Table 1 Data used in this study

DMSP Data period Length Morning Eq.
Comb. No. satellites (mon) Crossing
(LST)
FO8 Jul ‘87 - Feb ‘90* 31 0615
Fil Jan ‘92 - Dec ‘95 48 0501-0629
. ' (0545 nominal)
F13 Jan 96 - Feb ‘98 26 0543
F10 Jan ‘91 - Nov ‘97 83 0742-1031
(0900 nominal)
! FO8/11/13 Jul *87 - Feb ‘90* & 95 0600 (nominal)
Jan ‘92 - Feb ‘98
2 FO8/11/13/10 Jul “87 - Feb ‘90* & 107 0600/0900
(all the data) Jan ‘91 - Feb ‘98 (nominal)
3 FO8/11/13/10 Jan ‘92 — Nov ‘97 71 0600/0900
(common period) (nominal)

* except Dec ‘87
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“A 10-Year Climatology of Amazonian Rainfall Derived From Passive Microwave Satellite
Observations”

Andrew J. Negri, Emmanouil N. Anagnostou, and Robert F. Adler
Popular Summary

Rainfall is the most important meteorological variable in the Tropics. The distribution and
variability of rainfall has an important societal impact (floods, droughts, and famine). 1t is also
intimately linked to the global atmospheric circulation, since the condensation of water vapor
into rainfall is a major heat source that provides the energy for these circulations.

Unfortunately, in the Amazon and across much of South America, rain gages are sparse and
weather radar virtually non-existent. This provides the opportunity for satellites to observe and
describe the rainfall at high spatial resolution (a regional rainfall climatology). This paper uses
data from a series of polar-orbiting satellites to estimate the long term (10+ years) rainfall over
Northern South America. The basis for this estimation is as follows: microwave radiation
emitted naturally by ocean and land surfaces is intercepted by large water drops and ice particles
within raining clouds. Much of this radiation is “scattered” away from the field of view of the
satellite’s microwave sensors. This results in lower temperatures perceived by these sensors in
the presence of raining clouds, as opposed to radiation from clear skies. Thus, the microwave
radiation received of the satellite can be estimated to estimate both the presence and intensity of
rainfall at the surface. This technique works best for convective clouds (i.e., strong
thunderstorms).

Important year-to-year variations (such as El Nifio) are observed in the data. Major differences
between morning and evening rainfall were found. The effects of topography (mountains, river
valleys) and coastlines (land/sea breezes) on the rainfall are documented.




ABSTRACT

In this study we present and describe a satellite-derived, gage-adjusted precipitation climatology
over northern South America using a passive microwave technique, the Goddard Profiling
Algorithm. A period of data slightly longer than 10 years is examined. The climatologies take
the form of the mean estimated (adjusted) rainfall for a 10-year (+) period, with sub-divisions by
month and meteorological season. For the sixh—year period 1992-1997, when two satellites were
in operation, diurnal variability (to the extent it is discerned by four unequally spaced
observations) is presented. We find an alternating pattern of morning and evening maxima
stretching from the northeast (Atlantic coast) clear across the continent to the Pacific. The
effects of topography, coastlines and geography (river valleys) on the rainfall patterns are clearly
evident. Interannual variability is examined by computing the deviations of yearly and warm-

season (DJF) rainfall from their respective long-term means. Interannual variability of the

diurnal nature of the rainfall is presented, and the strong El Nifio event of 1997-1998 is

discussed.




1. Introduction

[t has been more than a decade since the launch of the first Special Sensor
Microwave/Imager (SSM/I). This passive microwave sensor flies aboard the Department of
Defense Meteorological Satellite Program (DMSP), a series of polar-orbiting sun-synchronous
meteorological satellites. The long record of data enables us to process and present a 10-year (+)
climatolog& of rainfall derived from the SS‘II\/I/I observations via application of the Goddard
Profiling Algorithm (GPROF). The GPROF (Kummerow et al. 1996) is a physical retrieval
technique that produces instantaneous rainfall estimates at 15 km resolution. These estimates are
then aggregated into monthly composites and averaged to 0.5° degree resolution. The monthly
estimates are adjusted by the technique of Anagnostou et al. (1998), a power-law correction
based on the evaluation of the distortion between the probability density functions of the monthly
raingage rainfall (the "truth") and the GPROF estimates. This combination of satellite

observations and gage measurements produces monthly rainfall fields with small bias, despite

the inadequacies of the satellite algorithm and the satellite sampling.

The area of interest in this study is northern South America, specifically the rainforests of
Amazonia and the drier coastal regions of Northeast Brazil. The current study extends the work
of Negri et al. (1994) who examined warm-season Amazonian precipitation using a scattering-
based technique, the Goddard Scattering Algorithm (GSCAT). Over land, GSCAT is nearly

identical to full GPROF retrieval. The climatologies presented here take several forms:




a) the mean estimated (adjusted) rainfall for 1987 (July) - 1998 (Feb.) is presented with sub-
divisions by month and three-month season:

b) unadjusted estimates are stratified by time of satellite overpass. At least two observations
(6/18 LST) are available for the entire period. For the six-year period Jan. 1992 — Nov. 1997,
two satellites were in operation, providing up to four observations per day. Diurnal
variability (to the extent it is discerned by four unequally-spaced observations) is presented:

¢) interannual variability is presented in the f.orm of deviations from the 10-year GPROF mean
rainfall, both yearly and for the December through February. Variability of the diurnal

character of the rainfall is investigated. The strong El Nifio event of 1997-1998 is identified.

The effects of topography and geography (coastlines, river valleys) on the rainfall

climatologies are also investigated. Verification using raingages independent of the adjustment

procedure is presented.

3]




2. Previous Studies

The most comprehensive study of Amazonian rainfall using gages was done by Figueroa
and Nobre (1990), who presented both seasonal and yearly analyses using a database of 226
stations with records greater than 7 years. They related the precipitation patterns to average

values of the seasonal circulation, and looked at the pronounced effect of topography on the

19

rainfall.

Using three years of three-hourly infrared geosynchronous satellite data, Meiser and
Arkin (1987) examined the diurnal cycle of tropical convective cloudiness over the Americas.
Among their findings relevant to this study were: 1) there is far more diurnal variance over the
continents than oceans; 2) local maxima of diurnal variance were found in areas of strong relief,
or where convergent land/sea breezes are common; and 3) there is a pronounced maxima in

cloudiness at 1800 LST over the interior of South America during the Austral summer.

Horel et al. (1989) used a 15-year record of outgoing longwave radiation (OLR) to
describe the annual cycle of convection that resides over the Amazon Basin during the Austral
summer. They found that the onset of the Amazon Basin wet season typically occurs within a

single month (sometimes a 5-day period) and that the onset may be blurred by monthly averaged

climatologies.

Kousky (1980) investigated the period 1961-70 in Northeast Brazil using surface

observations. He found coastal areas to experience a nocturnal maximum in rainfall due to




convergence of on-shore flow and offshore land breeze. He also found that inland (100-300 km)
experienced a daytime maximum, associated with the development of and inland advance of the

sea-breeze. He found diurnal variability at inland locations to be due to mountain-valley breezes.

Rao et al. (1993) using station data from 1974-83 determined the rainy and dry seasons of
eastern Northeast Brazil and examined the link between rainfall there and sea-surface
temperatures. Lenters and Cook (1995), using a GCM modeled the regional precipitation

climatology of South America. The generation of a thermal low was found responsible for much

of the structure of the modeled precipitation, as was the introduction of orography.

Perhaps most relevant to this paper is the work of Garreaud and Wallace (1997) who used
nine years of GOES infrared data to define the diurnal march of convective cloudiness over the
tropical Americas and surrounding waters. In the process, they favorably compared their
infrared results with the microwave-estimated rainfall of Negri et al. (1994). Regional
climatologies using passive microwave data are just now coming into the fore. For examples see
Negri et al. (1993) for a high resolution climatology of warm-season rainfall over Mexico and
the southwest United States and Negri et al. (1994) who examined four regions: the southern

United States and Mexico, northern South America, equatorial Africa and the Western Pacific

(TOGA-COARE) region.

Much research has also been done on the relationship between large scale precipitation
patterns and the El Nifio - Southern Oscillation (ENSO). Ropelewski and Halpert (1987) found

consistent departures of area-averaged rainfall during ENSO events. Relevant to this study, they




found that the coastal region of Northern South America, from Venezuela east to Brazil, had one
of the most consistent ENSO-precipitation relationships of any area studied. Sixteen dry
episodes (of 17 ENSO's) were found and the period of deficiency was determined to be from
July of the ENSO onset year to March of the following year. This relationship was further -
quantified in Ropelewski and Halpert (1996). Janowiak and Arkin (1991) observed large-scale
shifts in tropical rainfall during the transition from "warm" (1986-87) ENSO conditions to "cold"

(1988-89). An area near the mouth of the Amazon River at Belem, Brazil stood out as having a

marked difference in mean precipitation between these two periods.




3. Data and methodology

The microwave data used in this study come from the SSM/I instrument onboard the
DMSP satellites designated F8, F10, F11 and F13. The SSM/I is a seven-channel passive
microwave radiometer with ffequencies (in GHz) at 19.35 (H&V), 21.235 (V), 37.0 (H&V), and
85.5 (H&V). Multi-frequency, false-color displays of microwave imagery from the SSM/I may
be found in Negri et al. (1989). The satelli.tes are in sun-synchronous, circular (except F10)
nearly polar orbits. A complete description of the SSM/I is given in Hollinger et al. (1987).
With a swath width of 1400 km, coverage of the entire globe is not possible in a 24 h period. At
the equator, monthly sampling of a given point is ~30 observations, subdivided into 15 morning

and 15 evening overpasses. The sampling has the potential for introducing both bias and random

error into the rain estimates.

Table 1 lists some of the orbit characteristics of each satellite, as well as the period and
length of the usable data. Three combinations of the data are also listed in Table 1. Data from
the F8/11/13 series constitutes a 95-month (non-continuous) period of up-to-twice-a-day
observations. Including observations from F10 extends the period of usable data, but introduces
observations approx. 3 h later than the other series. Finally, a 71-month set of common data is

available between January 1992 - November 1997, allowing a comparison of mean precipitation

at four distinct times.

The rainfall estimates derived herein are produced by the GPROF algorithm (Kummerow

et al. 1996), a computationally simple technique for retrieving both precipitation and vertical




hydrometeor profiles. The GPROF is an extension of the original multi-channel retrieval of
Kummerow and Giglio (1994). Over land surfaces, GPROF has a greater reliance upon the 85-
GHz channel than does the retrieval of Kummerow and Giglio, resulting in estimates largely
based on scattering by precipitating ice hydrometeors. GPROF produces instantaneous rainrate
estimates at 15 km resolution, which, in this study, are aggregated to monthly totals and averaged
to 0.5% grid boxes. The monthly estimates are adjusted to account for the diurnal cycle by the
technique of Anagnostou et al. (1998). This clorrection takes the form of a power-law:
GPROF,y; = a * (GPROF,,;)",

where (a,b)=(7.2,0.67) for the 06/18 LST observations and (a,b)=(13.8,0.58) for the 09/21 LST
observations. This correction was applied everywhere, but since the adjustment was derived
only over land, results over ocean must be viewed qualitatively. A separate aggregation of
unadjusted estimates by time of satellite overpass was also done. The estimates cover the

northern half of South America from 15°N to 20°S and from 80°W to 30°W.



4, Results

a. Mean rainfall

Figure | presents the mean GPROF rainfall (mm/mon) during the 107-month period of
usable data between July 1987 and February 1998 (see Table 1, combination #2). Contours of
topography are displayed at 500 and 1000 m'elevations. The significant precipitation maxima
that can be discerned are:

* the mean position of ITCZ oceanic rainfall along 5°N from 50°W to 30°W, with a sharp
gradient near 10°N;

e the Gulf of Panama, along 78°W from 10°N to the equator (quite possibly one of the rainiest
places on the globe);

* abroad maximum in the west-central Amazon Basin;

* a maximum between the Negro and Orinoco Rivers at 2°N, 67°W/(the possible result of a
mountain/valley circulation as suggested by Kousky, 1980);

* atopographically induced maximum in the mountains of Venezuela (Sierra Pacaraima), near
5°N, 63°W;

® acoastal maximum southeast of the mouth of the Amazon River, near Belem, at 2°S, 48°W;

* an elongated maximum along the eastern slope of the Andes from (10°S, 75°W) to (20°S,
65°W). Note that the maximum along the Andes itself is spurious, a result of occasional
misinterpretation by the GPROF of cold (elevated) surface as rainfall. Some, but not all of
‘this spurious rainfall has been eliminated (whitened areas):

* awide range a north-south movement over land as compared to over ocean.




e the driest regions are found in extreme northeastern Brazil and along the southern Pacific

coast.

In Figure 2, we present the adjusted GPROF estimates aggregated by month. Each panel
represents the average of 9-10 years of data for that particular month, and includes data from all

available satellites. Among the findings are:

2,

* the maximum in the Gulf of Panama (5°N, 78°W) persists virtually year-round but weakens

considerably during January to March;
¢ the oceanic ITCZ progresses from its northernmost position in October southward towards
the northeast coast of Brazil in March-April and retreats northward during May;
* alocal maximum at the mouth of the Amazon (0°, 50°W) persists during January to May;
 the southern Amazon dries out in the period May to August;
* A pronounced maximum in the Sierra Pacaraima of Venezuela (5°N, 65°W ) forms in May

and persists through September.

The changes in the areal extent of cold surface in the southern Andes Mts. may be seen as
the increased “whitened” area representing ambiguous rain retrieval during the Austral winter

months of June through August.

Figure 3 presents the seasonal (3-month) climatology for the combined 06/18 and 09/21
LST series using the meteorological definition of seasons. The December-February period brings
the greatest rainfall to the central Amazon, as well as to an elongated area along the eastern

slopes of the Andes Mts. The rainfall maximum at Belem, Brazil is most pronounced in March-




May, as is a maximum between the Orinoco River and Negro River near 2°N, 65°W. The
topographically induced maximum in the Sierra Pacaraima of Venezuela (5°N, 63°W) is
prominent during June-August. Beginning in November, and continuing through February, a
broaci maximum appears in the highlands of eastern Brazil (Mato Grosso) near 10°S, 50°W.
Extreme northeast Brazil is consistently the driest part of that country. This seasonal
climatology lends itself to cofnparison with the gage-derived results of Figueroa and Nobre
(1990). In broad terms the agreement is very éood, in location, magnitude and orientation of the
major features. In fact, the only place where results differ is along the eastern slopes of the
Andes (just south of the equator along 78°W) where Figueroa and Nobre found a more
pronounced maximum in each season than does the GPROF. This rainfall, most certainly due to

upslope flow, might be considered “warm rain” that would be underestimated by a scattering-

based technique.
b. Diurnal variation

Figure 4 presents the rainfall climatology by time of satellite overpass for the 7!-month
period of two-satellite operation, January 1992 to November 1997 (see Table |, combination #3).
Note the unequally-spaced observation times of 06, 09, 18, and 21 LST. The following diurnal
features are noted:
¢ amorning maximum in the Gulf of Panama (5°N, 78°W) maximum, most intense by 09 LST;

* aweak morning maximum offshore in the ITCZ (5°N, 35°W), particularly at 06 LST;
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¢ a morning (both 06 and 09 LST) maximum offshore along the northeast Brazilian coast,
including a pronounced signal near the mouth of the Amazon River (0°, 50°W), possibly due
to increased convergence in that uniquely shaped region of the coast;

* an I8 LST maximum just on-shore along virtually the entire northern coast of South

America. This band moves inland by 21 LST, the likely result of a pronounced sea breeze

circulation;

.

* an 06 LST maximum between the Negro and Orinoco Rivers (2°N, 67°W); possibly related
to morning convergence associated with the mountains to the southeast of the maximum;

e an I8 LST maximum in eastern Brazil along the rivers of the Mato Grosso plateau (10°S,
50°W);

* a morning maximum (both at 06 and 09 LST) along the eastern slopes of the Andes
mountains.

* an 18 LST maximum between the Negro and Solimoes Rivers afound 2°S, 63°W, with a

weaker maximum at 09 LST just downriver from their confluence.

This area is examined in greater detail in Figure 5, a blowup of a portion of the Amazon
River Basin superimposed with detailed surface hydrology. At 09 LST there is a broad area of
100+ mm/mon rainfall along the main river valley of the Amazon. One finds a minimum (< 50
mm/mon) between the aforementioned the Negro and Solimoes Rivers (3°S, 63°W) and a
maximum of 252 mm/mon just south of the river at 3.5°S, 58°W. At 18 LST quite the reverse is
true, with a large area of 300+ mm/mon rainfall between the rivers, and an elongated minimum

of less than 50 mm/mon downstream. This dry region is also evident at 21 LST. Interestingly, at
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18 LST, relative minima are found along the Negro and Solimoes Rivers. This could be the result

of a local circulation whereby the cooler river inhibits the convection.

In Figure 6 we attempt to delineate significant diurnal precipitation at each nominal
overpass time. By “significant” we simply mean the positive anomaly from the mean, expressed

as a percentage of that mean:

100*( R, - R/R, >0
where R, is the total rainfall and R; is the rainfall at satellite overpass time “i”. This
presentation highlights many of the diurnal features listed above. It also highlights the inland
propagation of the coastal system between 18 and 21 LST, when it weakens. Evidence of further
propagation is evident at 06 LST, with further weakening. Since this is a composite convective

line, calculation of the propagation speed would probably not be meaningful. Such calculations

for individual squall lines have been done by Garstang et al. (1994).

Another way of looking at the diurnal cycle is presented in Figure 7, by creating the
difference between the unadjusted GPROF estimates at 18 LST and 06 LST (top), during the
period January 1992-November 1997. The (21 LST — 09 LST) difference is shown in the bottom
panel. Cross-section AB is defined for use in Figure 8. The result is an alternating pattern of
morning (blue shading)‘ and evening (red shading) maxima stretching from the northeast
(Atlantic coast) clear across the continent to the Pacific. The effects of topography, coastlines

and river valleys are all evident in this presentation.
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Beginning at the northeast coast, the offshore morning (06 and 09 LST) maxima has its
afternoon counterpart inland, with apparent propagation of the previous day’s rainfall even
further inland (the secondary morning maxima roughly paralleling the coast). This alternation is
less distinct in central Amazonia, where features related to the distribution of rivers seem to
dominate: note the 18 LST maximum at 2°S, 63°W (between the rivers) and the isolated 09 LST
maximum just downriver at 2°S, 58°W. On the Pacific coast meanwhile, we find a pronounced
afternoon-morning-afternoon sequence at 06 LST as one moves northeastward from the coast.
This is related to the mountain/valley circulation of the Andes. The strong circulation of the
Gulf of Panama (5°N, 80°W), with its broad oceanic morning maxima and inland afternoon

maxima (along the mountains) stands out, with a secondary morning maxima just east of the

mountains, southward from [0°N, along 75°W.

In Figure 8 we plot unadjusted GPROF estimates along the cross-section AB in Figure 7,
for each of the four satellite overpass times. The values plotted represent the average rainrate
over three grid-boxes (1.5°) either side of the line AB. Individual years 1992-97, as well as the 6-
year average is shown. A cross-section of topography is shown in the bottom right panel. For
the most part, the patterns are consistent from year to year. The largest rainfall signal is clearly
associated with the Andes Mountains, but in some years (e.g. during 1993) secondary peaks in

the afternoon rainfall over Amazonia and along the northeast are equally important.
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c¢. Interannual variability

[n the next several figures we attempt to assess the interannual variability of the analyzed
fields. Figure 9 is the adjusted GPROF estimates for individual years minus the mean estimate
for the 8-year period 1988-89 and 1992-97. Only data from the F8/11/13 series are used (see
Table 1, combination #1), with nominal overpass times of 06 and 18 LST. No estimates were
available in 1990-91. Results show the strongest decrease in Amazonian rainfall to be during

1992 and 1997 El Nifio events. Increases in precipitation (across virtually all of northern South

America) appeared in the La Nifia years 1988 and particularly 1989.

In Figure 10 we present the interannual variability of precipitation for the months of
December through February (DJF), the beginning of the rainy season in Amazonia. As in Figure
9 we only use data from the 06/18 LST series. No data are available for DJF 1990-91 or DJF
1991-92. In any 3-month estimate near the equator, there are only about 90 samples of data, so
some caution should be taken in interpreting the results. Despite this, we find evidence of both
the increased DJF precipitation during the La Nifia event of 1988-89 and the decrease during the
strong El Nifio event of 1997-98. Increased rainfall in northern Amazonia was evident in DJF
1995-96 (not an ENSO period). In Figure 11 we contrast the two extrema during the period of
data by computing the difference in the gage-adjusted GPROF estimates for DJF 1997-98 and
the estimates for DJF 1988-89. The resultant pattern is in agreement with the observational work
of Ropelewski and Halpert (1987), particularly their Figure 15, with decreased precipitation in

northeast Brazil and increases along the west coast.
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In Figure 12 we investigate the interannual variability of the diurnal nature of the
precipitation. We display the difference between the 18 LST and 06 LST unadjusted estimates
for the same years as in Figure 9. At first glance, very little variability is detected; the patterns
tend to repeat from year to year. The most consistent areas are the Gulf of Panama, the slopes of
the Andes Mts. and the central and eastern portions of Brazil. It is only along the north and
northeast coasts of South America do we find pronounced interannual variability. Note for

example the strong diurnal character along the northeast coast in 1988 and 1989 (La Nifias) and

the weakened circulation in 1992 and 1997 (El Nifios). The morning maximum offshore of the

northeast Brazilian coast virtually disappears during 1997.

d. Verification

A scatter-plot of GPROF gage-adjusted estimates versus monthly raingage observations
over the Amazon Basin is shown in Figure 13. Plotted data include gages from both the Amazon
and eastern Brazil (state of Ceara) during 1992-97. The Ceara data set is independent of the
adjustment procedure. The plot shows that the overall bias of the adjusted GPROF estimates are
close to zero, and are highly correlated (0.84) with the independent gages. Considerable scatter
still exists at rainrates above 200 mm/mon. The root-mean-square-error is 28.2% of the mean, a

low value considering we are using point, not area-averaged, rainfall measurements.
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5. Summary and Conclusions

[n this study we presented and described a satellite-derived, gage-adjusted precipitation
climatology over northern South America using a microwave technique, the Goddard Profiling
Algorithm, adjusted by the gages. A period of data slightly longer than 10 years was examined.
The climatologies took the form of the mean estimated (adjusted) rainfall for a 10-year (+)
period, with sub-divisions by month and me;:orological season. For the six-year period 1992-
1997, when two satellites were in operation, diurnal variability (to the extent it is discerned by
four unequally spaced observations) was presented. Interannual variability (i.e. deviations from

the 10-year GPROF mean rainfall) was presented as both yearly and seasonal (DJF) deviations,

and included the strong El Nifio event of 1997-1998. Specific findings included:

e apreference for morning oceanic rainfall (ITCZ). notably at 06 LST;

 arainfall maximum in the Gulf of Panama, exclusively a morning phenomenon, and most
intense at 09 LST. With estimated rainfall in excess of 3 m, this is probably one of the
wettest spots on the planet. This features is evident 9 months of the year;

¢ abroad maximum in the west-central Amazon Basin, maximized at 18 LST;

* anelongated (morning) maximum along the eastern slopes of the Andes Mts.;

e a persistent local maximum at the mouth of the Amazon during January to May, due to
increased convergence in that uniquely shaped region of the coast;

e an 18 LST maximum along virtually the entire on-shore side of the northern coast of South

America. This moves inland by 21 LST, the apparent result of a pronounced sea breeze
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circulation; attendant to this is a morning (both 06 and 09 LST) maximum offshore along the

northeast Brazilian coast.

Several rainfall maxima are the apparent results of local circulations as suggested by

Kousky (1980):

* a maximum between the Negro and Orinoco Rivers at 2°N, 67°W, the possible result of a

[

mountain/valley circulation;

* atopographically induced maximum in the mountains of Venezuela (Sierra Pacaraima), near
5°N, 63°W from May through September;

¢ an 06 LST maximum between the Negro and Orinoco Rivers;

e an |8 LST maximum between the Negro and Solimoes Rivers, where they come together to
form the Amazon River. There is a suggestion of a weak 09 LST maximum just downriver

from this confluence;

e an 18 LST maximum in eastern Brazil along the rivers of the elevated Mato Grosso plateau.

The interannual variability of the GPROF precipitation estimates was assessed. Increased
precipitation during DJF was evident during the La Nifia event of 1988-89 and decreases
appeared during the strong El Nifio event of 1997-98. Increased rainfall in northern Amazonia
was evident in DJF 1995-96 as well, a year with little ENSO signal. Diurnal variation was
stronger (weaker) in the El Nifio (La Nifia) years. Validation of the monthly GPROF estimates
was performed using quasi-independent rain gages. The gage-adjusted estimates had bias close
to zero, and were highly correlated (0.84) with the gages. Considerable scatter existed at

rainrates above 200 mm/mon. The root-mean-square-error was 28.2% of the mean.

17




Future work will encompass the creation of an infrared technique tuned to the

instantaneous microwave results that will allow the full diurnal cycle to be resolved.
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