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ABSTRACT

Observed rainfall, outgoing longwave radiation (OLR), divergence, and precipitation from the reanalysis
project of the National Centers for Environmental Prediction and the National Center for Atmospheric Research
are compared over the Amazon Basin. The spatial pattern of the mean and the phase of the annual cycle generally
compare well, except that the amplitude of the annual cycle of model precipitation is much smaller than observed.
On 10-30-day timescales, it is shown that averaging stations within a 5° radius is approximately equivalent to
total wavenumber 20 (T20) spatial scale, although it is more important to have a high density of stations than
an exact match of spatial scales. Ideally, there should be one station per 20 000 km2. On 10-30-day scales,
observed rainfall is best correlated with OLR. Correlations between OLR and 150-mb divergence are larger
than between observed rainfall and divergence or between rainfall and model precipitation. For example, if 10—
30-day filtered OLR and divergence are truncated at T20 and rainfall is averaged to include stations within a
5° radius, OLR is correlated with rainfall at about —0.6, OLR is correlated with divergence at about —0.35,
and rainfall is correlated with divergence at about 0.2. At least part of the lack of correlation is due to inadequate
spatial sampling of rainfall. Correlations improve with larger spatia scale. The magjor seasonal transitions from
dry to rainy regimes are captured well by OLR but not by the model quantities. The mean diurna cycle is
represented reasonably by 150-mb divergence.

1. Introduction Amazon Basin is not well observed. There are few up-
per-air stations from which to calculate divergence di-
rectly and rainfall must be observed at high spatial res-
olution to be accurate on the large scale (e.g., Hudlow
1979). Furthermore, rainfall observations are not re-
ported in a timely manner and there are large areas of
the Amazon Basin without coverage. Current efforts,
such as the Large Scale Biosphere Atmosphere Exper-
iment in the Amazon Basin (Nobre et al. 1996) and the
Variability of the American Monsoon Project (C. R.
Mechoso 1997, personal communication), will improve
our understanding of the physical mechanisms produc-
ing rainfal in the region.

The purpose of this report is to compare estimates of
OLR, divergence, and rainfall in the Amazon Basin. The
immediate motivation is that we plan to document the
onset of the rainy season in that region; therefore, the
emphasis is on timescales of less than a month.

OLR has been compared to rainfall using monthly
and seasonal means (e.g., Arkin and Meisner 1987) and
on shorter timescales (e.g., Morressey 1986). The linear
relationships have been deemed reasonable, giving rise

The Amazon Basin supports one of the three quasi-
stationary centers of intense near-equatorial convection
and is the largest and most intense land-based convec-
tive center. During the Southern Hemisphere summer
when convection is best developed, the Amazon Basin
is one of the wettest regions on earth.

Over the Amazon Basin, as well as in other convec-
tive regions of the near-equatorial Tropics, low values
of outgoing longwave radiation (OLR), abundant rain-
fall, and enhanced upper-level divergence are thought
of almost interchangeably as denoting regions of deep
convection. While accurate estimates of rainfall are of
direct local importance, a precise knowledge of the di-
vergence field is important on the global scale through
its connection to the vorticity budget (e.g., Sardeshmukh
and Hoskins 1987).

As with most of the Tropics, the meteorology of the
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to the use of OLR by itself to quantitatively estimate
precipitation (e.g., Motell and Weare 1987; Yoo and
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Carton 1988), and to form spatially and temporally con-
tinuous datasets by combining OLR with available rain
gauge reports (e.g., Xie and Arkin 1998), and by com-
bining OLR with other parameters as well (e.g., Adler
et a. 1994; Huffman et al. 1995).

OLR is also often used as a surrogate for upper-level
divergence (e.g., Chelliah et al. 1988). Divergence, es-
pecially in the Tropics, is impossible to derive directly
because of the dearth of upper-air stations, so one must
rely on an assimilation model. Unfortunately, the ac-
curacy of tropical divergence derived from global anal-
yses historically has been suspect, at least partly because
of changes in assimilation schemes with time. Com-
parisons of divergence fields from various meteorol og-
ical centers have shown large differences between dif-
ferent estimates (e.g., Trenberth and Olson 1988; Sar-
deshmukh and Liebmann 1993); thus, OLR often is
deemed amore reliableindicator of divergence than that
derived from global wind analyses.

The National Centers for Environmental Prediction
(NCEP) reanalysis presents an opportunity to study phe-
nomena of meteorological interest, including divergence
and model-derived precipitation, using a complete rec-
ord that has been assimilated with a temporally consis-
tent scheme (e.g., Kalnay et al. 1996). Many observa-
tions are included in this assimilation that were not in-
cluded in the original operational analysis. The accuracy
of the NCEP divergence, however, is still subject to
guestion.

2. Data
a. NCEP reanalysis and OLR

The NCEP reanalysis model (e.g., Kalnay et al. 1996)
is a spectral sigma surface model run at a resolution of
total wavenumber 62 (T62). Divergencefieldshave been
interpolated to pressure surfaces at T35 resolution. We
interpolate these evenly spaced gridded fields to a
Gaussian grid and then spectrally truncate them in order
to facilitate examination of varying spatial scales. NCEP
precipitation fields are available on a Gaussian grid. The
reanalysis data extend from 1979 to 1994. Unless stated
otherwise, the four times per day fields have been re-
duced to 5-day averages. We also have produced cor-
responding pentads of OLR. Missing values of OLR
have been interpolated, primarily in time (Liebmann and
Smith 1996).

b. Rainfall

To estimate rainfall, we have acquired a set of daily
rainfall accumulations scattered throughout the Amazon
Basin from the archives of the Brazilian Departmento
Nacional de Aguas e Energia Eletrica. We consider ob-
servations from 127 stations whose record extends from
1979 to 1996 (locations shown in Fig. 4). Missing are
12.5% of the daily observations.
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Fic. 1. Annual mean OLR (light shading denotes values less than
240 W m~2, medium shading denotes values less than 230 W m~2,
and dark shading denotes values less than 220 W m~2) and divergence
(contour interval is 0.5 X 10-¢, with negative contours dashed, and
zero contour thick).
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We also use a set of high quality measurements of
precipitation from the Anglo-Brazilian Amazonian
Climate Observation Study (ABRACOS) experiment
(Shuttleworth et al. 1991). These data were collected
and made available by the U.K. Institute of Hydrology
and the Centro de Previsao de Tempo e Estudos Cli-
maticos of the Instituto Naciona de Pesquisas Espa-
ciais, Brazil. ABRACOSisacollaboration between the
Agencia Brasileira de Cooperacao and the U.K. Over-
seas Development Administration. Although these ob-
servations are of limited value because there are just
three sites (with each site containing an instrument in
both a top of the forest canopy and a deforested lo-
cation), and their record is short, ranging from 3 to 4
years, they are useful in deducing the statistical aspects
of diurnal cycle (see Fig. 12).

3. Results

a. Mean and annual cycle of OLR, divergence, and
NCEP precipitation

Although subseasonal timescales are of particular in-
terest in the present study, the mean and annual cycle
serve as benchmarks for any comparison; if there is no
correspondence between the annual cycle of OLR, di-
vergence, and precipitation, it is pointless to compare
shorter timescales. Figure 1 shows annual mean OLR
and NCEP divergence at 150 mb. We expect a(negative)
correspondence between the two quantities, as large-
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FiG. 2. Correlation between 16-yr pentad climatology of OLR and
model precipitation. Fields are truncated at T20 prior to calculating
correlation. Contours start at 0.1 with an interval of 0.2. Negative
contours are dashed. Correlations between —0.7 and —0.9 are shaded
lightly and those less than —0.9 are shaded darkly.
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scal e ascending motion should result in both upper-level
divergence and high cloud tops, resulting in low OLR.
Over the Amazon Basin, 150 mb produces the best an-
nual mean correspondence with OLR, and it will be
shown that it also corresponds best to OLR on other
timescales. There is a reasonable correspondence be-
tween the two quantities over most of the Amazon Ba-
sin, with maxima in divergence corresponding to min-
ima in OLR. In the eastern Amazon extending into
northeast Brazil, however, there is alocal maximum in
divergence that does not appear in the OLR field. There
is little divergence at 150 mb in the eastern Pacific in-
tertropical convergence zone because divergence asso-
ciated with relatively low OLR seems to be occurring
at alevel lower than 150 mb. The mean NCEP precip-
itation field (not shown) corresponds almost exactly to
150-mb divergence, including the lobe that extends to
the east.

The Amazon Basin exhibits a strong annual cyclein
OLR (e.g., Horel et a. 1989), with a minimum during
the rainy season of austral summer. Thus it is expected
that divergence and precipitation should undergo a cor-
responding annual cycle. Figure 2 showsthe correlation
between the climatological pentads of OLR and NCEP
precipitation, both truncated at T20. The correlation is
large everywhere over the Amazon, except for a point
near 1°S, 60°W. The pattern issimilar to that found when
NCEP precipitation is correlated with 150-mb diver-
gence (not shown), except that the two model variables
are correlated at a slightly higher level. The correlation
between OLR and 150-mb divergence is less than —0.8
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Fic. 3. Pentad climatology of 150-mb divergence, model precip-
itation, observed rainfall, and OLR centered at 1.4°S, 59.1°W (near
Manaus). Gridded quantities have been truncated at T20 prior to
making time series. Observed rainfall includes all stations with a 5°
radius. Series has been filtered with two passes of a 1-2-1 filter before
plotting.

throughout the Amazon, including over the eastern Am-
azon, where mean divergence appears to be too strong
(Fig. 1).

Figure 3 shows pentad climatology time seriesfor all
variables of interest at 1.4°S, 60°W. Thetime serieshave
been smoothed with two passes of a1-2-1 running filter.
Maximum rainfall occurs around the end of April and
the minimum isin mid-September. OLR and divergence
capture the peak in rainfall well but both predict a min-
imum in precipitation early compared to rainfall. NCEP
precipitation shows two maxima, such that the second-
ary peak occurs around the time of the minimum in
observed rainfall, resulting in a near-zero correlation
between the two. While the peak amounts agree, the
amplitude of the annual cycle in NCEP precipitation is
quite small compared to that observed. At other loca-
tions within the Amazon the phase of NCEP and ob-
served precipitation agree better, but the amplitude of
NCEP is still too small.

b. The 10-30-day comparison

Past studies of Amazonian convection (e.g., Horel et
al. 1989; Kousky 1988) have employed pentad averages
in order to minimize synoptic variability. We form pen-
tads and spectrally truncate these to include periods up
to 30 days. If we compare this time series to that from
a Lanczos filter (Duchon 1979) with half-power at pe-
riods of 10 and 30 days (Fig. 4), we find an excellent
correspondence (correlations everywhere exceeding
0.8). Thus for ease of computation, and to minimize
problems associated with occasional missing rainfall
data, we consider pentads that have been spectrally trun-
cated in this manner as 10—-30-day bandpassed data.
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FiG. 4. The ratio of the Lanczos filtered Fourier amplitude in the
10-30- and 2-10-day bands to the unfiltered Fourier amplitude as a
function of period.

Figure 5 shows the grid points we have chosen to
analyze (see caption for exact locations). The sites are
chosen to represent the different regimeswithin the Am-
azon Basin (e.g., Marengo 1995). The exact locations
were chosen to maximize the number of stations within
the rainfall observing network that surround the grid
point. The sites are not independent; the correlations of
the same variable at different locations is often larger
than the correlation between different variables at the
same location.

Figure 5 also gives a rough idea of the spatial scale
under present scrutiny. The entire field was set to zero,
with the exception of one grid point, and then the field
was truncated spectrally at T20. The large shaded circle
represents the area that has amplitude of at least one-
half of the value of that at the center grid point. This
gives an approximation of the scales included by trun-
cating a field at T20.

The standard deviations of 10-30-day OLR (shaded)
and divergence (contoured) are shown in Fig. 6. OLR
and divergence fields are relatively consistent. The larg-
est values in both fields occur south of the Amazon in
southeast Brazil and seem to be associated with varia-
tionsin the South Atlantic convergence zone. Variations
are smaller over the Amazon. The standard deviation
increases to the east in divergence, while OLR exhibits
a minimum in variation in the northwest and central
Amazon where the time mean OLR is lowest (see Fig.
1). The standard deviation of NCEP precipitation (not
shown) is qualitatively similar to that of divergence,
with low values in the southwest Amazon and an in-
crease to the southeast.
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Fic. 5. Grid points at which OLR and divergence are compared
(shaded circles), and sites at which rainfal is observed (dots). Lo-
cations of grid points for comparison are Manaus (1.4°S, 59.1°W),
northwest (1.4°S, 67.5°W), southeast (9.8°S, 56.3°W), southwest
(7.0°S, 70.3°W), and near the mouth of the Amazon (4.2°S, 53.4°W).
Large shaded circle is obtained by setting field to zero, except for
the grid point at the center of the circle, then truncating the field
spectrally at T20. Shading includes grid points at which value is half
the truncated value at the center of the circle.

Figure 7 shows the average correlation' between di-
vergence at each available pressure level and observed
rainfall, OLR, and NCEP precipitation for each of the
sitesshown in Fig. 5. Observed rainfall includes stations
averaged within 7° of the base point and the gridded
variables are truncated at T20. Correlations are largest
in an absolute sense at either 850 or 150 mb. The cor-
relations at those levels between model-derived precip-
itation and divergence are larger than are the other quan-
tities with divergence. OLR is best correlated with 150-
mb divergence, while rainfall is best correlated with
850-mb divergence, although the correlation with
rainfall is everywhere weak. Further discussion will
consider divergence at either 150 or 850 mb.

The correlation between 150-mb divergenceand OLR
as a function of spatial scale is shown in Fig. 8. There
is a near-linear decrease in correlation with decreasing
scale, starting at about wavenumber 9. At smaller scales,
the correlation is slightly better in the north and east
Amazon. Although the correlation of the annual cycles
at the site near Manaus was distinctly lower than at other
locations (see discussion of Figs. 2 and 3), the same
location is well correlated on the 10-30-day scale. The
correlation as a function of scale between OLR and
NCEP precipitation (not shown) is similar but slightly
lower at each wavenumber than that between OLR and
150-mb divergence. The rest of this study will consider
fields truncated at T20.

1 Average correlation is defined here as * the square root of the
average variance explained.
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FiG. 6. Standard deviation of 10—30-day filtered OLR (shaded) and
divergence (countoured). Light shading includes values greater than
8 W m~2, medium shading greater than 10 W m~2, and dark shading
greater than 12 W m~2. Contours are at intervals of 1 X 107 s~* with
contours less than 12 X 107 s~* dashed.

Figure 9a shows the correlation of 10-30-day filtered
rainfall that has been averaged within acircle of agiven
radius with OLR, divergence, and NCEP precipitation,
al truncated at T20 at the point near Manaus. The cor-
relation between OLR and rainfall peaks at a radius of
5°. The correlation between divergence at either level
and rainfall is much smaller but tends to remain about
the same with increasing radius, even when the radius
is clearly larger than the scale represented by a grid
point in afield truncated at T20. On the other hand, the
correlation of OLR or divergence with rainfall at afixed
radius of 5° or 7° decreases slightly asthe scaleincreases
from T20 to T15.

Although observed rainfall and OLR are relatively
well correlated, the majority of variance in one field is
still not explained by the other. It is not clear what
fraction of this unexplained variance is due to inade-
quate spatial sampling of rainfall. To estimate the num-
ber of stations necessary to adequately represent an areal
average of rainfall, and to show that it is appropriate to
compare a 5° radius circle with T20 gridded data, we
correlate 10-30-day OLR at T20 with rainfall within
3°, 4°, 5° and 7° radii as a function of the number of
stations included. Because of the enormous number of
possible combinations, we average no more than 10 000
combinations (randomly chosen) for a given number of
stations. The average correlations are shown in Fig. 9b.

It appears from this figure that the true correlation
between OLR and rainfall on this timescale is larger
than that calculated at any radius, due to inadequate
spatial sampling. Extrapolation of the 5° curve suggests
that about 50 stations would be needed to achieve a
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10-30 Day observed rain, NCEP precip, and OLR vs. Divergence
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FiG. 7. Average correlation (see footnote) between divergence at
each available pressure level (mb) and model precipitation, OLR, and
observed rainfall for each of the points shown in Fig. 5. Fields are
truncated at T20 and filtered to include periods of 10-30 days before
computing correlations. Observed rainfall is the average of stations
within 5° of center point.

maximum possible correlation of about 0.63. This im-
plies a needed density of one station per 20 000 km?2.
Although by extrapolation to an unlimited number of
stations, the correlation at 5° and 4° would appear to be
about the same, the correlation is better at a radius of
5° than 4° because there are more stations. For a given
number of stations, the correlation is better at 4°. A
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Fic. 8. Correlation between 150-mb divergence and OLR as a
function of spatial scale. Abscissa denotes total wavenumber at which
each field was truncated prior to computing correlation. Fields are
filtered to include periods of 10-30 days.
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Fic. 9. (@) Rainfall averaged among stations that lie within a given
radius (abscissa) of point near Manaus correlated with 150-mb di-
vergence, 850-mb divergence, OLR, and model precipitation at same
point. Also shown are number of sites at which rainfall is observed
within each radius. Divergence and OLR are truncated at T20, and
all series are filtered to include periods of 10-30 days prior to com-
puting correlation. (b) Correlation of OLR at T20 versus number of
stations included within different radii (marked). Both OLR point and
radius center are at 1.4°S, 59.1°W. Up to 10 000 combinations are
averaged (see footnote) to obtain each correlation coefficient. Scale
at right denotes average area (km?) per station included (unmarked
curves, but same style as radius to which it corresponds). Stations
included in agiven calculation are averaged into pentads then filtered
to include periods of 10-30 days prior to computing correlations.

radius of 3° would appear to asymptote at a smaller
absolute correlation than would 4° or 5°. We choose a
radius of 5° because for a given density of stations the
correlation is larger than at 4°.

Conversely, if one compares the 7° and 5° radii
curves, it is seen that although the 5° correlation is
larger for a given number of stations and the asymp-
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(a) 10 - 30 day OLR vs. divergence
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Fic. 10. Best linear fit between (a) OLR and 150-mb divergence,
and (b) observed rainfall and model precipitation. Gridded fields are
truncated at T20, rainfall is an average within a 5° radius circle, and
all series are filtered to include periods of 10-30 days prior to com-
puting regression.

tote value appears to be higher at 5° (note that the 5°
correlations are better than at 7° when all stations are
included; see Fig. 9a), correlations are about equal
for the same density of stations. This suggests that
adequate spatial sampling is more important that an
exact match of area

The best linear fit between OLR and divergence for
each of the sitesis shown in Fig. 10a. Although there
is large scatter (i.e., never more than 16% of the vari-
ance explained), there is a remarkable similarity be-
tween each of the slopes. The difference between the
maximum and minimum slope divided by the mean
slope of the five curves is just 21.5%. Although the
largest correlations among the relevant variables are
between OLR and rainfall (not shown), best-fit slopes
at the different sites are more varied than those for
the OLR-divergence comparison. The slope is more
variable and the correlations are slightly smaller if
150-mb divergenceisreplaced by NCEP precipitation
(not shown).
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Fic. 11. Correlation between OLR and NCEP precipitation. Prior
to calculating correlations, daily average fields are truncated at T20,
and then passed through a 61-point Lanczos filter with the low-fre-
quency half-power at 10 days. Dark shading represents correlations
lessthan —0.5, medium shading from —0.4 to —0.5, and light shading
from —0.3 to —0.4. Contour interval is 0.1.
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Figure 10b shows the linear fits between observed
rainfall (using stations within a 7° radius circle) and
NCEP precipitation (truncated at T20). The correlations
are quite small. Surprisingly, at each point the best-fit
slope is near 0.5, meaning that a 1-mm observed anom-
aly predicts at least 2 mm in NCEP precipitation. In the
annual cycle, variations in observed rainfall are larger
than those in NCEP precipitation (see Fig. 3).

¢. The 2-10-day comparison

OLR and model precipitation are spatially truncated
at T20, temporaly high-pass filtered with a Lanczos
filter with half power at 10 days, and then correlated.
The correlations are shown in Fig. 11. The highest cor-
relations are away from the Tropics, but correlationsin
the western Amazon are relatively large, exceeding 0.3.
The correlation at agiven point between these two quan-
titiesisonly slightly smaller that in the 10-30-day band
and larger than the 2-10-day 150-mb divergence-OLR
correlation. Lead and lag correlations are smaller than
simultaneous correlations. Correlations improve by
about 0.1 at the T15 spatial scale. At 200 mb, corre-
|ations over the Amazon Basin are slightly smaller than
at 150 mb.
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d. Diurnal variability

The diurnal cycle is a dominant feature of the vari-
ability over the South American region, as is obvious
from an inspection of geostationary satellite imagery.
An inadequate representation of the diurnal cycle will
result in errors in variability on other scales, including
the time mean.

Figure 12 shows the composite hourly rainfall for the
available record for each of the ABRACOS sites. The
site at Ji-Parana is close to the southwestern border of
the tropical rain forest and has a pronounced dry season
between June and August. The dry season at Maraba,
near the eastern edge of the Amazon forest, isfrom June
to September. Manaus, in central Amazonia, has a max-
imum from March to April with a minimum from July
to September.

The rainfall maxima at Ji-Parana and Manaus occur
between 1400 and 1800 local standard time (L ST), cor-
responding to 1800 and 2100 UTC. Lloyd (1990) found
a similar diurnal phase at Manaus. Marengo (1995)
found a maximum of deep convection at 1800 UTC. At
Maraba, however, there is a weak, broad maximum be-
tween 0200 and 1000 LST (0500 and 1300 UTC, with
an even weaker secondary maximum at around 1800
LST). The nighttime maximum at Maraba has been at-
tributed to its relative proximity to the coast. Within a
few hundred kilometers of the coast there is a nocturnal
maximum in low-level convergence associated with a
|and—-sea breeze (e.g., Kousky 1980).

The composite 150-mb divergence for each of the
four analysis times is shown in Fig. 13. There is large
diurnal variation. The largest mean divergence over the
Amazonisat 0000 UTC, with aminimum at 1200 UTC,
consistent with the results of Kousky and Bell (1996).
Divergence appears to be decreasing at 0600 UTC, and
the maximum for that timeis over the western Amazon.
There is a peak near the mouth of the Amazon at 1800
UTC. These maps are consistent with the observation
that convection is initiated near the mouth of the Am-
azon (Fig. 12d) and then propagates toward the west
(e.g., Molion 1987).

At Ji-Parana and Manaus, rainfall peaks a few hours
before the peak in divergence, which is consistent if one
believes that heating, which is directly tied to rainfall,
eventually forces large-scale divergence. At the Maraba
site, which is directly beneath the divergence maximum
at 1800 UTC, maximum rainfall occurs some 7 h before
that. Thus, while divergence and rainfall at the interior
ABRACOS sites are consistent in that maximain rain-
fall occur afew hours before the maximain upper-level
divergence, there would appear to be a phasing problem
nearer the coast. It is possible that the coastal regime
is not adequately represented by therelatively large spa-
tial scales (T20) shown here.

Previous studies have cast doubt on the validity of
the divergence fiel ds because of their inconsistency with
NCEP rainfall and OLR obtained from geostationary
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satellites (G. D. Bell 1997, personal communication).
Based on these studies, the next version of thereanalysis
will include a radiation package that is called hourly,
instead of at 6-h intervalsas at present (G. D. Bell 1997,
personal communication).

4. Conclusions

Correlations between OLR, divergence, and rainfall
are not large on submonthly timescales. The best pre-
dictor of observed rainfal is OLR, which can explain
more than 35% of the 10-30-day filtered variance at
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Fic.12. Composite of rainfall for each hour at ABRACOS sites
of (a) Ji-Parana, (b) Manaus, and (c) Maraba. Value shown is average
of two nearby locations representing pasture and the top of the forest
canopy. Contribution from pasture is shown as dark bar (actual value
divided by two) and from forest is shown as light bar. Approximate
locations are shown at top of each panel. Left edges of abscissas start
at 0100 UTC, although they are labeled in local standard time.

some spatial scales (see Fig. 9). Part of the problem is
due to inadequate spatial sampling of rainfall. Corre-
lations between observed rainfall and model quantities
(precipitation or divergence) are quite small, which is
unfortunate, as it would be useful to be able to quan-
titatively estimate short-term precipitation variability
using the model variables, which will eventually extend
backward to times when direct observations of rainfall
are few.

It is somewhat encouraging that relationships are al-
ways of the expected sign and that the value of their
respective correlations are as one would anticipate. For
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show approximate location of ABRACOS sites. Contour interval is 10-9, with negative values dashed and zero contour thick. Shading begins

at 6 x 10°6.

example, OLR and 150-mb divergence generally are
better correlated than OLR and model precipitation. Yet
observed rainfall is better correlated with model pre-
cipitation than with upper-level divergence.

On the other hand, it ispossiblethat thelarge, singular
eventsthat mark the seasonal transition from oneregime
to another (i.e., from the dry season to the rainy season)
may be consistent among different approximations for

rainfall. Figures 14 and 15 show time series of such
measures for 1985 and 1979.

Figure 14a shows time series of OLR, 150-mb di-
vergence, observed rainfall, and NCEP precipitation for
the latter part of 1985 at the location near Manaus. An
abrupt transition in OLR occurs around pentad 59 (cen-
tered on 20 October). Divergence peaks on the next
pentad. A few pentads later, rainfall begins a less ob-
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Fic. 14. (a) Pentad series of average daily rainfall for stations within a radius of 5° (mm per

day, scale at left), OLR at T20 (W m~2, scale at right), 150-mb divergence at T20 (X106 s,
scale at left), and model precipitation (mm per day, scale at left). Series extends from pentad
centered on 6 August 1985 to that centered on 29 December 1985. (b) Time-height section of
pentad divergence at T20 for the same location and times as in (). Shading starts at 1.875 X 10-¢,
with aninterval of 1.25 X 10-¢. Positive values have contour curves between increments of shading.

vious transition toward higher values, although if one
were defining onset by rainfall alone it would be tempt-
ing to choose a pentad near 68 (centered on 4 De-
cember). Divergence agrees with OLR within a pentad,
although its value does not remain as elevated for as
long as OLR; in particular, thereisadiscrepancy around
pentad 70. Figure 14b, however, and in which a time-
height section of divergence is plotted, clearly shows
onset throughout a deep layer around pentad 59, in per-
fect agreement with OLR. Although model precipitation
correlates with observed rainfall better than divergence
on all but the largest spatial scales, there is little indi-
cation of onset in that field, and the variations clearly
are too small when compared to observed rainfall.

Figure 15 shows the same quantities plotted for
1979. In retrospect, both OLR and 150-mb divergence
would have picked out the onset of the rainy season
reasonably well. NCEP precipitation again is woe-
fully lacking. It is worth noting that although 1985
was awet year and 1979 a dry year in Amazonia and
northeast Brazil, onset occurs near Manaus at about
the same date in each year.

In summary, OLR is by far a better predictor of
observed rainfall than either divergence or model pre-
cipitation. Thisistrue of the annual cycle and 10-30
day bandpassed data. It isalso true that in many years,
OLR and observed rainfall are in near agreement as
to the date of transition to the rainy season, while the
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model quantities do not well represent the transition.
The mean diurnal cycles of 150-mb divergence and
rainfall are consistent except near the mouth of the
Amazon.
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