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ABSTRACT
Analysis of recently compiled tropical Pacific rain gauge measurements shows a trend toward increased precipitation in the central tropical Pacific during the period 1971-90. Previous studies of precipitation trends in this region
have used satellite data and shipboard measurements, which have been demonstrated to contain a variety of known and
unknown biases that could artificially produce a trend. Using rain gauge data, an independent and direct measure of the
precipitation trends in the Pacific corroborates previous results based on satellite measurements, estimates of oceanic
evaporation from shipboard meteorological observations, and results from numerical models. Furthermore, the result
is consistent with suggestions that an enhancement of the tropical hydrologic cycle has been responsible for the increases in globally averaged tropospheric temperatures during the past two decades.

1. Introduction

It has been suggested that the upward trend in the
globally averaged tropospheric temperature during the
past two decades (Jones et al. 1986; Hansen and
Lebedeff 1987; Angell 1990) has been driven by increasing tropical sea surface temperatures and the resulting enhancement of the tropical hydrologic cycle
(Flohn et al. 1990; Graham 1995). According to this
hypothesis, increased tropical SSTs have resulted in
increased evaporation and precipitation. Support for
this scenario comes from observations and from the
results of numerical simulations, and the qualitative
agreement between the two.
Observations supporting the idea of an enhanced
tropical hydrologic cycle come from a variety of
sources. For example, Hense et al. (1988), Gaffen et
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al. (1991), and Gutzler (1992) document large increases in tropical tropospheric moisture content taken
by radiosonde measurements during recent decades.
In the first of these studies, Hense et al. present results from radiosonde data indicating an upward trend
in midtropospheric (between 50 and 70 kPa) water
vapor content on the order of 5% per decade between
1950 and the early 1980s. Gaffen et al. (1991) performed an analysis of radiosonde data from 118 stations during the period 1973-86 and documented
changes in lower-tropospheric water vapor content on
the order of 5%-10% between the mid-1970s and the
early 1980s at stations in the Tropics and extratropics.
Gutzler (1992) analyzed data from four radiosonde
stations in the western tropical Pacific covering the
period from 1973 to 1991. These data show a significant trend toward increasing lower-tropospheric water content in that region and increasing tropospheric
temperatures as well. Gaffen and Barnett (1992) and
Graham (1995) show that aspects of these changes can
be reproduced in simulations with atmospheric general circulation models driven with observed SSTs. In
the former study, the authors show that the increases
in observed moisture content during the late 1970s
were qualitatively reproduced in a GCM simulation
covering the period 1970-85. The later study shows
qualitative agreement between the radiosonde analyJ J 77
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ses of Gutzler (1992, described above) with results
from a GCM simulation covering the period 1970-88.
Flohn et al. (1992) document a secular trend (about
5% per decade between 1950 and 1989) toward increased low-level vertical moisture gradients over the
tropical oceans, with particularly sharp increases during the mid-1970s, behavior that would tend to cause
increased evaporation (and precipitation). This result
too is also closely replicated by GCM results covering the period 1970-88 (Graham 1995).
Perhaps the most striking evidence for an enhanced
hydrologic cycle is that GCMs forced with observed
global SSTs closely reproduce observed trends in global tropospheric temperature during recent decades
(Kumar et al. 1994; Graham 1995). Kumar et al.
showed that the observed patterns of global SST differences between the 1950s and the 1980s were qualitatively reproduced by a GCM forced with observed
SST data, behavior the authors linked to changes in
the character of the El Nino/Southern Oscillation. In
the latter paper it is shown that several GCMs reproduce the major features of the global average SST
record since 1970—in particular the relatively rapid
warming following the mid-1970s. An analysis of the
atmospheric heat budget from one of the models demonstrates that the increased simulated global tropospheric temperatures resulted principally from increased precipitation over the tropical oceans. The
GCM results show particularly large changes in precipitation over the west-central tropical Pacific during the mid-1970s, with large increases near the equator and the date line and more modest decreases on
the northern, southern, and western flanks of the increased precipitation.
Evidence that qualitatively similar variability occurred in nature has been put forward by Nitta and
Yamada (1989) and Graham (1994), who noted similar patterns of change in precipitation estimates inferred from satellite measurements of outgoing
longwave radiation [OLR, a proxy for organized tropical convection and precipitation (e.g., Weickmann
1983; Arkin 1984; Lau and Chan 1985; Graham and
Barnett 1987; Waliser et al. 1993)]. OLR data are
twice-daily observations of area-averaged thermal
radiation from the National Oceanic and Atmospheric
Administration (NOAA) polar orbiters.
The suggestion that there were major changes in
the precipitation patterns over the tropical Pacific
during the mid-1970s, and that these changes had
important effects on the climate system, has arisen
before. Nitta and Yamada (1989) considered the
1208

abrupt change in the large-scale circulation over the
Pacific during the mid-1970s and concluded that these
changes were driven by changes in SSTs and organized convection in the tropical Pacific. They based
this conclusion in part on the fact that OLR-inferred
precipitation in the west-central tropical Pacific
showed a sharp increase coincident with the circulation changes. Subsequent analyses have demonstrated
that these changes in OLR-inferred precipitation are
consistent with estimated changes derived from another satellite-derived product [highly reflective cloud
data (Kilonsky and Ramage 1976; Garcia 1985), a
synthesis of visible and OLR data designed to detect
organized precipitation complexes with deep convection]. Comparisons of these data with Pacific atoll rain
gauge data show no evidence of contamination by artificial signals in the OLR data (Morrissey and Greene
1993) or in precipitation estimates diagnosed from
changes in the horizontal divergence of moisture flux
(derived from observed SSTs and surface winds)
(Graham 1991; Graham 1994).
When cloud tops are high (and, therefore, cold, as
in regions of deep tropical clouds), OLR is lower than
otherwise. Using tropical Pacific rain gauge data,
Morrissey (1986) demonstrated that although OLR is
significantly negatively correlated (R = -0.52) with
daily rainfall values, nonprecipitating high and middle
cloud increases the bias and random noise level in the
OLR data. However, when applied to climate
timescales (monthly or longer) it is likely that the level
of noise in the OLR data is substantially reduced,
making it more representative as an index of tropical
precipitation. However, long-term changes in the
amount of nonprecipitating cloud would tend to produce an artificial trend in the precipitation series determined from OLR data.
While satellite OLR-inferred precipitation estimates are of qualitative value, it is also known that
the OLR data suffer from inhomogeneities arising
from sensor drift, instrument alterations, and changes
in viewing time (e.g., Morrissey 1986; Morrissey
1990; Reynolds et al. 1989; Chelliah and Arkin 1992;
Gadgil et al. 1992). For example, Gadgil et al. (1992)
showed that although average OLR values from the
Indian subcontinent were lower between 1982 and
1985 than between 1974 and 1978, regional rainfall
measurements did not show an increase in precipitation during the period. The authors inferred that the
changes in OLR were related to changes in instrumentation or calibration methods. More germane to the
discussion here, they also demonstrated that OLR was
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5-15 W nr 2 lower between 1982 and 1985 than between 1974 and 1977 over large regions of the tropical oceans and suggested that this signal too was artificial. Based on these findings, the authors concluded
that the OLR data could not be used to infer climatescale changes in precipitation.
Chelliah and Arkin (1992) also considered nonphysical changes in the satellite OLR data, using principal component analysis to demonstrate the coincidence of some of the trends in OLR data with changes
in instrumentation and viewing time. These changes
were especially pronounced over land. Neither
Chelliah and Arkin (1992) nor Gadgil et al. (1992)
specifically address the validity of the large (20-30
W m~2) decreases in OLR in the central tropical Pacific region emphasized by Nitta and Yamada (1989)
and later by Graham (1991, 1994, 1995); both conclude that there were no important changes in precipitation over the tropical Pacific during the mid-1970s.
The reality of major low-frequency changes in
tropical Pacific rainfall figures importantly in discussions concerning the genesis of recent climate
changes. It is the purpose of this paper to clarify this
issue. To do this we use a recently compiled dataset
consisting of rain gauge records from 44 stations in
the western and central tropical Pacific covering the
period from 1971 to 1990 (Morrissey et al. 1995).
These data are analyzed individually to determine if
there are spatial patterns in their linear trends and together, using principal component analysis (PCA) to
further clarify the results. The trends in the data are
compared to those found in the satellite OLR data, in
this case using rain gauge data only at those times for
which OLR data are available. Finally, the trends in
the rain gauge data are compared to those from the
GCM simulations described by Graham (1995), in
which the simulated precipitation changes were directly linked to recent increases in global tropospheric
temperature. The basic premise of using rain gauge
data is that they provide direct measurements of precipitation. Although rain gauge observations are affected to varying degrees by both systematic and random errors, the rain gauges in the tropical Pacific have
been installed and are maintained by many different
nations. The resulting mix of gauge types and recording procedures helps to randomize the data, thereby
greatly reducing the probability of finding like-signed
artificial trends of similar magnitude covering large
geographic regions.
Certainly, it is highly unlikely that any systematic
errors in the rain gauge data would show spatial patBulletin of the American Meteorological Society

terns similar to those seen in the satellite OLR data.
Thus, clear agreement between spatially coherent regional trends in the OLR and rain gauge data would
represent strong evidence supporting actual changes
in rainfall patterns over the tropical Pacific. Likewise,
similarity between the simulated and observed rainfall trends reinforces the suggestion that climate models can serve a useful purpose in monitoring and diagnosing climate change.
2. Data

The rainfall observations used in this study come
from a recently assembled database consisting of daily
rain gauge records from over 250 atoll and island rainfall stations across the Pacific from 1971 to the present
(Morrissey et al. 1995). This dataset (the Comprehensive Pacific Rainfall Data Base) was assembled to
provide verification data for satellite-derived precipitation proxies (Morrissey 1991; Morrissey and Greene
1993). The dataset consists of daily rainfall accumulations (the quality and quantity of which vary from
station to station) and is available to researchers via
the Internet (see Morrissey et al. 1995). As noted earlier, rain gauge measurements may be affected by both
systematic and random error arising from a variety of
sources (e.g., Groisman and Legates 1994; Legates
and deLiberty 1993). Among these are systematic biases introduced by differences or changes in gauge
types and changes in gauge locations. However, gauge
maintenance records from the tropical Pacific network
show no wholesale changes in gauge locations, gauge
types, or measurements techniques since 1971 (when
many countries switched to the metric system for recording data).
The OLR dataset is the same as that used by Graham (1995; Waliser et al. 1993). The data consist of
radiation flux values in Wnr 2 taken in the 10-12-/im
band from the NOAA polar orbiting satellites. The
data have been temporally and spatially averaged to
obtain monthly values representing 2.0° x 2.0° latitude-longitude boxes. The OLR record begins in June
1974, and the dataset used here extends through the
end of 1987; data are unavailable between February
1978 and January 1979. Previous applications and
potential problems relating to the use of satellite OLR
data as a proxy for tropical ocean precipitation have
been cited earlier.
Model precipitation data come from simulations by
two GCMs forced with observed global SSTs, both
J J 77
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of which reproduce important aspects of the observed
global-average surface-air temperature record during
the 1970s and 1980s (Graham 1995; Kumar et al.
1994). One of these models is the ECHAM3 GCM developed by the Max Planck Institute for Meteorology
at the University of Hamburg (Roeckner et al. 1992).
This is the third major revision of this evolving spectral transform model, and the data described here
come from simulations using triangular-42 (T42)
spectral truncation, with a physical grid having a resolution of approximately 2.8° latitude and longitude in
the horizontal and 19 levels vertically.
The results presented here are the average from an
ensemble of five simulations covering 1970-92. Results from versions of this model have been used in
many studies, including a comparison of simulated
and observed low-frequency changes in atmospheric
moisture content (Gaffen and Barnett 1992), an analysis of decadal-scale climate variability during the mid1970s (Graham 1994), and the diagnosis of recent
trends in global tropospheric temperature discussed
above (Graham 1995).
Results are also presented from the GCM under
development by the Coupled Model Project at the National Centers for Environmental Prediction (NCEP,
formerly the National Meteorological Center) (Ji et
al. 1994). The results presented here come from an
ensemble of nine simulations covering 1970-94. For
these simulations the model was configured at T40
resolution with physical resolutions identical to
ECHAM3. This model has also produced a variety of
interesting results, most notably the reproduction of
large-scale spatial patterns of temperature changes
between the 1950s and the 1980s (Kumar etal. 1994).
In all cases, for both observed and simulated data, the
data have been composited into monthly averages and
the annual cycle removed prior to further processing.

3 . Regression analysis

The data were initially filtered to remove the annual cycle by subtracting the long-term monthly average from each station. The principal analysis tool
used to assess a trend was simple linear regression
applied to each time series for each rain gauge station. The null hypothesis for each site was that the
computed slope was statistically equal to zero. To correctly test this hypothesis, the fundamental assumptions associated with linear regression analysis were
checked for violations. These assumptions are that the
1210

residual errors about the regression line have a zero
mean, a constant variance, and are uncorrelated. The
first assumption is met analytically through the application of regression analysis. Residual plots indicated
that the residual variance for each station was essentially constant. However, the residual errors showed
significant autocorrelation at lag 1 month, suggesting
that the errors are dependent. The solution to this problem is to transform the data, using a method given by
Montgomery and Peck (1982) in which a first-order
autoregressive process was assumed to provide an
adequate fit to each time series (refer to Chiu et al.
1981). Using this assumption, the lag 1 autocorrelation
was computed using
240

Yuetet~

i

t=1

where et are the residual errors at month t(t= 1, 2, 3,
. . ., 240). Using this estimate of the autocorrelation,
both the time and rainfall time series (i.e., the independent and dependent variables) were transformed
using
R'(t) = R(t)-pR(t-1)
and
T\t) = T(t)-pT{t-1),
where R\t) is the transformed value of the rainfall
accumulation at month t [(i.e., R(t)] and T(t) is the
transform of the time series. It turns out that since T(t)
is simply an ordered sequence of numbers from 1 to
240, it made no difference whether T(t) was transformed or not—the results, therefore, were the same.
The advantage of using this technique is that the slope
values for the transformed series are not significantly
different from the original series. The standard error
of the slope estimates, however, accounts for the reduced degrees of freedom in dependent data. Unfortunately, this technique could be applied to only 36
out of the original 44 stations due to significant
amounts of missing data in the records of 8 stations.
4 . Results

Figure 1 shows the linear trends in rain gauge precipitation measurements (in millimeters per month)
from 44 stations in the central and western tropical
Vol. 77, No. 6, June 7 996
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Pacific over the period 1971 -90.
The stations were selected on the
basis of having relatively complete records during the period
of interest (see Table 1). The last
column in Table 1 indicates
whether the null hypothesis of
the linear slope being zero at a
single station can be rejected or
not and the level of statistical
significance attributed to the decision. However, another form
of statistical significance not
quantified is the spatial pattern
of positive and negative slope values. It is apparent from Fig. 1
that this pattern is nonrandom and
Fig j Linear trends in rain gauge precipitation measurements for the period 1971-90;
supports the alternate hypothesis units are mm month 1 .
that the slopes at many of the
stations, while not significantly
These regions are approximately coincident with
different from zero in the individual sense, are indeed
different from zero when considering this nonrandom the climatological positions of rainfall maxima in the
spatial pattern of positive and negative slope values. North and South tropical Pacific, and the decreases
The pattern of precipitation trends shows a spatially represent changes in the annual mean precipitation on
coherent region of increased rainfall extending east- the order of 10% of the annual mean in these regions
southeast from near the date line at the equator to near over the 20-yr period.
On the whole, the pattern of precipitation changes
20°S and 140°W. Near the equator, typical values for
-1
the trends are in the range of 0.3 to 0.5 mm month . gives the suggestion of an eastward shift of the South
Generally, smaller values (typically 0.1 to 0.3 mm Pacific convergence zone (SPCZ) and an expansion
month-1) are found poleward of 10°S. Over the 20-yr of the region of climatologically heavy precipitation
analysis period, a linear trend of 0.3 mm month-1 is in the southwestern tropical Pacific. It is interesting
equivalent to an increase in monthly precipitation of to note that the stations south of the equator have inapproximately 72 mm, a substantial fraction of the his- dividual trends significantly different from zero at the
torical annual mean, which ranges from about 700 to 95% and 99% confidence levels, compared to those
2000 mm yr-1 (Shea 1986) in the region of increased trends in the Northern Hemisphere, which taken inprecipitation shown in Fig. 1. Furthermore, such a dividually, are not significantly different from zero
trend in precipitation represents an increase in diabatic (Table 1). This pattern is quite similar to the changes
heating of 70 W m-2 over this period (1 mm month-1 of the mid-1970s in boreal winter precipitation on the
of rainfall is equivalent to approximately 1 W m-2). basis of satellite proxies, diagnostics, and model simuThis area of increased precipitation is flanked on lations (Graham 1994, 1995).
Turning to the question of agreement between the
the northwest and south by regions of decreased precipitation. The negative trends in these regions tend OLR and observed trends, Fig. 2 shows the linear
to be smaller in absolute magnitude than those in the trends in OLR (Fig. 2a) and observed precipitation
region of increased rainfall, with typical values in the (Fig. 2b) over the tropical Pacific. The trends in OLR
range of -0.1 to -0.2 mm month-1. Thus, the average show a pattern qualitatively similar to that seen in Fig.
1, with a zonally extended region of negative trends
yearly change in rainfall is
centered at approximately 7°S near the date line.
Downward trends in a large part of this region range
240
-1
from -0.10 to -0.18 W m-2 per month, representing a
^T (/ months) x (-0.15 mm month )
decline on the order of -17 to -30 W mr2 during the
-217 mm yr -1 .
14 years over which the trend was calculated. These
20 yr
Bulletin of the American Meteorological Society
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TABLE 1. List of rain gauge stations used and the percentage of records available during 1971-90 and for the months when OLR
data were available. Also shown is the slope after the each time series has been whitened (i.e., PW), the corresponding F statistic and
the P indicator, where P = *, **, or *** if the F statistic indicates a 90%, 95%, or 99% chance, respectively, that the null hypothesis
of the slope being zero can be rejected. That a station record is too short or contains too many missing values to conduct a valid
statistical analysis is indicated by NA.
Site
no.

Station

Latitude

Longitude

Record %
1971-90

Record %
OLR

PW
slope

F

P

1

Guam Anderson Air Force Base

13.35 N

144.55 E

98

99

-0.094

0.774

2

Guam Naval Air Station

13.32 N

144.50 E

100

100

-0.097

0.701

3

Palau

7.19 N

134.28 E

100

100

0.062

0.296

4

Kwajalein

8.43 N

167.44 E

100

100

-0.197

3.056

*

5

Majuro

7.05 N

171.22 E

100

100

-0.234

4.098

* *

6

Guam, Mangilao

13.27 N

144.49 E

97

95

-0.133

2.003

7

American Samoa

14.19 S

170.42 W

100

100

0.036

0.052

8

Pohnpei

6.57 N

158.13 E

100

100

-0.111

0.461

9

Wake

19.17 N

166.38 E

100

100

-0.034

0.267

10

Yap

9.28 N

138.05 E

99

99

-0.080

0.389

11

Fanning

3.50 N

160.25 W

100

100

0.024

0.004

12

Banaba

0.54 S

169.33 E

96

97

0.195

0.267

13

Butaritari

3.03 N

172.47 E

100

100

0.191

0.655

14

Tarawa

1.21 N

172.55 E

100

100

0.157

0.151

15

Beru

1.21 S

175.58 E

100

100

-0.010

0.065

16

Arorae

2.38 S

176.47 E

100

100

0.168

0.227

17

Nanumea

5.40 S

176.07 E

99

100

0.301

1.154

18

Niutao

6.05 S

177.19 E

98

97

0.549

4.392

* *

19

Nui

7.15 S

177.08 E

99

100

0.395

4.985

**

20

Funafuti

8.31 S

179.11 E

100

100

0.355

8.160

***

21

Niulakita

10.47 S

179.27 E

98

100

0.023

0.013

values are larger than the possibly artificial 5-15
W m-2 changes between the 1970s and 1980s suggested by Gadgil et al. (1992).
The corresponding trends in observed rainfall (Fig.
2b) were calculated using data only from stations for
which less than 10% of the data for 1974-87 are missing and only from months for which OLR data were
available. These rain gauge data show a pattern of
trends much like that depicted for the OLR data and
that shown for the entire rain gauge record (Fig. 1),
although in the latter case the range of values is only
1212

about half that found for the shorter record. This is
probably because the 1974-87 analysis period ends
during the close of the 1986-87 El Nino episode, a
factor that would tend to amplify the trend. Another
difference between Figs. 1 and 2b is that in the former
the magnitudes of the negative trends in precipitation
in the regions north and south of the equator are approximately equal, while in the latter the trends in the
Southern Hemisphere region are considerably larger
(more negative) than those in the Northern Hemisphere.
Vol. 77, No. 6, June 7 996
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TABLE 1, continued.

Site
no.

Station

Latitude

Longitude

Record %
1971-90

Record %
OLR

PW
slope

F

P

22

West Samoa, Apia

13.47 S

171.47 W

98

97

-0.286

3.882

**

23

Tonga, Niuafa'au

15.34 S

165.36 W

96

96

-0.310

4.222

**

24

Tonga, Keppel

15.56 S

173.46 W

98

97

-0.241

5.154

**

25

Tonga, Vavau

18.38 S

173.58 W

100

99

-0.213

3.607

*

26

Tonga, Ha'apai

19.47 S

174.21 W

98

97

-0.272

4.155

**

27

Cook, Penrhyn

9.00 S

158.02 W

100

100

0.887

18.515

***

28

Cook, Rakahanga

10.02 S

161.05 W

98

99

0.875

6.026

**

29

Cook, Pakapuka

10.52 S

165.49 W

98

100

0.296

5.860

**

30

Cook, Aitutaki

18.48 S

159.46 W

100

100

-0.142

1.997

31

Cook, Mauke

20.07 S

157.21 W

71

81

32

Cook, Rarotonga

21.11 S

159.47 W

100

99

-0.030

0.269

33

Pitcairn

25.04 S

130.05 W

100

100

0.085

1.121

34

Raoul

29.14 S

177.55 W

100

100

-0.217

6.552

35

French Polynesia, Pukapuka

14.47 S

138.49 W

80

93

NA

NA

36

French Polynesia, Mopelia

16.45 S

153.57 W

50

46

NA

NA

37

French Polynesia, Rangiroa

14.57 S

147.39 W

88

100

NA

NA

38

French Polynesia, Takaroa

14.28 S

145.02 W

99

100

0.067

0.457

39

French Polynesia, Hao

18.04 S

140.58 W

99

100

0.065

0.909

40

French Polynesia, Hereheretuc

19.52 S

145.00 W

99

99

0.211

6.604

41

French Polynesia, Tureia

20.45 S

138.33 W

83

95

NA

NA

42

French Polynesia, Reao

18.28 S

136.27 W

78

95

NA

NA

43

French Polynesia, Moruroa

21.48 S

138.47 W

89

99

NA

NA

44

French Polynesia, Tematangi

21.37 S

140.38 W

33

50

NA

NA

Although the OLR and gauge precipitation trend
maps match well with respect to the major features,
the datasets disagree in the sign of the trends in the
northwest tropical Pacific. In this region, climatologically associated with the position of the Northern
Hemisphere monsoon trough, the rain gauge pattern
indicates a modest decreasing trend (typically -0.1 to
-0.2 mm month-1). In contrast, the OLR pattern shows
a decreasing trend (indicating increasing rainfall) of
-0.02 to -0.06 W m-2 per month, or about - 5 to -14
W m-2 of change during the 14-yr record. The latter
Bulletin of the American Meteorological Society

NA

NA

**

***

range agrees with the - 5 to -15 W m-2 of artificial
downward bias in OLR between the late 1970s and
early 1980s suggested by Gadgil et al. (1992), which
perhaps indicates the reason for the discrepancy between the trends in gauge precipitation and OLR in
this region.
A further suggestion of the possible impact of artificial signals in the OLR comes from a comparison
of the magnitudes of trends in OLR and rain gauge
measurements using the factor suggested by Arkin
(1984; in which a change of 1 W m-2 in OLR is conJ J 77
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suggested by Gadgil et al. (1992)]
would reduce the OLR trends to -0.04
to -0.12 W m -2 per month. Such
trends indicate precipitation increases
of 0.6 to 1.8 mm month-1, reducing
the inconsistency between the rain
gauge- and OLR-inferred trends to a
factor of 2-3. This factor could be
further reduced by using an OLR-torainfall relation derived using the extensive observations now available
from the tropical Pacific.
Whatever the source of the inconsistencies between the trends in OLR
and in rain gauge measurements, the
similarity between their spatial patterns suggests that the trends in OLR
over the tropical Pacific are dominated by the effects of real and substantial changes in organized convection and precipitation, much like
those inferred by Nitta and
Yamada (1989) and Graham
(1991, 1994, 1995).
Although the patterns of the
secular trends in rain gauge
measurements show coherent
distributions over large spatial
scales, it is also of interest to
consider how the linear trends
relate to the overall variability in
the dataset. To do this we have
applied PC A to the rain gauge
data, using data from the period
of June 1974-December 1987
(the period for which OLR data
are available). Forty-one stations
were used in the analysis,
2
-1
FIG. 2. (a) Linear trends in OLR for the period 1974-87; units are W n r month , (b)
and
the
few short gaps in the
Trends in rain gauge precipitation measurements for the period 1974-87 using data only
data
available
for these stations
for those months when OLR data are available.
were filled using linear interpolation. The spatial and temporal
sidered equivalent to a 15 mm month-1 change in pre- functions of the first principal component (accountcipitation—note that this factor was derived from a ing for 15.8% of the total variance) are shown in Figs.
limited body of data from the tropical Atlantic). Us- 3a and 3b, respectively.
The spatial function shows a distribution much like
ing this factor, the trends in OLR of -0.10 to -0.18
W m-2 per month (Fig. 2a) would represent increases that in the trend maps shown in Figs. 1 and 2b, with
in precipitation on the order of 1.5 to 2.7 mm month"1. positive values extending from just south of the equaThese are larger than the observed changes (0.3 to 0.5 tor near the date line (where the largest values are
mm month-1) by a factor of about 5. Assuming an ar- found) toward the east-southeast and regions of lower
tificial bias of -10 W m-2 [the midpoint of the range magnitude negative values to the south and northwest.
1214
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The temporal function for this
mode shows considerable variability associated with ENSO
and an apparent upward trend.
The statistical significance of
this trend was evaluated using
the procedure described in the
previous section to serial correlation in the series, giving a
probability 99% that the actual
value of the trend is larger than
zero. The positive values of this
trend indicate a tendency for increasing precipitation in westcentral tropical Pacific and are
thus consistent with the previously presented results.
It is quite likely that the trend
during this relatively short period
is due to an increasing number or
length of ENSO events during the
latter portion of the period. In an
effort to observe the trend with the
ENSO effect removed from the
temporal function of the first principal component, a method used by
Angell (1990) was applied to the
time series. Angell used the linear
relationship between global temperature values and central and
eastern Pacific SST to approximate
the effect of ENSO on the global
temperature record. Similarly, the
monthly averaged SST values from
within the NIN03 area (5°N to
5°S, 150° to 90°W)1 were used as
an ENSO index. This area was seFIG. 3. (a) First mode from the principal component analysis of the rain gauge
lected since it is strongly affected
precipitation
data for the period 1974-87. Spatial weights have been multiplied by
by ENSO and does not encompass
100. (b) Temporal function of the first principal component of rain gauge precipitation
any of our island rain gauge sta(units can be scaled to units of mm month -1 by multiplying by approximately 0.15)
tions. Using linear regression shown in (a). The individual monthly values are shown by "+," the heavy solid line
analysis, a strong linear relation- shows the temporal function smoothed using a filter with a half-power point at
ship (Y= -23.04 + 198.29X; R - approximately 8 months, and the lighter solid line shows the linear trend (the trend
-1
-1
0.59) was observed between the in- is 2.3 units month or 0.35 mm month ).
dependent variable (the ENSO index) and the first principal component temporal func- tropical rainfall are physically related. By subtracting
tion. This should not be too surprising since SST and the resulting regression relationship from the first principal component temporal function, an adjusted time
series was derived. A plot of this function with time
'The ENSO SST index from N I N 0 3 was obtain from the Climate
(Fig. 4) still produces a positive linear trend, albeit
Prediction Center, NOAA Science Center, Camp Spring, Marysmaller than the nonadjusted function. The resulting
land.
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Thus, although there are differences in the simulated and observed trend maps, the results from both
models qualitatively reproduce the observed spatial
distribution and magnitudes of the precipitation trends.
This is an important point, because these precipitation
trends in the models can be linked directly to the upward tendencies in the model surface air temperatures,
tendencies that in turn agree closely with observations.

5. Discussion
FIG. 4. The same as in Fig. 3b with the ENSO effect removed.

It has been suggested that changes in the hydrologic
cycle over the tropical Pacific, a response to increased
SSTs, have been responsible for some of the most
regression relationship was Y = -99.81 + 1.2IX with obvious large-scale climate changes observed during
a correlation value of 0.23. Thus, the ENSO explains recent decades. These include major changes in the
boreal winter circulation during the mid-1970s (Nitta
a large portion of the observed positive trend.
As a final comparison, Fig. 5 shows the trends in and Yamada 1989; Graham 1991, 1994) and the upsimulated precipitation from the ECHAM3 (Fig. 5a) ward trends in global average surface air temperature
and NCEP (Fig. 5b) GCMs over the same period, since that time (Flohn et al. 1992; Graham 1995).
1970-91, used to calculate the rain gauge trends Although these suggestions are backed by considershown in Fig. 1. The spatial pattern from the able supporting evidence, because a complete and
ECHAM3 model rainfall shows upward trends of 0.2 quality-controlled set of in situ rain gauge measureto 0.3 mm month-1 covering much of the near-equa- ments has only recently become available, the precipitorial Pacific west of 170°W, with a second detached tation changes themselves have been inferred primaregion of positive trends (0.2 mm month"1) centered rily from satellite proxies, diagnostics based on obnear 15°S and 140°W. This pattern shows some simi- served winds and SSTs, and results from numerical
larity with the observed distribution (Fig. 1), although simulations. Because these proxies, diagnostics, and
the region of maximum changes is displaced west of model results are subject to error and uncertainty, and
that seen in both the rain gauge and OLR data (Fig. because they bear on issues of considerable conse2a). Also, the model distribution does not show the quence, the idea that such changes in rainfall patterns
continuous region of increased rainfall extending into actually occurred has been treated with understandthe South Pacific from the date line that is apparent able caution.
in the observational data. The break in this feature seen
In this paper we seek to clarify this issue using
in the simulated data (near 10°S, 160°W) is likely newly a available rain gauge dataset from tropical
related to the fact that the model does not simulate the Pacific islands over the period 1970-91 (Morrissey
SPCZ realistically. The simulated trend pattern does et al. 1995). The linear trends in these data are comagree well with that observed in showing a decrease pared with those found in a frequently used satellite
in precipitation in the southwest tropical Pacific.
proxy for tropical precipitation (OLR) and those seen
The map of trends in NCEP GCM precipitation in simulations with two GCMs driven with observed
(Fig. 5b) also shows qualitative similarity with the ob- SSTs.
served pattern, showing positive values near the equaThe results clearly support the suggestion of an
tor in the western Pacific extending toward the east- enhancement in the tropical hydrologic cycle during
southeast from near the dateline. The results from this the past two decades. The rain gauge data show a trend
model differ from the observations in showing smaller toward increasing precipitation in a large region of the
values (0.1-0.2 mm month 1 ) near the equator and tropical Pacific extending east-southeast from near the
larger values (up to 0.5 mm month"1) in the South- dateline on the equator to near 20°S and 130°W. In
central tropical Pacific. The regions of decreased pre- this region, the linear trends are typically in the range
cipitation in the northwest and southwest tropical of 0.2 to 0.5 mm month-1. Over the 20-yr analysis pePacific are also qualitatively reproduced.
riod, these values represent changes in annual precipi1216
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tation (700-2000 mm yr 1 ) that represent large fractions of the historical
climatological values and further represent substantial changes in diabatic
heating on the order of 50 to 120 W
in-2. Regions of decreased precipitation trends are located in the northwest
and southwest tropical Pacific on either side of the region of increased
rainfall. Trends in these regions of decreased precipitation are on the order
of -0.1 to -0.2 mm month"1.
Applying principal component
analysis to the rain gauge data shows
that the dominant mode captures essentially the same spatial pattern, and
the temporal expression of this mode
shows a significant secular trend indicating decreasing OLR (i.e., increased precipitation) in the region
where rain gauge trends are positive.
Comparison of the in situ rain gauge
measurement trends (calculated using
rain gauge data only from months
when OLR data were available) with
the satellite OLR data shows good
agreement with respect to spatial distribution. This result supports the suggestions of Nitta and Yamada (1989)
and Graham (1991, 1994) concerning
apparent changes in tropical Pacific
precipitation patterns during the mid1970s, as outlined earlier. There are
inconsistencies between the magnitudes of the precipitation trends inferred from the OLR data [using the
conversion factor given by Arkin
(1984)] and those calculated directly
from the rain gauge data, with OLR
trends being larger than the rain
gauge trends by a factor of approximately 5. This discrepancy is consido v
erablyJ reduced (to a factor of 2 to 3) , F i a 5 ' ?>1 T ^ d A s in E C ™
^ e p e r i o d 1971 " 90; units are
,.
\
, r
, ^
/
(mm month" ), (b) As in (a) but for NCEP climate GCM.
if an adjustment is made for the 5-152
W nr artificial downward bias in
OLR between the mid-1970s and the
mid-1980s proposed by Gadgil et al. (1992).
rived by Arkin (1984) used a more limited dataset covWhile this bias could be further reduced by using ering approximately 6 years], it is the similarity bea revised OLR-to-rainfall relationship derived from tween the spatial patterns of the OLR and rain gauge
the large set of observations now available from the trends, rather than the absolute values of the OLR data,
western and central tropical Pacific [the relation de- that are of primary interest here.
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Comparisons are also made between the trends in
rain gauge data and those produced by the ECHAM3
and NCEP climate GCMs. The model results show
general agreement with the observed trend patterns in
terms of spatial distributions, and with respect to the
magnitudes and spatial coverage of the regions of
positive and negative trends. Overall, the rain gauge,
OLR, and simulated datasets agree in suggesting a
trend toward an enhanced hydrologic cycle over the
tropical Pacific since 1971 and are thus consistent with
the scenario laid out by Flohn et al. (1992) and Graham (1995), in which such an enhancement of the
hydrologic cycle is responsible for the sharp upward
trend in global average surface air temperatures since
1975. Model results (e.g., Graham 1995) show that
this enhancement has been driven by increases in
SSTs in the tropical oceans, particularly in the tropical Pacific. Why SSTs have increased, and how the
warmer temperatures are being maintained, are critical issues concerning the genesis of recent instances
of climate change.
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There are few facets of modern physical oceanography that have not benefited from the influence of Henry Stommel. His creative zeal
knew little bound as his interests developed from regional issues such as the circulation in estuaries and convection in atmospheres
and ponds to the large-scale general ocean circulation that carried the stamp of his ideas for more than 40 years. Gathered together
in this three-volume set is virtually all of his published work, along with a selected sampling of some of his unofficial publications.
The three volumes combined contain over 1900 pages and cost only $95 for members, $160 for nonmennbers, and $50 for students,
shipping and handling included. Please send prepaid orders to: Order Department, AMS, 45 Beacon St., Boston, MA 02108-3693.

1220

Vol. 77, No. 6, June 7 996
Unauthenticated | Downloaded 01/09/23 01:14 AM UTC

