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[1] Monthly oceanic precipitation variations are available
from satellite observations beginning 1979 and from models
for earlier periods, and both the observations and models
indicate increasing global-average precipitation with
warming global temperatures. Recently the authors
developed an indirect data-based reconstruction of
precipitation beginning 1900, which is used here to analyze
near-global averagemulti-decadal oceanic variations through
the 20th century. We compare this new reconstruction to
oceanic coupled-model precipitation from AR4 models
beginning 1900, and to GPCP precipitation beginning 1979.
Both the reconstruction and AR4 models indicate increasing
precipitation over the 20th century. The reconstruction
increase is stronger than the AR4 increase largely due to a
climate shift in the 1970s that is resolved by the reconstruction
but absent in the AR4 ensemble. The reconstruction climate
shift has an ENSO-like spatial pattern and in the reconstruction
the shift is associated with an ENSO mode, consistent with
work done by others. The influence of this mode indicates the
need for coupled models to accurately simulate the tropical
Pacific in order to resolve that region’s influence on multi-
decadal variations. Citation: Smith, T., M. Sapiano, and P. Arkin

(2009), Modes of multi-decadal oceanic precipitation variations

from a reconstruction and AR4 model output for the 20th century,

Geophys. Res. Lett., 36, L14708, doi:10.1029/2009GL039234.

1. Background and Precipitation Analyses

[2] Oceanic precipitation variations since 1979 can be
evaluated using satellite-based analyses. One widely-used
analysis is the Global Precipitation Climatology Project
(GPCP) ocean-land analysis, based on a mix of satellite
and in situ data [Huffman et al., 1997; Adler et al., 2003].
That analysis has been carefully constructed for use in
climate analyses and it includes adjustments to minimize
the influence of satellite-to-satellite bias. There are indica-
tions of increasing global precipitation with temperature
increases in GPCP [Smith et al., 2006; Adler et al., 2008],
but the satellite period is relatively short for multi-decadal
climate studies.
[3] The Intergovernmental Panel on Climate Change

(IPCC) Fourth Assessment Report (AR4) uses coupled
ocean-atmosphere models to help evaluate climate change
with changes in the radiation balance caused by greenhouse
gases and aerosols [Randall et al., 2007]. Here we use

annual average precipitation obtained from the Climate of
the 20th Century AR4 runs. Each of 22 individual models is
interpolated to a common 5� grid and then averaged to form
an ensemble of annual-average model precipitation. As with
GPCP, this ensemble of AR4 models also indicates increas-
ing global average oceanic precipitation with increasing
temperatures on multi-decadal time scales. However, the
model multi-decadal precipitation increase is weaker that
that indicated by GPCP, consistent with the findings of
others [e.g., Allan and Soden, 2008; Adler et al., 2008].
Additional information is needed to more fully evaluate
differences between model and observed oceanic precipita-
tion on these time scales.
[4] Recently an indirect data-based precipitation recon-

structionwas developed [Smith et al., 2009]. Although oceanic
precipitation is not well observed in the pre-satellite period,
there are observations of sea-surface temperature (SST) and
sea-level pressure (SLP) for this period, and both of these
fields have been analyzed for the 20th century. The indirect
reconstruction uses correlations between these analyzed fields
and precipitation to reconstruct annual-average precipitation
anomalies on a 5� global grid. The statistical model used to do
this is a canonical correlation analysis (CCA), which is trained
using GPCP precipitation data from 1979–2004. The CCA
operates by decomposing predictor and predictand fields into
spatial modes to smooth and compress the analysis data. Then
a set of CCAmodes are computed to perform the analysis (see
Barnett and Preisendorfer [1987] for a detailed description of
the CCA). Here sevenmodes are used both for smoothing each
predictor and predictand field, and for the CCA. These seven
CCA modes are used with the historical SST and SLP to
reconstruct the global annual precipitation anomalies, 1900–
2004. Although the precipitation is reconstructed globally,
oceanic precipitation is the focus of this study.
[5] This new reconstruction is indirect, using SST and

SLP, and it has a coarse resolution. Thus, it can only be used
to evaluate large-scale space-time variations. However, it is
valuable as a data-based analysis for the oceans in the pre-
satellite period and may be useful for model validation in
that period. Over land where evaluations can be done,
comparisons to independent gauge data indicate that the
reconstruction resolves large-scale multi-decadal variations
[Smith et al., 2009]. Thus, this indirect reconstruction is
capable of representing multi-decadal variations where
accurate base data are available for computing statistics,
and it should be reliable for this application.
[6] In the following section we describe multi-decadal

variations of near-global oceanic averages from the CCA-
based reconstruction. This includes descriptions of the
different components of the reconstruction contributing to
multi-decadal variations. Next we discuss comparisons with
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the AR4 ensemble and GPCP averages, followed by a
summary and conclusions.

2. Reconstruction Multi-decadal Variations

[7] As noted above, the CCA based reconstruction uses
seven CCA spatial modes to produce the reconstruction.
These modes are weighted using the historical SST and
SLP to determine the weights, and the sum of the
weighted spatial precipitation patterns gives the reconstruc-
tion. Spatial patterns associated with several of the CCA
modes were discussed by Smith et al. [2009] and a
summary is given here to assist with interpretation of the
multi-decadal components. Figures S1–S7 of the CCA
modes are included in the auxiliary material.1

[8] The first two CCA modes are associated with ENSO.
Mode 1 (Figure S1) is the primary ENSO mode with strong
SST and precipitation anomalies along the equator in the
east to central Pacific. Mode 2 (Figure S2) is a secondary
ENSO mode with spatially shifted and broader patterns than
mode 1. For the base period (1979–2004) there is little or
no multi-decadal tendency in modes 1 and 2. The third CCA
mode (Figure S3) is associated with base-period multi-
decadal variations, indicating warming SSTs and associated
changes in SLP and precipitation. Mode 3 base precipitation
increases in the western tropical Pacific and central Indian
Ocean. Modes 4 to 6 (Figures S4–S6) all indicate signif-
icant precipitation variations but their physical interpreta-
tion is less clear. Modes 5 and 6 indicate significant
variations in the northern extra tropics and appear to be
associated with North Atlantic Oscillation (NAO) and
Pacific Decadal Oscillation (PDO) climate modes. Mode 7
(Figure S7) only weakly affects the precipitation, although it
is part of the CCA analysis because its variance was
sufficiently large to pass a test for inclusion. In all of the
first seven modes, for the base period only mode 3 shows a
clear multi-decadal signal.
[9] The individual CCA modes are independent and their

separate contributions can be examined to show how each
influences multi-decadal variations in the full reconstruc-
tion. Here we discuss the near-global oceanic influence of
each mode by considering averages over oceans and 75�S–
75�N. The linear trend associated with each mode is
computed to show its importance to the tendency over the
full 1900–2004 reconstruction period (Table 1). This shows
that the multi-decadal variations for the full reconstruction

period are not defined in one mode, as they are for the base
period. The first two modes associated with ENSO domi-
nate the reconstruction trend, indicating that ENSO-like
variations are a major component of multi-decadal precip-
itation variations in this reconstruction. The third and fourth
modes also contribute significantly to the overall trend.
Mode 3, the base period multi-decadal mode, is not the
dominant multi-decadal mode in the full reconstruction.
Mode 5 and 6 have opposite and relatively weak trends
that cancel out each other, suggesting that NAO-PDO
climate modes may not be contributing to overall precipi-
tation multi-decadal variations. Mode 7 contributes almost
nothing to the overall multi-decadal change.
[10] Time series of reconstruction precipitation anomalies

associated with the first four modes indicate more clearly
how each contributes to multi-decadal changes. To make
these time series comparisons clearer the annual anomalies
associated with the modes are smoothed using a seven-year
binomial filter (Figure 1). The first mode, the main ENSO
mode, shows the greatest change over the reconstruction
period. It has strong interannual variation, a slight increas-
ing tendency before 1970, and little or no tendency after
1980. In the 1970s mode 1 has a rapid increase indicating an
ENSO-like shift in precipitation. Examination of individual
years shows that the shift occurs in 1974–1977. A climate
shift in the 1970s has been previously documented and
shown to be associated with multi-decadal ENSO-like
variations [Trenberth, 1990; Trenberth and Hurrell, 1994;
Zhang et al., 1997]. Using a coupled model to evaluate SST
changes associated with the climate shift, Meehl et al.
[2009] showed that the shift is likely due to the combined
effects of an unforced internal ENSO-like mode and forced
global-warming. Most precipitation changes are in the
tropics, which may lead the CCA to interpret the shift as
an ENSO-like mode. Mode 2, a secondary ENSO mode
with a negative overall trend, has a relative steady tendency
over the reconstruction period. Modes 3 and 4 both also
show more steady change than mode 1. The tendency for
mode 3 is stronger after 1980 than before, suggesting that
this nominal trend mode is most important to multi-decadal

Table 1. Trends for 75�S–75�N Ocean Average Areas, 1900–

2004a

Mode Average

1 1.32
2 �0.32
3 0.29
4 0.54
5 0.15
6 �0.18
7 0.01
Full CCA 1.82

aTrends, mm/mon per 100 years. Averages are shown for each individual
CCA mode and for the full CCA reconstruction.

Figure 1. Ocean-area averages (75�S–75�N) for the CCA
precipitation anomaly from the individual CCA modes 1
to 4. The 1979–1999 mean is removed and a 7-year
binomial filter is applied to each time series to make multi-
decadal variations clearer.

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL039234.
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variations in the recent decades. These first four modes
account for most of the total multi-decadal variability of the
oceanic average.
[11] Spatially, the strongest trends are in the tropics where

the precipitation is also strongest. Trends associated with the
ENSO modes 1 and 2 are mostly in the tropical Pacific,
although there are also trends associated with these modes
over Africa and South America. The largest trends associ-
ated with modes 3 and 4 are in the central Indian and west
Pacific near the equator (see Figures S1–S4 for regions
affected by the CCA modes).
[12] Abrupt ENSO-like changes may be caused by in-

creased tropical convection as a larger region of the tropical
Pacific warms above a threshold temperature necessary for
convection. The idea of a threshold SST for tropical
convection, roughly 28�C–29�C, has been used to help
evaluate interannual tropical variations [e.g., Gadgil et al.,
1984; Graham and Barnett, 1987]. Smith et al. [2006]
found evidence that thresholds may influence longer-term
changes, using the GPCP data and analyzed SSTs over the
satellite period. Achieving a threshold temperature is a
necessary background condition for convection that can
influence climate changes. Because a threshold can act as
a switch, it may be responsible for abrupt changes. For
example, consider the NINO 3.4 area (5�S–5�N, 120�W–
170�W) region, often used for ENSO monitoring. Averag-
ing the Smith et al. [2008] SSTs for this region, the mean
annual 1900–1999 SST is 26.8�C, which is close to the
threshold for convection. Thus, slight changes in the SSTs
in this region can cause a shift in ENSO-like convective
activity. Additional modeling studies are needed to more
fully evaluate causes for the climate shift.

3. Comparisons to AR4 and GPCP

[13] Comparisons between the full CCA reconstruction
and both the AR4 ensemble and GPCP over oceanic areas
are done using the same averaging and seven-year binomial
filtering as was used above. The full CCA reconstruction is
dominated by the 1970s shift associated with its first mode
(Figure 2). However, the other modes cause it to have more

of a multi-decadal tendency before and after the shift. The
result is a gradual increasing tendency for most of the
reconstruction period, with a sharp shift in the 1970s. For
the overlap period the GPCP is consistent with the CCA,
mostly reflecting interannual variations. Note that the GPCP
period begins in 1979, after the 1970s climate shift.
[14] Compared to the CCA and GPCP, the AR4 ensemble

has much less interannual variance. That is because the AR4
is an ensemble of coupled models that do not have phase-
locked unforced variations, including ENSO variations.
Thus, warm ENSO episodes from one will be countered
by cool episodes from another, and they are damped out in
the 22-member ensemble. In addition, internally generated
multi-decadal variations are also damped out of the ensem-
ble, leaving the commonly forced multi-decadal variations
in the ensemble. The models are forced with anthropogenic
changes, including greenhouse gases, aerosols and ozone
changes. If we ignore interannual variations, the AR4 multi-
decadal tendency over most of the 20th century is similar to
the CCA tendency. The main difference in the means is that
the AR4 ensemble does not resolve the 1970s climate shift.
This suggests that the models may resolve much of the
global average change in precipitation most of the time. As
discussed above, the climate shift in the CCA is associated
with the main ENSO mode, and efforts to improve model
ENSO representation [Guilyardi et al., 2009] may improve
their ability to resolve ENSO-like shifts.
[15] Examination of averaged precipitation from individ-

ual AR4 coupled models shows different types of multi-
decadal variations in the different models, including some
sudden shifts that in some ways are similar to the recon-
struction climate shift. However, those models with shifts
develop them in different parts of the 20th century, and
those models also develop multi-decadal variations that are
sometimes inconsistent with the reconstruction. None of the
individual spatial averages of AR4 model precipitation
gives a 1970s climate shift like the reconstruction. That
suggests that either additional model improvements are
needed resolve sudden shifts or that the shifts are strongly
influenced by internal unforced variations that need to be
resolved as suggested by Meehl et al. [2009].
[16] The GPCP increasing trend with global warming

was found by Adler et al. [2008] to also be stronger than
that from climate models. Examination of Figure 2 indicates
that part of the reason for the stronger GPCP trend is its
relatively short record length combined with its large
interannual variability. With such interannual variability a
longer time series is necessary to compute a stable trend.
The CCA reconstruction trend is comparable to the GPCP
trend over their overlap period.
[17] Maps of trends for the CCA reconstruction and the

AR4 ensemble show the spatial distribution of multi-decadal
variations (Figure 3). Here both land and ocean trends are
shown as a percentage of the GPCP average. The weaker
AR4 trends are multiplied by three so that they can be
displayed using the same shading as the CCA trends. There
are many similarities between the CCA and AR4 spatial
patterns of trends. Both indicate increasing convection in the
equatorial Pacific and increasing subsidence in dry zones
roughly 20�–30� latitude. Both also indicate increases over
central Asia, and in many other regions there are positive
correlations between the two maps. However, there are a

Figure 2. Ocean-area averages (75�S–75�N) for precipi-
tation anomalies from the CCA, GPCP, and the AR4
ensemble. The 1979–1999 mean is removed and a 7-year
binomial filter is applied to each time series to make multi-
decadal variations clearer.
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number of differences. Besides being weaker, the AR4
equatorial Pacific trends are shifted slightly south in the
east Pacific, while the CCA more clearly indicates the
typical horseshoe-shaped opposite anomalies surrounding
the eastern-Pacific anomalies. The AR4 has more extensive
negative trends from southwest Asia across the Atlantic and
into the eastern North Pacific. The AR4 shows positive
trends in much of the tropical South Atlantic, where the
CCA indicates negative trends, and the positive tropical
Indian Ocean trends in the CCA are weak or absent in the
AR4. The two also indicate different high-latitude trends.
Poleward of 60� latitude the AR4 has positive trends while
the CCA often has opposite trends. The CCA reconstruction
statistics are based on GPCP, which has lower quality at
high latitudes. In the future we plan to produce a revised
reconstruction using improved base data, and the use of that
improved base data may reduce some of the high-latitude
differences seen here.

4. Summary and Conclusions

[18] These analyses show that the reconstruction multi-
decadal signal is a combination of several CCA modes
representing different processes. Most modes indicate grad-
ual multi-decadal variations over the 20th century. How-
ever, the first CCA mode, related to ENSO, has a large shift
in the 1970s. The largest multi-decadal changes are in the
tropics in both the CCA and in the comparison AR4
ensemble. In the extra tropics the multi-decadal variance
is more gradual over the 20th century.

[19] The spatial average IPCC AR4 ensemble oceanic
precipitation anomalies resemble the reconstruction anoma-
lies in several respects. They both indicate an upward
tendency over the 20th century, and for most of the century
the slope is similar. There are abrupt shifts in some of the
AR4 models, but they occur at different times throughout
the reconstruction period. Since the timing of the shifts is
different from different models, those different model cli-
mate shifts are averaged out of the ensemble average. The
reconstruction shift is reflected in more precipitation asso-
ciated with the main ENSO mode. That is consistent with
Meehl et al. [2009], who found a climate shift similar to the
observed shift associated with an ENSO-like multi-decadal
mode. That mode, combined with global warming, produced
model temperature changes similar to the observations in
their analysis. Spatially the AR4 oceanic precipitation
anomalies are slightly shifted and weaker compared to the
reconstruction anomalies.
[20] These results imply that physical coupled models

developed for climate-change studies need to adequately
simulate climate modes in order to simulate multi-decadal
variations. The ENSO modes appear to be especially
important because so much of the multi-decadal variation
is ENSO-like. Multi-decadal ENSO-like modes can include
components of the Pacific Decadal Oscillation [Mantua et
al., 1997] and the Interdecadal Pacific Oscillation [Power et
al., 1999]. Ideally models should resolve all of these modes
in order to fully resolve multi-decadal variations. In the
CCA these variations appear to be mostly associated with
modes 1 to 4.
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