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[1] For the first time, long-term climate changes in the atmospheric moisture over the

global tropics are investigated using precipitable water (PW) from the National Centers for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis data sets for two different periods: 1979–1998 and 1948–1998. Dominant
modes of PW variability estimated for the shorter period (1979–1998) are in an overall
agreement with those of satellite-estimated precipitation in terms of both empirical
orthogonal functions (EOF) spatial patterns and time-dependent coefficients. Encouraged
by this result, the entire time series of PW for the period of 1948–1998 is subsequently
examined. Climatology of annual mean PW agrees well with the radiosonde-based and
satellite-based climatologies of atmospheric moisture. EOF analysis applied to the entire
time series indicates that the two leading modes explain 37.3% of the total variance of PW.
The first EOF mode reflects that the trend-like change is associated with evolutions in the
observing systems of NCEP/NCAR reanalysis product. The second EOF has a spatial
pattern, which is characterized by the zonal dipole structure. This mode is associated
with the major climatic signal in the region, El Niño-Southern Oscillation. Analysis of
regional time series of annual mean PW has shown that, coincident with introduction of
satellite data, step-like changes in the mid to late 1970s are present over Malaysia, central
tropical Pacific, and central Brazil. Abrupt changes of PW over North Africa are noticed
in the late 1960s, and the large positive PW anomalies observed during the 1950s and 1960s
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1. Introduction
[2] Being a key variable of the global climate system,
atmospheric water vapor plays a principal role in the
hydrological cycle. Radiative effects of the atmospheric
water vapor are particularly important. Atmospheric water
vapor absorbs strongly a portion of the Earth’s outgoing
infrared energy and radiates this energy back to the
Earth’s surface. Thus water vapor strengthens the greenhouse effect. Because the atmosphere can hold more
water vapor in a warmer climate, an increase in water
vapor is believed to lead to increased greenhouse effect
by enhancing the warming. During the past 2 decades,
Copyright 2003 by the American Geophysical Union.
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analysis of spatiotemporal variability of the atmospheric
moisture has received considerable attention. A number of
papers focused on the regional changes in atmospheric
water vapor [Angell et al., 1984; Hense et al., 1988;
Flohn and Kapala, 1989; Ross and Elliott, 1996; Zhai
and Eskridge, 1997]. Several other studies considered
global distribution of the atmospheric moisture and its
variability [Oort, 1983; Peixoto and Oort, 1992; Gaffen et
al., 1991]. Most of the aforementioned studies are based
on analysis of radiosonde data, which provide relatively
long time series of observations. However, radiosonde
measurements are made primarily over land and are
widely spaced.
[3] Another promising data source for atmospheric moisture is satellite-based observations, which provide reasonably good spatial coverage but have relatively short time
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history. A recently available blended data set [Randel et al.,
1996] from the National Aeronautics and Space Administration Water Vapor Project (NVAP) provides perhaps the
most reliable data on atmospheric moisture. However, this
data set covers the period from 1988 onward and therefore
cannot be used in analysis of climate variability on decadal
to interdecadal timescales. To help clarify the definition, in
this study we consider variations on timescales from 20
years and longer as interdecadal variations, whereas variations on the shorter timescales (but longer than interannual)
are considered as decadal variations.
[4] Precipitable water data, (hereafter referred to as PW)
starting from 1948 and covering a period of more than 50
years, from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis [Kalnay et al., 1996], have become
available and provide an opportunity to investigate longterm atmospheric moisture variations. Because the background state of sea surface temperature (SST) has undergone
a rapid transition from a cold epoch to a warm epoch in the
mid 1970s [Nitta and Yamada, 1989; Tanimoto et al., 1993;
Graham, 1994; Trenberth and Hurrel, 1994], it remains
interesting to see whether this interdecadal variation is also
reflected in the atmospheric moisture.
[5] Using data for the 17-year period 1979– 1995, Trenberth and Guillemot [1998] found some biases in climatology and interannual variability of PW in the reanalysis data
set. In particular, it was shown that over the western tropical
Pacific and Indonesian maritime continent the atmosphere
in the reanalysis data set is drier than that in the NVAP data
set. Assuming that the dry bias in the reanalysis data set is
consistent throughout the time, this effect would be minimized because the focus of this study is not to evaluate the
absolute accuracy of the reanalysis data set but rather to
investigate how the long-term climate variations are presented in PW in the reanalysis data set and what is their
spatiotemporal structure.
[6] In the present study we analyze long-term climate
variations in the global tropics on the basis of relatively
continuous-in-time and spatially homogeneous data on PW
available from the NCEP/NCAR reanalysis. The data used
and analysis methods are described in section 2. Intercomparison of dominant modes of PW variability with those of
precipitation from satellite estimation for 1979– 1998 is
presented in section 3. Climatology and general features
of total year-to-year variability of annual mean PW are
discussed briefly in section 4. Dominant modes of PW
variability defined by empirical orthogonal functions (EOF)
analysis are analyzed in section 5. Section 6 examines
variability of regionally averaged PW. Finally, concluding
remarks are presented in section 7.

2. Data
[7] The main data source for this study is the NCEP/
NCAR reanalysis [Kalnay et al., 1996; Kistler et al., 2001],
which is the result of the outstanding project to produce
dynamically consistent synoptic scale resolution fields of
the basic atmospheric quantities and computed parameters
for the needs of climate studies. NCEP/NCAR reanalysis
provides parameters for 6-hour temporal resolution and 2.5°
latitude by 2.5° longitude spatial resolution for a 51-year

period (1948 –1998). The reanalysis project uses a frozen
assimilation technique to analyze past data and gives the
possibility to explicitly describe short- and long-term climate variability within the uncertainties introduced by the
changes in the input data. Pressure level data as well as
surface data at 2.5° grid are considered to be instantaneous
values at the reference time.
[8] Monthly averaged precipitation data from the Climate Prediction Center Merged Analysis of Precipitation
(CMAP) data set [Xie and Arkin, 1996, 1997] cover a time
period from January 1979 to December 1999. The data
have 2.5° latitude by 2.5° longitude spatial resolution.
Values are obtained from five kinds of satellite estimates
(GOES precipitation index, the outgoing longwave radiation-based precipitation index (OPI), Special Sensor Microwave Imager (SSM/I) scattering, SSM/I emission, and
microwave sounder unit values). These data are believed
to be the most reliable data on precipitation and therefore
can be useful in validation of the quality of reanalyses
products.
[9] In our analysis we used the monthly precipitable
water content (i.e., the total column water vapor) from
NCEP/NCAR reanalysis for 1948 – 1998. Though these
data, as was mentioned, may have some biases, in comparison to other hydrologic variables they have potential
advantages too. First, in contrast to observations from a
small number of rain gauges, which are located at irregular
locations with varying record length in the tropics, the PW
has the advantage of being spatially homogeneous and of
common length of observations at each grid point. Widely
used alternative sources of satellite (remote sensing) estimation, which have high resolution in time and space such
as the NVAP data set mentioned previously, cover only
periods of 12 years or so at the best. Second, other
rainfall-related data from NCEP/NCAR reanalysis, such
as model-derived outgoing longwave radiation (OLR) or
precipitation rate, are classified as C data. That means that
there are no observations directly affecting these variables,
and therefore these data are purely model simulated. PW
in NCEP/NCAR reanalysis is classified as B data, indicating that there were observational data that directly affected
the value of the variable [Kalnay et al., 1996]. Third, in
terms of seasonal means, PW demonstrates essentially
higher agreement with precipitation from the CMAP data
set [Xie and Arkin, 1996, 1997] than model-derived rainfall and OLR [Randel et al., 1996; Martin, 1999; Newman
et al., 2000]. Note that the CMAP data set covers only
about 20 years of record length, a period too short to study
decadal to interdecadal variations.
[10] When and where it was possible, we compared our
results with variability of other hydrologic variables and
with results of other studies. In particular, we used CMAP
data [Xie and Arkin, 1996, 1997]. The domain of analysis
in this study is the global tropics between 30°N and 30°S.
To check the consistency of PW between the reanalysis
and actual observation, specific humidity at 850-hPa and
surface-to-500-hPa precipitable water at two stations are
also used. The data were downloaded from the National
Oceanic and Atmospheric Administration (NOAA) Air
Resources Laboratory website and are described by Ross
and Elliott [2001]. These data are based on the NCAR
upper-air archive and are a subset of the Comprehensive
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Figure 1. Spatial patterns of the (a and b) first and (c and d) second empirical orthogonal function
(EOF) modes of monthly anomalies of precipitable water (PW) (Figures 1a and 1c) and Climate
Prediction Center Merged Analysis of Precipitation (CMAP) precipitation (Figures 1b and 1d). Intervals
between isolines are arbitrary. The period of analysis is 1979 – 1998. See color version of this figure at
back of this issue.

Aerological Research Data Set (CARDS) [Eskridge et al.,
1995; Wallis, 1998]. Note that the aforementioned website
covers data only for the Northern Hemisphere. Furthermore, precipitable water are available for 1973– 1995 and
specific humidity for 1958– 1995.

3. Intercomparison of Dominant Modes of PW
and CMAP Variability
[11] In order to investigate how well interannual variability is presented in PW in the global tropics, we
performed EOF analysis on time series of the monthly

means (with annual cycle removed) of reanalysis PW and
precipitation from CMAP for the period January 1979 to
December 1998. Spatial patterns of the first two EOF
modes are presented in Figure 1. Time series of the
corresponding time-dependent coefficients are shown in
Figure 2.
[12] The first EOF mode accounts for 12.9% of the total
variance of PW and 11.5% of the total variance of precipitation. Respective spatial patterns (Figures 1a and 1b)
show major action centers over the central/eastern tropical
Pacific and western tropical Pacific/Indonesian maritime
continent. We note that the action center of PW over the
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[13] The second EOF mode explains 6.9% of the total
variance of PW and 6.0% of the total variance of precipitation. Respective spatial patterns (Figures 1c and 1d) are
characterized by the very similar wave number two structures with coherent changes over the eastern tropical
Pacific, the Indonesian maritime continent, and a major
portion of the Indian Ocean. The opposite changes are
evident in the third action center over the central tropical
Pacific north of the equator (Figures 1c and 1d). Spatial
correlation between these two patterns is 0.51 and is statistically significant at the 99% confidence level. Time series of
the respective corresponding time-dependent coefficients
(Figures 2c and 2d) are also well correlated (0.68). Both
series exhibit large excursions during the major ENSO
events (i.e., 1982/1983 and 1997/1998). Just like the first
EOFs, the second EOFs of PW and CMAP have some
ENSO-like features that are expected for an EOF analysis of
a field with significant temporal variations. The similarities
of dominant modes between the PW and CMAP for the
1979 to 1998 period imply that PW analysis that follows for
the extended 1948 to 1998 period may also be representative of the concurrent large-scale precipitation variations.

4. Climatology and Temporal Variability of PW
Since 1948

Figure 2. Time-dependent coefficients (solid curves) of
the (a and b) first and (c and d) second EOF modes of
monthly anomalies of PW (Figures 2a and 2c) and
CMAP precipitation (Figures 2b and 2d). Dashed curves
are the 11-month running means. The period of analysis
is 1979 – 1998.

central/eastern tropical Pacific is shifted to the east
relative to the precipitation pattern. Although PW and
precipitation are closely related variables of the climate
system, it should be noted that PW is not precipitation
and some differences between PW and precipitation fields
are expected. Returning to Figures 1a and 1b, the
secondary action center over the northeastern Brazil seen
in precipitation is not well captured by the first EOF
mode of PW. The spatial correlation between the two
patterns (Figures 1a and 1b) is 0.71, which is statistically
significant at the 99% confidence level according to t test
[Bendat and Piersol, 1966]. Time series of the corresponding time-dependent coefficients (Figures 2a and 2b)
demonstrate very similar temporal behavior. They are also
highly and significantly correlated (0.88). The time series
exhibit interannual variations (Figures 2a and 2b) associated with the El Niño-Southern Oscillation (ENSO),
which is the major climatic signal in the tropics. Particularly, remarkably high positive time-dependent coefficients occur in 1983 and 1998 (Figures 2a and 2b),
indicating the influence of strong El Niños on PW and
precipitation.

[14] The climatological annual mean PW distribution
based on the period of 1948 – 1998 is shown in Figure 3a.
Maximum values of the PW reaching 45 kg/m2 are located
over the western tropical Pacific, the Indonesian maritime
continent, and the eastern Indian Ocean. Smaller pockets of
the maximum PW are also observed in the equatorial eastern
Pacific and over equatorial Africa and South America. In
general, the belt of high values of PW is associated with
location of the intertropical convergence zone characterized
by enhanced convective activity. The pattern revealed in
Figure 3a qualitatively agrees well with the radiosondebased climatology of Peixoto and Oort [1992], 5-year
(1988 – 1992) climatology published by Randel et al.
[1996], and climatology of precipitation from CMAP [Xie
and Arkin, 1996, 1997]. Spatial correlation between the
CMAP rainfall and reanalysis PW is high (0.73) and is
statistically significant at the 99% confidence level.
[15] Total year-to-year variability of PW is shown in
Figure 3b. The values are expressed as a standard deviation
(hereafter STD) of annual mean PW. Relatively high variability of PW is evident in the central and eastern equatorial
Pacific and is associated with changes in the tropical circulation patterns related to the ENSO phenomenon. Two other
regions of relatively high PW variability are the Indonesian
maritime continent and central Brazil. Regarding the large
variability over North Africa between 10°N and 20°N, it is
unclear whether this variability represents a true climate
signal because this region is poorly covered with actual
observations. This point will be discussed in sections 5 and 6.

5. Leading Modes of Variability of PW Since 1948
[16] To further investigate the dominant modes of year-toyear variability of PW in the global tropics, we applied EOF
analysis to the entire time series of the annual mean PW
(1948– 1998). Only the first two EOFs are separated rea-
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Figure 3. (a) Climatology and (b) standard deviations of annual mean PW. On both plots values are
presented in kg/m2. The period of analysis is 1948 – 1998. See color version of this figure at back of this
issue.
sonably well with respect to sampling errors [North et al.,
1982] and are relatively stable. These two EOFs jointly
explain 37.3% of the total variance of PW. Spatial patterns
of the first two EOF modes are presented in Figure 4. Time
series of the amplitudes of the leading two eigenvectors and
their respective 5-year running means are shown in Figures
5a and 5c. Power spectra estimated for these time series and
the 95% confidence limit of the red noise spectrum are
presented in Figures 5b and 5d. The Parzen lag window is
used to smooth the sample spectrum [Chu and Katz, 1989].
[17] The first EOF mode accounts for 25.4% of the total
variance of annual mean PW. The spatial pattern shows four

major action centers: over the South America/tropical eastern Pacific, the equatorial central Pacific, the Indonesian
maritime continent, and North Africa (Figure 4a). While the
variation of PW over the Indonesian maritime continent and
the South America is in phase, it is opposite to that over
Africa, most of the Indian Ocean and a large portion of the
tropical central-western Pacific Ocean. The corresponding
time-dependent coefficients (Figure 5a) show an evident
downward trend from positive anomalies during the 1950s
and 1960s to negative anomalies in the mid 1970s and later.
Thus an interdecadal variation is seen. In analyzing the
annual mean precipitable water using radiosonde records

Figure 4. Spatial patterns of the (a) first and (b) second EOF modes of annual mean PW. Intervals
between isolines are arbitrary. The period of analysis is 1948 – 1998. See color version of this figure at
back of this issue.
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Figure 5. (a and c) Time-dependent coefficients and (b
and d) respective power spectra of the dominant EOF modes
(solid curves). Dashed curves are the 5-year running means
in Figures 5a and 5c and the 95% significance level of the
red noise spectrum in Figures 5b and 5d. The period of
analysis is 1948 – 1998. El Niño-Southern Oscillation years
since 1969 are denoted by an open diamond in Figure 5c.
over the Northern Hemisphere (mostly midlatitudes), Ross
and Wang [2000] also noted that the leading EOF mode
represents the long-term trend. The spectrum of the first
EOF time series (Figure 5b) shows that a large portion of
power is indeed found in the lower frequency, a feature also
implied by the trend as seen in Figure 5a. In Figure 5b,
except for the long-term trend, only a minor peak with
periods of 3 – 3.5 years is marginally significant relative to
the red noise spectrum. Although there is agreement
between the long-term trend indicated in Figure 5a and
results of some previous observational studies [e.g., Gaffen
et al., 1991], it should be cautioned that the observed trend
may be associated with the changes in the observing system
[Kistler et al., 2001]. We will discuss this point in more
detail in section 7.
[18] The second EOF has a different structure from the
first mode and explains 11.9% of the total variance of
annual mean PW. Its spatial pattern is characterized by the
prominent Pacific dipole (Figure 4b), with the strongest
signal being in the central/eastern tropical Pacific and
opposite variations evident in the western tropical Pacific.
Relatively small minor action centers are located over the
south Atlantic and the northern Africa. Time series of this
eigenmode exhibit interannual variations (Figure 5c) associated with the ENSO. In particular, remarkably high
positive values during 1983 and 1998 (strong El Niño
years) indicate that the troposphere over the western tropical
Pacific was drier than usual, while Southeast Asia, the bulk
of the tropical Pacific, and South America were anomalously moist (Figure 4b). Correlations between the second
EOF time series and SST series in Niño 3 and Niño 3.4
regions are high (0.72 and 0.69, respectively) and are
statistically significant at the 95% confidence level. Spatio-

temporal structure of this mode is consistent with the second
EOF mode obtained by Gaffen et al. [1991] from analysis of
specific humidity in the global tropics.
[19] The power spectrum of time-dependent coefficients
of the second EOF mode (Figure 5d) shows that only
variations with a time period near 4 years (ENSO timescale)
are statistically significant. However, decadal-scale variations are also evident (especially in the smoothed time series
in Figure 5c), indicating a change of phase from negative to
positive PW anomalies over the major portion of the global
tropics in the mid 1970s. Timing of this change suggests its
association with the well-known North Pacific climate shift
that occurred in the mid 1970s, as diagnosed from analyses
of SST and atmospheric variables [Nitta and Yamada, 1989;
Tanimoto et al., 1993; Graham, 1994; Trenberth and
Hurrel, 1994]. This temporal shift in EOF-2 time series is
also approximately coincidental with the addition of a
significant amount of satellite data to the analysis [Kistler
et al., 2001].
[20] To determine whether the decadal change in PW
EOF-2 time series is significant, a common two-sample t
test is applied to the periods of 1948 – 1976 and 1977 – 1998
[Wilks, 1995]. Under the assumption of independence, the
test statistic z is 2.42, which corresponds to an extremely
small p value, 0.0078. Thus the null hypothesis that the two
underlying means are equal is rightfully rejected. Because
geophysical time series usually exhibit strong persistence,
the number of sample sizes that correspond to the temporal
degrees of freedom should be adjusted. One way to determine the ‘‘effective sample size’’ is to assume that the
underlying data follow a first-order autoregressive process
[e.g., Shukla and Mo, 1983]. After temporal degrees of
freedom are properly adjusted, the p value of the test
statistic becomes 0.0162, and the null hypothesis of equality
of sample means is again rejected at the 5% level. Results of
these two tests strongly support a significant difference in
the means of PW EOF-2 series before and after the mid
1970s (Figure 5c).
[21] As very large variability over North Africa is present
in both EOF modes (Figures 4a and 4b), a question arises as
to whether this variability might bias results of EOF
analysis. To examine the possible effect of this region on
the analysis, we excluded Africa and performed EOF
analysis for the same global tropical band extending from
40°E eastward to 0°E for the period of 1948 – 1998.
Explained variance for the newly estimated first EOF mode
appeared lower (20.8%), whereas for the second EOF the
explained variance is higher (13.5%) than in the EOF
analysis for the whole global tropics. However, obtained
spatial patterns and their time-dependent coefficients for the
first and second EOF modes (not shown) appeared qualitatively similar to those presented in Figures 4 and 5.
Specifically, the spatial correlation of the first EOF mode
between the global tropical band and the same region but
without North Africa is 0.97. The temporal correlation of
the first EOF time series between these two data sets is also
very high, 0.911. Likewise, for the second mode, the spatial
and temporal correlations are 0.879 and 0.937, respectively.
All correlations are significant at 99% confidence level.
Thus large local variability of the annual mean PW over
North Africa did not have a noticeable effect on the overall
results of the EOF analysis presented in Figures 4a and 4b.

ZVERYAEV AND CHU: CLIMATE CHANGE IN PRECIPITABLE WATER IN THE TROPICS

ACL

6-7

[22] The aforementioned behavior of time-dependent
EOF coefficients reflects overall tendencies of PW for the
global tropics; however, regional differences are remarkable. In order to examine these differences, in section 6 we
consider temporal behavior of regionally averaged annual
mean PW.

6. Regional Changes in the Action Centers
Since 1948
[23] To analyze regional changes in PW, we constructed
time series of regionally averaged anomalies of the annual
mean PW for the period of 1948 – 1998. On the basis of the
results of EOF analyses shown previously, four regions
associated with major action centers of the first EOF mode
(Figure 4a) were selected. These regions include North
Africa (10°N – 20°N, 10°E – 20°E), Malaysia (0° – 10°N,
100°E – 110°E), the central equatorial Pacific (0°– 10°N,
155°W– 165°W), and central Brazil (5°S – 15°S, 45°W –
55°W). In each region, data from 25 grid points were used
to estimate regional averages. Time series of anomalies of
annual mean PW and their 5-year running means for each of
these regions are shown in Figures 6a, 6c, 6e and 6g.
Respective power spectra for these time series and the
95% confidence limit of the red-noise spectrum are presented in Figures 6b, 6d, 6f, and 6h.
[24] As seen in all four regions, time series of PW
anomalies demonstrate well-pronounced interdecadal
changes (Figures 6a, 6c, 6e, and 6g), which were described,
in general, by the first two EOF modes (Figures 4 and 5).
However, temporal behavior of presented time series and
the character of interdecadal changes are different at various
locations.
[25] Temporal behavior of PW over North Africa is
featured by positive anomalies in the first 20 years, followed
by an abrupt decrease of PW in the late 1960s (Figure 6a)
with persistent, negative anomalies remaining until 1998.
The magnitude of this change is the largest among all four
time series analyzed (Figures 6a, 6c, 6e, and 6g). In general,
this decadal change is consistent with the long-term rainfall
behavior in Sahel in which positive rainfall anomalies in the
1950s changed to negative anomalies in the 1960s and the
below normal rainfall subsequently remained to the early
1990s [Nicholson et al., 1996]. Also note in Figure 6a, yearto-year variability of annual mean PW is very high during
the 1950s and 1960s and relatively low since the late 1960s.
Because North Africa is characterized by an arid climate,
large PW fluctuations in the earlier part of the record
(Figure 6a) may not be realistic. In fact, this extreme
maximum variability of annual mean PW is not seen in
the NCEP/NCAR reanalysis for the period 1979 – 1998
(Figure 2a). Considering all these facts, it is most likely
that abrupt excursions in PW over North Africa are associated with changes in the observing system. The respective
power spectrum (Figure 6b) shows that in this region energy
is concentrated at the very low frequency end, reflecting a
trend behavior. Only variations with time period near 3
years are marginally significant at 95% confidence level.
[26] Anomalies of the annual mean PW over Malaysia
changed from negative to positive ones in the late 1970s
(Figure 6c). The time series demonstrates step-like change
in PW that coincides with the introduction of satellite data.

Figure 6. Same as Figure 5, but for time series of
regionally averaged annual mean PW for (a and b) North
Africa, (c and d) Malaysia, (e and f) the equatorial central
Pacific, and (g and h) central Brazil. The period of analysis
is 1948 – 1998.
The respective power spectrum (Figure 6d) does not reveal
any statistically significant peaks.
[27] Variability of annual mean PW over the equatorial
central Pacific is characterized by intensive interannual
variations associated with ENSO and by long-term trendlike decrease of PW over the region (Figure 6e). This result
corroborates our earlier analysis presented in Figures 4a and
5a. The power spectrum in Figure 6f demonstrates that in
this region only ENSO-related PW variations with a period
near 4 years are statistically significant at 95% confidence
level.
[28] Long-term behavior of PW anomalies over central
Brazil is marked by a nearly low-frequency variation
(Figure 6g). Low PW conditions in this region prevailed
from the mid 1950s to the mid 1970s and then were
replaced by anomalously moist conditions thereafter. The
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Figure 7. Time series of (a and c) annual mean specific
humidity (g/kg) at 850-hPa and (b and d) surface-to-500hPa precipitable water (mm) at Lihue, Kauai, Hawaii, and
Haikou, China. The period of analysis is 1958 – 1995 for
specific humidity and 1973– 1995 for precipitable water.
estimated power spectrum (Figure 6h) shows that variations
with periods of 5 – 9 years are statistically significant in this
region. Adjacent to central Brazil is the Amazon basin
where maximum annual mean PW is noted (Figure 3a). In
the Amazon basin, temporal behavior of the PW is similar
to central Brazil, with more moisture since the mid 1970s
(not shown). We note that Chu et al. [1994], using 15-year
(1974 – 1990 with a gap in 1978) records, found significant
OLR decrease with time (i.e., an increase in tropical
convection) over the extreme western Amazon basin. They
also reported a concurrent upward trend in precipitation at
Belem (1.5°S, 48.5°W) and Manaus (3.2°S, 60.0°W).
However, interdecadal changes presented in Figure 6g
could be biased by the aforementioned changes in the
observing system.
[29] In order to compare the aforementioned time series
of PW with purely observational data, we present in Figure 7
time series of annual means of specific humidity at 850-hPa
and surface-to-500-hPa precipitable water at two World
Meteorological Organization stations that are close to our
key regions. The stations selected include Lihue, Kauai, in
Hawaii (21.98°N, 159.35°W) and Haikou in China
(20.02°N, 110.21°E). The former station is closest to our
key region in the central equatorial Pacific and the latter is
closest to another key region over Malaysia. Singapore,
which is closer to Malaysia than Haikou, does have upperair records but they are inaccessible to us. For the other two
key regions, central Brazil and North Africa, we were not
able to construct time series of observed specific humidity
or precipitable water. This is because radiosonde stations in
these regions are located either in the Southern Hemisphere
for where data are not available from the NOAA Air
Resources Laboratory website or have incomplete and
inhomogeneous temporal records. Ross and Elliott [2001]
showed that specific humidity at 850-hPa-level and surfaceto-500-hPa precipitable water is highly correlated with little
geographic variations in their relationships. Therefore spe-

cific humidity at lower troposphere can serve as a useful
surrogate for precipitable water.
[30] The upward trends in atmospheric moisture are most
pronounced since the mid 1970s at both stations (Figure 7).
Trends at Haikou station are consistent with the upward PW
fluctuations over Malaysia (Figure 6c). However, trends at
Lihue, Kauai, tend to be opposite to PW trend over central
equatorial Pacific (Figure 6e). Apart from the latitudinal
distance between Lihue and the central equatorial Pacific,
the downward trend revealed in Figure 6e may be attributable to a quality problem in reanalysis over the data-sparse
region such as the central equatorial Pacific where no
radiosonde stations can be found.
[31] To trace changes in the number of radiosonde observations over North Africa, we examined a digitized metadata set of global upper-air station histories developed by
Gaffen [1996]. During the 1960s and early 1970s many
countries in this region became independent. As a result,
many stations were closed and reopened several times.
Therefore it is extremely difficult to judge whether the total
number of observations over North Africa decreased or
increased. A further complication to the problem is changes
in observational instrumentations. In sum, upper-air observations over North Africa are incomplete and inhomogeneous in both space and time and thus are not suitable for
analysis of long-term climate variations. Such changes in
observing practices could affect the reanalysis product in
this region.

7. Discussion and Concluding Remarks
[32] We analyzed climatic variability of the annual mean
PW (tropospheric precipitable water) in the global tropics
based on data from the NCEP/NCAR reanalysis [Kalnay et
al., 1996]. Climatology of annual mean PW agrees well
with earlier published climatologies based on data from
other sources [Peixoto and Oort, 1992; Randel et al., 1996].
In particular, major maxima of the annual mean PW are
observed over the western tropical Pacific/Indonesian maritime continent, the equatorial eastern Indian Ocean, the
Amazon Basin, and over equatorial Africa. Year-to-year
variability in PW is relatively large over North Africa, the
Indonesian maritime continent, the equatorial central
Pacific, and central Brazil.
[33] The first EOF mode of the entire time series (1948–
1998) reflects interdecadal changes in the annual mean PW
in the global tropics, as implied by a downward trend with
positive anomalies during the 1950s and 1960s and negative
anomalies since the 1970s. There is a certain similarity
between this mode and the second EOF mode of precipitation obtained by Lau and Sheu [1991] from analysis of
global station rainfall data from 1901 to 1980. Krishnamurthy and Goswami [2000, Figure 18a] demonstrated that
during the warm phase of interdecadal SST variations the
equatorial Pacific and Indian Oceans are marked by two
large Walker cells, with anomalous ascending motion in the
eastern Pacific and central Indian (near 90°E) Oceans joined
by an intensified descending motion in the central Pacific.
The latter results in anomalously dry conditions in the
region. The decrease in PW over the equatorial central
Pacific as seen in Figure 6e, and as also inferred from the
spatial pattern and the time-dependent coefficients of the
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first EOF mode (Figures 4a and 5a), is consistent with the
mechanism of interdecadal changes in the tropics proposed
by Krishnamurthy and Goswami [2000]. Nevertheless,
there are indications that the obtained trend in tropical
PW resulted from pronounced changes in the evolving
observing system.
[34] Kistler et al. [2001] separate the evolution of the
global observing system into three major phases: the
‘‘early’’ period from 1940s to International Geophysical
Year in 1957, when the first global-scale upper-air observations were established; the ‘‘modern rawinsonde network’’ from 1958 to 1978; and the ‘‘modern satellite’’ era
from 1979 to the present. Note that most of the time series
considered in the present study demonstrate step-like
changes in PW in the mid to late 1970s. These changes
basically coincide with the introduction of satellite data.
Moreover, our intercomparison analysis of dominant modes
of PW and CMAP variability (section 3) during 1979 – 1998
does not reveal any noticeable long-term trends for that
period (Figure 2). Therefore consistent with Kistler et al.
[2001], our results suggest that the primary reason for the
detected interdecadal trend associated with the first EOF
mode is the changes in the observing system during the past
5 decades.
[35] On the basis of the entire time series, the second EOF
mode of the annual mean PW in the global tropics is
associated with ENSO. Its spatial pattern is characterized
by the dipole-like structure over the tropical Pacific Ocean.
The spatial pattern and temporal behavior of the corresponding time-dependent coefficients are very similar to
those of the second EOF mode of the tropical specific
humidity obtained by Gaffen et al. [1991] from analysis
of radiosonde data. In general, both analyses show that the
air over the western Pacific was drier than usual during El
Niño years, whereas the central eastern Pacific, South
America, and Southeast Asia were anomalously moist.
[36] The smoothed time series of the second EOF mode
also demonstrate a change from negative to positive PW
anomalies over most of the global tropics in the mid 1970s.
The average PW EOF-2 time series for the period prior to
mid 1970s is significantly different from that after mid
1970s even when the reduction of effective degrees of
freedom due to persistence is taken into account. Timing
of this change suggests that it is associated with the
previously described Pacific climate shift, which is considered as a manifestation of the Pacific decadal oscillation
[Mantua et al., 1997]. During this warm decadal phase, SST
decreased in the extratropical North Pacific and increased in
the tropical Pacific and Indian Oceans. This change of SST
in the tropical Pacific and Indian Oceans is also interpreted
as a manifestation of decadal components of ENSO [Zhang
et al., 1997]. Therefore, at the decadal timescale, our
analysis demonstrates a general level of increase of PW
over almost the entire global tropics in response to the
increase of SST since 1976/1977, although further analyses
are needed to quantify the PW-SST relationships.
[37] Analysis of regional time series of the annual mean
PW anomalies since 1948 indicates that interdecadal
changes are present in all four centers of action. However,
regional differences in temporal behavior of PW are evident. Interdecadal changes of the annual mean PW over
Malaysia and the central tropical Pacific are presented by
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conspicuous upward and downward trends, respectively.
Meanwhile, changes over central Brazil at the given timescale show a low-frequency variability with lower than
time-mean PW from the late 1950s to the late 1970s and
higher than time-mean PW during the later time period.
However, PW variations in all three above regions demonstrate step-like changes in the late 1970s, suggesting that
described trends are associated with the introduction of
satellite data.
[38] Interdecadal changes in the annual mean PW over
North Africa feature an abrupt decrease of PW in this region
in the late 1960s. The magnitude of this change is the largest
among the four action centers. While the decrease of PW is
parallel to long-term rainfall variations in Sahel, it seems
that such a high magnitude of change is not realistic for a
region characterized by arid climate. It is speculated that
changes of PW over North Africa are unreliable during the
earlier period of records (1950s – 1970s) because of the
irregularity in observing practices.
[39] The results of intercomparison of PW and CMAP
precipitation variability during the past 20 years (1979–
1998), when PW values are more reliable, indicate that
year – to-year variability of PW in the global tropics is
reasonable in the reanalysis. However, because of the major
change in input data in the late 1970s (i.e., satellites versus
no satellites), which occurred nearly concurrently with the
real climate shift in the Pacific, it is difficult to study
interdecadal PW variations using reanalysis data sets.
[40] Summarizing results of the present study, we note
that this is the first time the reanalysis PW climatology and
PW variability over the last 50 years (1948– 1998) have
been studied. As previously mentioned, this data set has
utility for climate studies because of its relative homogeneity, long and common length of records, and the global
coverage. Intercomparisons with satellite-derived and some
radiosonde-based data are made in order to assess the
quality of reanalysis PW in the global tropics. New results
from this study indicate that although there is a potential dry
bias in the reanalysis PW, as pointed out by others, the PW
data can be used for analysis of climate variability since the
mid 1970s as long as the absolute accuracy of this variable
is not of essence. The usage of the earlier (presatellite era)
data is, nevertheless, problematic.
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Figure 1. Spatial patterns of the (a and b) first and (c and d) second empirical orthogonal function
(EOF) modes of monthly anomalies of precipitable water (PW) (Figures 1a and 1c) and Climate
Prediction Center Merged Analysis of Precipitation (CMAP) precipitation (Figures 1b and 1d). Intervals
between isolines are arbitrary. The period of analysis is 1979 –1998.
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Figure 3. (a) Climatology and (b) standard deviations of annual mean PW. On both plots values are
presented in kg/m2. The period of analysis is 1948– 1998.

Figure 4. Spatial patterns of the (a) first and (b) second EOF modes of annual mean PW. Intervals
between isolines are arbitrary. The period of analysis is 1948 –1998.
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