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Abstract

To detect climate change in the Amazon Basin, as possibly
induced by deforestation, time series of monthly mean outgoing
longwave radiation (OLR), an index of tropical convection, and
monthly rainfali totals at Belém and Manaus for the past 15 years are
analyzed. A systematic bias in the original OLR series was removed
priortothe analysis. Linear regression analysis and nonlinear Mann—
Kendall rank statistic are employed to detect trends. Over almost all
of the basin, the OLR trend values are negative, indicating an
increase of convection with time. The largest negative and statisti-
cally significant values are found in the western equatorial portion of
Amazonia, where rainfall is most abundant. Consistent with this, the
rainfall series at Belém and Manaus also feature upward trends.
Small positive and statistically insignificant, OLR trend values are
confined to the southern fringe of the basin, where deforestation has
been mostdrastic. Thus, thereislittle indication for a rainfallincrease
associated with deforestation, but rather a strong signal of enhanced
convection in the portion of Amazonia contributing most strongly to
the total precipitation over the basin.

1. Introduction

Possible climatic change caused by progressive
deforestation in the Amazon Basin (Fig. 1), which
holds about half of the world’s remaining rain forest,
has received much attention. There is a wide range of
estimates of deforestation rates. For the period from
1978 to 1988, Myers (1991) and World Resources
Institute (1990) give estimates ranging from 50 000 to
80 000 km? per year, while Fearnside et al. (1990) and
Nobre et al. (1991) report rates of 21 000 and 20 000
km? per year, respectively. Over the same period,
Skole and Tucker (1993}, using Landsat satellite and
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the Geographic Information System, determined an
increase of deforested area from 78 000 to 230 000
km2, out of a total of about 4 000 000 km? forest area
in Brazilian Amazonia, corresponding to deforestation
rate of 15 000 km? per year. Myers (1991) presents
evidence indicating that the forest thus affected does
notrecover. Deforestation is concentrated in the south-
ern and eastern fringes of Brazilian Amazonia and
along the major transportation lines in the interior (Fig.
2). The neighboring Amazonian countries such as
Colombia and Peru have also experienced a high rate
of deforestation (e.g., Myers 1991). This drastic re-
moval of biomass may have implications for the re-
gional climate, biodiversity, the global carbon cycle,
and the large-scale atmospheric circulation.

The climatic effects of the conversion of tropical
rainforest to grassiand have been the subject of
various numerical model experiments. The processes
involved are complex. When forest is replaced by
pasture, the absorption of solar radiation at the sur-
face is reduced because of the higher albedo for grass

10°

o

10°

20°
S 80° 60°

40°W

Fic. 1. Map summarizing information on numerical modeling
experiments of Shukla et al. (1990) and Nobre et al. (1991):
boundary of Amazonia where rain forest is replaced by grassiand,
depicted by heavy solid lines in 1° latitude—longitude resolution;
and rainfall difference (deforested—control), depicted by thin
solid lines in millimeters. National boundary of Brazil is entered as
thin broken line.
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Fic. 2. Map showing the deforested areain Brazilian Amazoniain
1988 (adapted from Skole and Tucker 1993). Boundaries of Amazon
forestand Brazil are entered as thin dotted and broken lines, respec-
tively.

as compared to forest. Reduced surface net radiation
would leave less energy for evapotranspiration, and
smaller roughness length of grass may have conse-
quences for surface temperature and sensible heat
transfer, with further implications for the Bowen ratio.
Differences between the results from various model
experiments are then not surprising. Dickinson and
Henderson-Sellers (1988) used a coarse-resolution
atmospheric general circulation model (GCM) coupled
with a biosphere model to diagnose the effect of
converting Amazon rain forest to grassland and in-
ferred reduced precipitation and evaporation and a
lengthening of the dry season. More recently, a similar
numerical simulation was conducted using a higher-
resolution GCM and prescribing basinwide deforesta-
tion (Nobre et al. 1991; Shukla et al. 1990). Like the
Dickinson and Henderson-Sellers study, these simu-

lations also indicated a basinwide rainfall decrease of

about 20%—30% (~600 mm) due to deforestation, and
the areas of the largest decrease (>800 mm) are found
in the central and northern portion of the basin (Fig. 1).
Conceivably, this rainfall decrease would reduce the
moisture flux convergence and latent heating in the
basin, thereby inducing large changes in local and
regional atmospheric circulation.

However, observational evidence of such climatic
change in Amazonia so far is lacking. Richey et al.
(1989) analyzed long-term (1903-85) river-flow data
of Manacapurd near Manaus (Fig. 3) and concluded
that the river-flow fluctuation was marked by a 2- 1o 3-
yr periodicity and that there was no statistically signifi-
cant change on the decadal time scale.

Given the important role of the Amazon Basin in
global climate change and in the general circulation of
the atmosphere as a major heat source, it is appropri-
ate to determine whether there are any real observ-
able changes over time in the regional climate that
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would validate these model results. Such information
is of interest for inferences on the future evolution of
the global circulation, and it may also be helpful in the
development of long-term sustainable land use poli-
cies. It is desirable to ascertain the direction and
statistical significance of any change and to examine
whether the change occurs coherently in the entire
basin or is rather concentrated in certain areas with
most pronounced deforestation (Fig. 2).

2. Observations

Two independent datasets are used in this study:
the monthly rainfall totals at Belém and Manaus in
Brazil (Chu 1991) and daily averaged outgoing
longwave radiation (OLR) data from NOAA’s scanning
radiometer mounted on polar-orbiting satellites. The
OLR data are available at 2.5° latitude—longitude
resolution for almost 15 years from June 1974 to
September 1990 (a gap in 1978). The missing data in
1978 are filled by the long-term means. Longer series
exist for rainfall records, but for the sake of compari-
son, a common period (June 1974 to September
1990) for rainfall at Belém and an almost common
period (June 1974 to December 1988) for rainfall at
Manaus are adopted.

Regarding OLR measured from the NOAA polar-
orbiter satellites, the infrared sensors detectlongwave
radiation emitted from the earth in the 10.5-12.5-um
wavelength band (the water vapor window). In this
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Fic. 3. Map of observed OLR trends and rainfall. Heavy solid lines
denotelinear OLR trendin 107 Wm2per year, with spatial resolution
of 2.5°, period June 1974 to September 1990, with heavy dots
indicating significance at 5% level (open circle also indicates signifi-
cance but this grid point lies outside the forest domain defined in Fig.
1). Thin solid lines denote annual mean rainfallin meters. Also entered
is small dot grid denoting the 2.5° latitude—longitude resolution, for
which OLR series were evaluated. Boundaries of Amazon forest and
Brazil are entered as thin dotted and broken lines, respectively.
Manaus and Belém are indicated by large dots.
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window, variations in OLR are caused mainly by
clouds within the field of view. In the case of deep
convective clouds, the sensors measure radiation
from the top of clouds. In the case of clear sky, the
satellite radiometer monitors longwave radiation emit-
ted mainly from the earth surface. In the Tropics, the
satellite-derived OLR mainly reflects cloud-top tem-
peratures, with low OLR values corresponding to cold
and high clouds, which generally denote enhanced
convection. Thus, an inverse relationship generally
holds between OLR and convection.

OLR data have been used extensively to study
tropical convection (e.g., Lauand Chan 1983; Graham
and Barnett 1987) and even to estimate tropical
rainfall (e.g., Motell and Weare 1987; Yoo and Carton
1988). Recently, Waliser et al. (1993) compared OLR
data to the frequency of the deep convective cloud
type of the shorter series of the International Satellite
Cloud Climatology Project stage C2 dataset (Rossow
and Schiffer 1991). In the C2 dataset, the deep
convective cloud type is defined when the cloud-top
pressure is less than 440 mb and when the optical
thickness has a value greater than 23. In this compari-
son, Waliser et al. (1993) found good agreements in
regions where deep convection prevails. Accordingly,
OLRis regarded as a reasonable indicator of convec-
tive activity in the Amazon Basin.

Gadgil et al. (1992) reported a systematic bias in
OLR, with values in the 1980s consistently lower than
those in the 1970s. The sources of bias of OLR in the
1980s include the differences in equatorial crossing
time and uncertainties in sensor calibration among
satellites, as described in Gadgil et al. (1992) and
Chelliah and Arkin (1992). We used a formula sug-
gested by Gadgil et al. (1992) to correct for this bias.
Only the bias-removed OLR series are presented in
this study.

3. Methods

To remove the annual cycle of convection, which in
the Amazon Basin is substantial (Horel et al. 1989),
the individual monthly rainfall and corrected OLR
series are subtracted from the corresponding long-
term monthly mean. Two statistical methods are used
separately to quantify the direction and magnitude of
the “trend.” The first relies on conventional least-
square techniques to estimate the slope, , of a simple
linear regression line. The second method is the
Mann—Kendall rank statistic, 7, as in Kousky and Chu
(1978). The use of tinvolves ranking and counting of
each individual member relative to others in a raw
(unranked) series. A negative estimate of Timplies a
decrease of a variable with time. In principle, the latter
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method is nonlinear and based on ranks, so that
results are more robust to the start and end points of
data than the regression analysis.

4. Results

Figure 3 maps the linear trend of the OLR series
along with the pattern of annual rainfall. Over almost
all of the basin, the OLR trend values are negative,
indicating an increase of convection with time. The
largest negative and statistically significant values are
found in the western equatorial portion of Amazonia,
where rainfall is abundant (e.g., Legates and Willmott
1990). Small positive and statistically insignificant,
OLR trend values are confined to the southern fringe
of the basin, where deforestation has been most
drastic.

As a complement to Fig. 3, Fig. 4 displays the OLR
trend based on the Mann-Kendall rank statistic. It
supports the above assessment, in likewise showing
prevailing negative trends, with largest and statisti-
cally significant values over the western equatorial
portion of Amazonia, and small positive OLR trend
values confined to the southern portion of the basin.

Figure 5 shows the time series plot of the area-
averaged OLR in western equatorial Amazonia where
the trend is most pronounced (Fig. 3). From 1974 to
1990, the linear regression analysis indicates a de-
crease in the area-averaged OLR by about 7 W m2,
and in the center of this region the decreaseis as large
as 9 W m—=2. Comparatively large OLR values, indica-
tive of reduced convective activity, are associated with
the 1976-77, 1982-83, and 1986-87 EI Nifio events.

The rainfall of Belém and Manaus (Fig. 3) shows
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Fic. 4. Map of the spatial distribution of the estimated Mann—
Kendall rank statistic 7 of OLR, with spatial resolution as in Fig. 3.
Heavy dots indicate significance at the 5% level. The period is from
June 1974 to September 1990. Boundaries of Amazon forest and
Brazil are entered as thin dotted and broken lines, respectively.
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Fic. 5. Time series of the area-averaged monthly OLR series in
western Amazonia over solid grid points indicated in Fig. 3. Straight
line denotes the linear regression line of which the trend is significant
at the 5% level. EN indicates El Nifio years.

linear trends of about +2.0 and +0.9 mm per year,
respectively; the estimate is larger at Belém than at
Manaus, a feature basically consistent with the satel-
lite-derived variable (Fig. 3). The Mann-Kendall rank
statistics for Belém and Manaus are +0.07 and +0.04,
respectively. Thus, both results indicate an upward
trend, although the 5% significance levelis notreached.

5. Summary and discussion

Results from two statistical analyses as presented
in Figs. 3-5 are mutually supportive in suggesting a
slight increase in tropical convection (or rainfall) over
much of Amazonia concurrent with deforestation.
These results are in apparent contrast to some GCM
simulations. One reason for this difference may be
due to the fact that deforestation has not yet occurred
on a basinwide scale. As the deforested area in-
creases, the effects could be expected to gradually
increase. Another reason for the difference between
model simulations and observations may be due to
limitations of the models: namely, that the GCM failed
to accurately simulate the extent and duration of
convective cloud cover in the Tropics (Shuttleworth et
al. 1990). Using an improved cloud-radiation interac-
tion scheme in the GCM and seasonally varying
climatological sea surface temperatures, however, a
slight increase in annual rainfall over the entire
Amazonia has been simulated as a result of tropical
forest removal (Dirmeyer and Shukla 1991). This
result agrees better with observations presented in
this study.

In the southern fringe of Brazilian Amazonia where
deforestation is drastic, there is a weak sign of an
upward trend in OLR (e.g., Fig. 3). However, in this
region OLR in austral winter may reflect nonconvective
cloudiness (Garcia 1985). Accordingly, even the weak
positive OLR trend in southern Amazonia may not
necessarily imply a decrease of convection.

More important, a coherent slight increase in con-
vection is noted over most of the Amazon Basin, with
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changes being statistically significant in western
Amazonia along the eastern slope of the Andes (i.e.,
southern Colombia, Ecuador, and northeastern Peru).
Two questions immediately arise: What are the causes
forthe general upward trend in convection? Why is the
change so pronounced in western Amazonia? Work is
in progress to explore these issues through analyses
of large-scale circulation and remote sensing obser-
vations in the Amazon Basin and adjacent oceans.
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technologies used in its practical apphcdtmn, the need to produce a new edition of the
International Meteorological Vocabulary (IMV) became evident (the original edition was
published in 1966). This volume is made up of a multilingual list of over 3500 terms
arranged in English alphabetical order, accompanied by definitions in each of the
languages (English, French, Russian, and Spanish) and an index for each language. This
new edition has been augmented with numerous concepts relating to new meteorological
knowledge, techniques, and concerns. It should help to standardize the terminology used in
this field, facilitate communication between specialists speaking different languages, and

aid translators in their work.
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WMO No. 182, 784 pp., softbound, color-coded index, $95 (including
postage and handling). Please send prepaid orders to: WMO
Publications Center, American Meteorological Society, 45 Beacon St.,
Boston, MA 02108-3693. (Orders from U.S. and Canada only.)

International
Meteorological
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