by decades of observed SST produce
tropical precipitation simulations that are moderately
well correlated with the independent analyses of pre-
cipitation but not with the reanalysis product of precip-
itation. The 1-month-lag autocorrelation of the reanal-
ysis product is more similar to the model simulations
than to the independent analyses of precipitation ob-
servations, which suggests that the reanalysis precipi-
tation product is more like a model output than an ob-
served quantity. Given the direct relationship between
tropical precipitation and the divergent circulation in
the tropical atmosphere, it is apparent that thereanalysis
velocity potential product is an artifact of thereanalysis
rather than a representation of the actual divergent cir-
culation.

It may be concluded that the apparent decadal regime
shift in the divergent circulation inferred from the re-
analysis wind field is probably spurious insofar as the
precipitation that drives the divergent circulation un-
dergoes a decadal regime shift that is not consistent with
all other indicators of tropical rainfall that were ex-
amined. This suggests that the reanalysis product of the
tropospheric divergent circul ation cannot be used to sup-
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port the hypothesis that a decadal shift in the divergent
circulation in the Tropics was responsible for the change
in either the ENSO—monsoon relationship or the trends
in South American rainfall as has been suggested in
previous studies. We do not conclude that the divergent
circulation is not involved in the decadal variations of
the ENSO—monsoon relationship, but only that the re-
analysis product may not be suitable to validate this
hypothesis. Several other hypotheses have been ad-
vanced for the change in the ENSO—monsoon relation-
ship, many of which involve rotational atmospheric dy-
namics [see, e.g., Kinter et al. (2002) for one hypothesis
and a review of others].

Several open questions remain about the regime shift
observed in the mid-1970s. Given the absence of an
abrupt change in the independent analyses of precipi-
tation, is there a more complex relationship between,
for example, surface temperature and precipitation on
decadal time scales? Is the observed change a part of a
longer period fluctuation or is it an abrupt change? To
what extent is the observed shift in the divergent cir-
culation an artifact of the observing system changes and
data processing methods that occurred at about the same
time? Are there unambiguous indicators of the regime
shift? Can a cause be attributed to the apparent regime
shift? In seeking an attribution for the regime shift, it
is important to isolate possible artifacts of the changes
in the way observations are processed and assimilated
from real climatic signals. The reanalysis efforts by sev-
eral groups address the question of inhomogeneity of
the assimilation system, but cannot address the question
of observing system changes unless a controlled re-
analysis with a fixed-in-time observing system is per-
formed. The results described in this paper argue in
favor of such an experiment.

Acknowledgments. The idea for this study was sug-
gested by J. Shukla (COLA) while preparing his 2001
Walker Memorial Lecture to investigate the validity of
the hypothesis made by K. Krishna Kumar, B. Raja-
gopalan, and M. Cane (Krishna Kumar et al. 1999).
Helpful suggestions were also made by L. Bengtsson
(Max Planck Institute for Meteorology, Hamburg, Ger-
many) and by two anonymous reviewers. Severa da-
tasets that were used in this study, in addition to those
that are published and commonly available, were kindly
made available by others, including the analysis of
South American rainfall provided by Cort Willmott
(University of Delaware), the ECHAM3 AGCM climate
simulation ensemble provided by Lisa Goddard (IRI),
and the NSIPP AGCM climate simul ation ensembl e pro-
vided by Max Suarez. Their willingness to share the
datasets is thankfully acknowledged. This work was
supported under grants from the National Science Foun-
dation (ATM-9814295), the National Oceanic and At-
mospheric Administration (NA96GP0056), and the Na-
tional Aeronautics and Space Administration (NAG5-
8202).



15 JANUARY 2004

REFERENCES

Annamalai, H., J. M. Slingo, K. R. Sperber, and K. Hodges, 1999:
The mean evolution and variability of the Asian summer mon-
soon: Comparison of ECMWF and NCEP-NCAR reanalyses.
Mon. Wea. Rev., 127, 1157-1186.

Bengtsson, L., and J. Shukla, 1988: Integration of space and in situ
observations to study global climate change. Bull. Amer. Meteor.
Soc., 69, 1130-1143.

——, K. Arpe, E. Roeckner, and U. Schulzweida, 1996: Climate
predictability experiments with a general circulation model. Cli-
mate Dyn., 12, 261-275.

Chen, T.-C., J. Yoon, K. J. St. Croix, and E. S. Takle, 2001: Sup-
pressing the impacts of the Amazonian deforestation by the glob-
a circulation change. Bull. Amer. Meteor. Soc., 82, 2209-2216.

Folland, C., and J. L. Kinter |11, 2002: The Climate of the Twentieth
Century Project. CLIVAR Exch., 7, 37-39.

Gaffen, D. J,, T. R Barnett, and W. P, Elliott, 1991: Space and time
scales of global tropospheric moisture. J. Climate, 4, 989—-1008.

Gates, W. L., 1992: AMIP: The Atmospheric Model Intercomparison
Project. Bull. Amer. Meteor. Soc., 73, 1962—-1970.

Gibson, J. K., P Kallberg, S. Uppala, A. Hernandez, A. Nomura, and
E. Serrano, 1997: ERA description. ECMWF Reanalysis Project
Rep. 1, 72 pp.

Graham, N. E., 1994: Decadal-scale climate variability in the tropical
and North Pacific during the 1970s and 1980s: Observations and
model results. Climate Dyn., 10, 135-162.

Hulme, M., 1994: Validation of large-scale precipitation fields in
general circulation models. Global Precipitation and Climate
Change, M. Deshois and F. Desalmand, Eds., NATO ASI Series,
Springer-Verlag, 387—406.

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year Re-
analysis Project. Bull. Amer. Meteor. Soc., 77, 437—471.

Kinter, J. L., lll, K. Miyakoda, and S. Yang, 2002: Recent change in
the connection from the Asian monsoon to ENSO. J. Climate,
15, 1203-1215.

Klein, S. A., B. J. Soden, and N.-C. Lau, 1999: Remote sea surface
temperature variations during ENSO: Evidence for a tropical
atmospheric bridge. J. Climate, 12, 917-932.

Krishna Kumar, K., B. Rajagopalan, and M. A. Cane, 1999: On the
weakening relationship between the Indian monsoon and ENSO.
Science, 284, 2156-2159.

Krishnamurthy, V., and B. N. Goswami, 2000: Indian monsoon—
ENSO relationship on interdecadal timescale. J. Climate, 13,
579-595.

Newman, M., P D. Sardeshmukh, and J. W. Bergman, 2000: An
assessment of the NCER, NASA, and ECMWF reanalyses over
the tropical west Pacific warm pool. Bull. Amer. Meteor. Soc.,
81, 41-48.

Nitta, T., and S. Yamada, 1989: Recent warming of tropical sea sur-
face temperature and its relationship to the Northern Hemisphere
circulation. J. Meteor. Soc. Japan, 67, 375-383.

Rasmusson, E. M., and T. H. Carpenter, 1983: The relationship be-
tween eastern equatorial Pacific sea surface temperatures and
rainfall over India and Sri Lanka. Mon. Wea. Rev., 111, 517-
528.

Rayner, N., D. E. Paker, E. B. Horton, C. K. Folland, L. V. Alexander,
and D. P. Rowell, 2003: Global analyses of SST, sea ice and

KINTER ET AL.

361

night marine air temperature since the late nineteenth century.
J. Geophys. Res., 108, 4407, doi:10.1029/2002J0002670.

Schneider, E. K., 2002: The causes of differences between equatorial
Pacific SST simulations of two coupled ocean—atmosphere gen-
eral circulation models. J. Climate, 15, 449-469.

Schubert, S. D., W. Min, L. L. Takacs, and J. Joiner, 1997: Reanalysis
of historical observations and its role in the development of the
Goddard EOS climate data assimilation system. Adv. Space Res.,
19, 491-501.

Shukla, J., and D. A. Paolino, 1983: The Southern Oscillation and
long-range forecasting of the summer monsoon rainfall over In-
dia. Mon. Wea. Rev., 111, 1830-1837.

Sperber, K. R., and T. Palmer, 1996: Interannual tropical rainfall
variability in general circulation model simulations associated
with the Atmospheric Model Intercomparison Project. J. Cli-
mate, 9, 2727-2750.

Stephens, C., S. Levitus, J. Antonov, and T. Boyer, 2001: On the
Pacific Ocean regime shift. Geophys. Res. Lett., 28, 3721-3724.

Takacs, L. L., and M. J. Suarez, 1996: Dynamical aspects of climate
simulations using the GEOS GCM. NASA Tech. Memo. 104606,
Vol. 10, 56 pp. [Available from NASA, Goddard Space Flight
Center, Greenbelt, MD 20771.]

Trenberth, K. E., 1990: Recent observed interdecadal climate changes
in the Northern Hemisphere. Bull. Amer. Meteor. Soc., 71, 988—
993.

——, and C. J. Guillemot, 1998: Evaluation of the atmospheric mois-
ture and hydrologic cycle in the NCEP/NCAR reanalyses. Cli-
mate Dyn., 14, 213-231.

——, and D. P, Stepaniak, 2002: A pathological problem with NCEP
reanalyses in the stratosphere. J. Climate, 15, 690-695.

——, ——, and J. W. Hurrell, 2001: Quality of reanalyses in the
Tropics. J. Climate, 14, 1499-1510.

Vorosmarty, C. J., B. Fekete, and B. A. Tucker, 1996a: River Dis-
charge Database Version 1.0 (RivDIS v1.0), Vols. 0-6. A con-
tribution to IHP-V Theme 1, Technical Documentsin Hydrology
Series, 1157 pp.

——, C. J. Willmott, B. J. Choudhury, A. L. Schloss, T. K. Stearns,
S. M. Robeson, and T. J. Dorman, 1996b: Analyzing the dis-
charge regime of alarge tropical river through remote sensing,
ground-based climatic data, and modeling. Water Resour. Res.,
32, 3137-3150.

——, B. Fekete, and B. A. Tucker, cited 1998: River Discharge Da-
tabase Version 1.1 (RivDIS v1.0 supplement). [Available online
at http://pyramid.sr.unh.edu/csrc/hydro/.]

Walker, G. T., 1923: Correlations in seasonal variations of weather,
VIII. Mem. India Meteor. Dept., 24, 75-131.

——, 1924: Correlations in seasonal variations of weather, [X. Mem.
India Meteor. Dept., 24, 333—-345.

Webster, P J., V. O. Magana, T. N. Palmer, J. Shukla, R. A. Tomas,
M. Yanai, and T. Yasunari, 1998: Monsoon processes, predict-
ability, and the prospects for prediction. J. Geophys. Res., 103,
14 451-14 510.

Willmott, C. J,, and S. M. Robeson, 1995: Climatologically aided
interpolation (CAl) of terrestrial air temperature. Int. J. Cli-
matol., 15, 221-229.

Xie, P, and P A. Arkin, 1997: Global precipitation: A 17-year month-
ly analysis based on gauge observations, satellite estimates, and
numerical model outputs. Bull. Amer. Meteor. Soc., 78, 2539—
2558.



