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Abstract

By incorporating the Tropical Rainfall Measurement Mission (TRMM) satellite orbital infor-

mation into the Colorado State University General Circulation Model (CSU GCM), we are able to

"fly" a satellite in the GCM, and sample the simulated atmosphere in the same way as the TRMM

sensors sample the real atmosphere. The TRMM-sampled statistics for precipitation and radiative

fluxes at annual, intraseasonal, monthly-mean and seasonal-mean diurnal time scales are evalu-

ated by comparing the satellite-sampled against fully-sampled simulated atmospheres.

The sampling rates of the TRMM sensors are significantly affected by the sensors' swath

widths. The TRMM Micwave Imager (TMI) and the Visible Infrared Scanner (VIRS) sample

each 2.25%2.25 ° grid box in the Tropics and subtropics about once per day, but at a different local

time every day, while the Precipitation Radar (PR) and the Clouds and the Earth's Radiant Energy

System (CERES) sensor visit each grid box about once every three days and twice per day,

respectively. Besides inadequate samplings resulting from sensors' swath widths, there is a large,

systematic diurnal undersampling associated with TRMM's orbital geometry for grid boxes away

from the Equator. When only one month of TRMM data are used, this diurnal undersampling can

lead to more daytime samples relative to nighttime samples in one hemisphere, and more night-

time samples relative to daytime samples in the other hemisphere. The resulting sampling biases

(3-6 W m -2) are very pronounced in outgoing longwave radiation (OLR) over the subtropical land

masses.

The sampling errors in OLR monthly- and seasonal-means are less than 8 W m "2 (5%) for

each 2.25°x2.25 ° grid box. The OLR monthly- and seasonal-means are not sensitive to diurnal

undersamplings associated with the TRMM orbits and sensors' swath widths. However, this is not

the case for total precipitation. Diurnal undersampling could produce errors as large as 20% in the

Tropics and 40% in the subtropics, for the zonally averaged monthly-mean rain rates.

The TRMM orbits sample each 2.25%2.25 ° grid box in the Tropics and subtropics 1-6 times

for each hour of the day within a single season. The seasonal-mean diurnal cycles of precipitation

and OLR are not well sampled for any one grid box. By either accumulating the satellite data for a

long enough period, or averaging the data over a large area with a relatively uniform diurnal sig-

nal, the diurnal cycles of precipitation and OLR can be satisfactorily sampled.

The effects TRMM sampling errors on the inferred tropical-mean hydrologic cycle and radia-
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tive fluxes are also evaluated. There are strong spurious oscillations associated with TRMM's

orbital geometry, with periods of 23 days and 3-4 months, in tropical-mean daily and monthly

precipitation. While the relative fluctuations of the sampled-OLR are negligible, the relative fluc-

tuations of the sampled precipitation have magnitudes similar to those of the observed climate

variability. Caution must therefore be used when applying TRMM observations of tropical-mean

precipitation to interpret climate variations at intraseasonal and interannual scales.
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1. Introduction

Satellite data have been widely utilized in studies of global climate, to obtain global distri-

butions of precipitation, top-of-the-atmosphere radiative fluxes, temperature and winds, as well as

clouds and aerosols (e.g., Kidder and Vonder Haar 1995). Studies based on satellite data have

greatly improved our understanding of climate variability and the hydrologic cycle, and have

helped to improve physical parameterizations used in climate and numerical weather prediction

models.

One major advantage of satellite data is that they can, over extended periods, cover areas

where in-situ observations are not available, especially over the open oceans. However, this is

accomplished at the expense of a reduced sampling rate compared to typical surface observations

over land. Unlike in-situ observations, which can be made regularly (typically a few times per day

at regular time intervals), most non-geostationary satellites circling the globe visit a specific loca-

tion only once or twice a day or even less, depending on their orbital characteristics and sensor

swath widths. Besides algorithm-related retrieval errors, monthly-mean and seasonal-mean mete-

orological fields obtained with satellite data may have large uncertainties due to inadequate sam-

piing, especially on short time scales (e:g., Salby 1988; Bell et al. 1990; Zeng and Levy 1995;

Salby and Callaghan 1997; Engelen et al. 2000; Fowler et al. 2000), and so may not faithfully cap-

ture what occurs in nature. This sampling uncertainty has always been an important issue in satel-

lite mission planning (e.g., North 1988; Shin and North 1988; Bell et al. 1990; Bell and Kundo

1996; Fowler et al. 2000; Bell and Kundo 2000), and must be examined before we can efficiently

use satellite data to investigate natural variability and to evaluate climate simulations.

The sampling error is a complicated function of the orbital geometry and statistical prop-

erties of the measured fields (e.g., Bell et al. 1990; Li et al. 1996). As a feasibility study for the

Tropical Rainfall Measurement Mission (TRMM; Simpson et al. 1988; Simpson et al. 1996),

North (1988) reviewed sampling studies that had been conducted using both real data from the

GARP Atlantic Tropical Experiment (GATE) and artifically generated data from stochastic mod-

els. Assuming that the instruments made perfect measurements, North (1988) estimated sampling

errors of 10% in monthly rain rate for TRMM-sized boxes (600 by 600 km) and for the low-alti-

tude, low-inclination orbit. Shin and North (1988) further examined the TRMM sampling charac-
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teristics by accounting for varying return intervals and partial sampling of the averaging area on a

given visit. Their study suggested that the sampling error would be about 8-12% for monthly

mean rain rates over a grid box of 5° x 5 °. Similar conclusions were drawn by Bell et al. (1990)

using a stochastic model. Bell and Reid (1993), Soman et al. (1995), and Li et al. (1996) also

examined the diurnal cycle statistics of rainfall by simulating a satellite flying over the GATE and

Darwin areas, respectively.

The earlier satellite sampling studies (e.g., Leith 1973; McConnell and North 1987; Bell

1987; North 1988; Bell et al. 1990; Bell and Reid 1993; Soman et al. 1995; Bell and Kundu 1996;

Li et al. 1996; Huff man 1997) have provided many valuable insights into monthly-mean and diur-

nal rainfall statistics. However, there are limitations to these studies. As pointed by North (1988),

Bell et al. (1990), and Li et al. (1996), most satellite precipitation statistics were derived for the

GATE and Darwin areas where surface observations were available, and it is uncertain if the same

statistics are applicable to other regions of the globe. In addition, most surface observational

records used in satellite sampling studies are short (e.g., there are only 18 days in GATE Phase I),

and a simulated satellite may not obtain statistically-meaningful samples within that period. Fur-

thermore, different sensors aboard a satellite may have different swath widths, and the measured

climate variables may have significantly different sampling statistics. Besides precipitation

amount statistics, similar studies of other important climate variables such as precipitation fre-

quency and intensity, radiative fluxes, etc., have not been examined, due in part to the lack of suit-

able observations.

The TRMM satellite was launched in November 1997 to determine the temporal and spa-

tial distributions of precipitation and radiative fluxes in the tropics and subtropics. TRMM's orbit

is circular, with an inclination of 35 ° to the Equator. The satellite visits low latitudes about once

per day, but at a different local time every day. Therefore, unlike data collected from polar-orbit-

ing satellites, TRMM data can be used to investigate tropical climate variability at both monthly-

mean and shorter time scales when accumulated for a long enough period.

Ideally, we would like to have long-term real observations on the global scale to evaluate

the satellite sampling statistics at monthly-mean and composite diurnal time scales. This is not

possible in the real world. Model-dependent reanalyses are good candidates for providing "truth"
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observations, but most current reanalyses provide only 6-hourly data. In this study, we use a gen-

eral circulation model (GCM) to generate simulated data by assuming that the GCM can realisti-

cally simulate the atmosphere at annual, season_, monthly, and diurnal time scales. Figure 1 is a

schematic showing how we can investigate satellite sampling issue with the help of a GCM. X

stands for an unknown climate variable (e.g., precipitation amount) that we would like to observe

perfectly but cannot. The only data we can obtain are sampled or "observed" X, Xob s. The devia-

tion _ is Xobs-X, and the sampling error ¢_, as defined in Bell et al (1990), is {(Xobs-X)2} °5.

Before we can evaluate climate simulations using such sampled observations, we need to under-

stand c and e. However, since X is what we really want to obtain, we are not able to compare

directly the sampled variable and the real variable. A GCM can continuously simulate the same

climate variable, and therefore the simulated climate variable can be considered "known". If we

fly a virtual satellite in the GCM, using the same orbit as the real satellite, we can compare the

GCM-simulated field with the sampled GCM-simulated field at various time scales. The sampling

errors of the satellite observations can then be inferred from such comparisons.

In this study, we have combined the Colorado State University (CSU) GCM and the

TRMM orbital data to explore the sampling statistics of the sensors onboard the TRMM satellite.

Section 2 briefly discusses the TRMM orbital information used in this study, and how it has been

used in the GCM. Section 3 introduces the CSU GCM, and explains how the experiment has been

designed. Section 4 examines the satellite sampling frequency at annual, seasonal, monthly, and

diurnal time scales, and compares the "satellite-observed" and "real" GCM precipitation and Out-

going Longwave Radiation (OLR). Section 5 gives a summary and conclusions.

2. TRMM orbital data

TRMM is a low-latitude satellite, orbiting at an altitude of about 350 km, with an orbital

period of 91.5 minutes (15.7 orbits per day). Among the five remote-sensing instruments flown on

TRMM, the TRMM Microwave Imager (TMI; Kummerow et al. 1997) and the Precipitation

Radar (PR; Meneghini and Kozu 1990) provide measurements of rainfall. The Visible Infrared

Scanner (VIRS) and the Clouds and the Earth's Radiant Energy System (CERES; Wielicki and

Barkstrom 1991) sensors provide brightness temperatures and broadband radiative fluxes, respec-
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tively.Table 1 listssomecharacteristicsof thesesensors.TheTMI hasaswathwidth of 758.5km,

aboutthreetimeswider thanthatof thePR(220km). AlthoughtheCERESradiometerscantheo-

retically view an areaaswide as2000km at thesurface,theeffectiveswathwidth for radiative

fluxesis about1200km (Dr. YongXiang Hu,.personalcommunication)dueto the noiselevel at

theedgesof theorbit.

In this study,in orderto examinesamplingstatisticsfor precipitationandOLR associated

with theTRMM sensorson annual,seasonal,monthly,anddiurnaltime scales,we haveanalyzed

TRMM datafrom thestartingdate,December7 1997,to December31 1999.The geolocationsof

pixel dataat the centerandtwo edgesof thesensororbitsaresaved.By simply assumingthat a

GCM grid box is viewed(notviewed)by thesatelliteif scanscovermore than(lessthanor equal

to) onehalf of thegrid box,weareableto mapthearea"viewed" by theTRMM satelliteonto the

GCM grid boxes.Errorsresultingfrom partialsamplingof agrid box shouldbecomesmalleras

thesizeof thegrid boxbecomessmaller,andarenotconsideredin thecurrentstudy.As shownin

Figure2, asatellite-samplingfield correspondingto theGCM grid boxesis thenconstructedat 1-

hour intervalsfor eachsensor.The"viewed" and"unviewed"grid boxesareidentified.

3. The CSU GCM and Experiment Design

The most recent version of the CSU GCM, which uses a new type of dynamic core (Ring-

ler et al. 2000), is used in this study. A unique feature of the new dynamic core is that the model is

discretized in the horizontal on a geodesic grid which is nearly uniform over the entire globe

(Heikes and Randall 1995a, b). Such nearly uniform grids are especially useful for satellite sam-

pling studies, compared to the conventional longitude-latitude grid. The vertical structure of the

atmosphere is represented using 17 layers, extending from the surface up to 1 hPa. The lowest

layer is the planetary boundary layer, while the top of the model extends to the stratopause. The

time steps for "dynamics" and "physics" are 360 seconds, and 1 hour, respectively.

The CSU GCM uses a modified Arakawa-Schubert (1974) parameterization of convection

developed by Randall and Pan (1993), Pan and Randall (1998), and Ding and Randall (1998). The

parameterization is closed prognostically, and is also generalized to permit convection to originate

at any and all model levels (except the top level) simultaneously. A bulk cloud microphysics
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parameterization(Fowleret al. 1996,FowlerandRandall1996a,b), which wasoriginally devel-

opedfor mesoscalemodels(Lin et al. 1983;Rutledgeand Hobbs1983, 1984),hasbeenimple-

mentedinto the GCM, to simulatestratiformcloudprocesses.The modelalsoincludesversion2

of the SimpleBiosphere(SiB2) modelof Sellerset al. (1996a,b) to simulateland-surfacepro-

cesses.The radiative transferparameterizationfollows Harshvardhanet al. (1987). The CSU

GCM hasbeentested,andevaluatedagainstobservations,andit is ableto realistically simulate

manyimportantaspectsof theclimate(e.g.Randallet al. 1991;FowlerandRandall1996a,b; Pan

andRandall 1998;Ding andRandall1998;Ringleret al. 2000;Lin et al. 2000).

Resultsare presentedwith a horizontalresolution basedon 10242polygons (approxi-

mately225 km x 225 km), so thatsamplingsof TMI, PR, VIRS and CERES can all be investi-

gated. The simulation was started on January 1, and ran for two simulated years. Observed

climatological monthly-mean sea surface temperature (SST) and sea ice distributions provide

forcings for the model. Simulated and diagnosed fields at monthly-mean, seasonal-mean, and sea-

son-mean diurnal time scales have been constructed using "satellite-sampled" and "fully-sam-

pied" GCM data. Data for regions of the western Pacific warm pool, the tropical eastern Pacific,

the tropical Indian Ocean, the Amazon, etc., have been saved at l-hour intervals.

4. Results

4a. Sampling frequency

Figure 3 shows the zonal-mean of the total number of overpasses for the different sensors

on TRMM, for January. Note that this statistics is model-resolution-dependent. In the tropics, the

monthly-mean sampling rates for TMI and VIRS are around 30 for each grid box (on the average

about once per day), consistent with the pre-launch sampling studies of North (1988), Shin and

North (1988), and Bell et al. (1990). The sampling rates for PR and CERES are about 10 and 50

respectively, demonstrating the significant impact of the sensor swath widths on the sampling fre-

quencies. The sampling rates increase poleward and peak between 34 ° and 38 °, near the edges of

the satellite coverage. Overall, the monthly-mean and seasonal-mean sampling rates of TMI, PR,

VIRS, and CERES are only about 4%, 1.3%, 4%, and 6.7% of the GCM sampling rate (744 times

in January) in the Tropics.
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Time series of TRMM samplingswithin January(Figure 4) further suggestthat the

TRMM satellitevisitsagivengrid box in low latitudesneitherrandomlynorat constantintervals.

The visit patternsaremorecomplicatedthan thoseassumedin manyearlier samplingstudies,in

which thevisit intervalsarenearlyconstant.Although riding on the samesatellite,eachTRMM

sensorappearsto haveits own swath-width-relatedsamplingfrequencyat thesurface.As shown

below,diurnal undersamplingsassociatedwith thesatellite'sorbital geometryandsensors'swath

widths could generatespuriousoscillations in the reconstructedmonthly-meanfields, and this

appearsto beespeciallyseriousfor sensorswith narrowerswathwide suchasPR.

Figure 5 comparesthe diurnal samplingfrequenciesof the TRMM sensorswithin one

month(solid lines),andthreemonths(dashedlines) for threeselectedgrid boxesat thesamelon-

gitude butdifferent latitudes(oneneartheequator,andtheother two at 30°N and30°S, respec-

tively). For onemonthof TMI data,thegrid boxat 30°Nhassignificantlymoresamplesbetween

1900and0800UTC comparedto 0900-1800UTC, while thegrid box at 30°Sat thesamelongi-

tudehassignificantlymoresamplesbetween0800and 1900UTC, suggestingpossiblelargesam-

pling biasassociatewith the satellite'sorbital geometry.As will bedemonstratedin Section4b,

this will lead to more daytime samples(relativeto nighttime samples)in one hemisphereand

morenighttimesamples(relativeto daytimesamples)in theotherhemisphere.Similar biasesmay

alsoexist in PR,VIRS, andCERESproductswhenstudyingmonthlymeansanddiurnal variabil-

ity usingonly one-monthdata.For grid boxesneartheEquator,thesampleswithin a monthare

moreevenlydistributedovereach 1-hinterval,evenfor sensorswith narrowswathwidths.As 3

monthsof TRMM dataareaccumulated,the 2.25°x 2.25° grid box canbe sampledevenly for

each l-h interval without a clearsamplingbiastowardscertaintimes of day,althoughthis does

not guaranteethatthediurnal signalsfor variousclimatevariablescanbewell captured.The sea-

sonal-meansatellitediurnalsamplingratesneartheEquatorfor each1-hintervalareabout 1or 2

for PR, 4 for TMI and VIRS, and7 for CERESfrom Decemberto February, comparedto 90

timesfor theGCM.

In summary,examinationof theTRMM samplingratesindicatesthat sensorswathwidths

havesignificantimpactson samplingfrequencies.Themonthly-meanandseasonal-meansatellite

samplingratesareaboutone or two orderssmallerthantheGCM samplingrate.For grid boxes
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away from the Equator, there are large diurnal undersamplings associated with the satellite's

orbital geometry, which may lead to more daytime samples relative to nighttime samples in one

hemisphere, and more nighttime samples relatively to daytime samples in the other hemisphere

when using only one month of TRMM data. This diurnal undersampling, as will be shown later,

can bring significant biases to both monthly-mean fields and diurnal studies. In order to ade-

quately sample diurnal variability, it is necessary to accumulate multiple months of TRMM pixel

data onto a grid.

4b. Bias in monthly- and seasonal-means

Total precipitation rate and OLR are two important variables that are commonly used in

climate studies and retrieved by TRMM. They have different diurnal variabilities, as well as dif-

ferent amplitude scales, and thus possibly different satellite sampling errors at seasonal-mean and

seasonal-mean diurnal time scales.

One of the most important objectives of TRMM sampling studies is to evaluate the sam-

pling bias of the inferred monthly-mean precipitation and radiative fluxes. Figure 6 compares the

TMI- and PR-sampled with fully-sampled monthly-mean (January) GCM total precipitation.

Their geographical distributions and zonal means are very similar. All of the large-scale features,

including the InterTropical Convergence Zone (ITCZ) and rainfall maxima and minima in the

tropics and subtropics, are very well sampled by TMI and PR. Area-mean differences are 0.02 and

0.03 mm day -1 respectively, much less than the area-mean rain rate of 2.4 mm day "1. However, a

few grid boxes have differences larger than 2.0 mm day "1. Due to smaller sampling rates associ-

ated with a narrower swath width, the PR-sampled total precipitation tends to have larger sam-

pling errors than the TMI-sampled total precipitation, especially over the maritime continent and

the western Pacific, the Amazon Basin, and the tropical Africa, where precipitation occurs fre-

quently and has large diurnal variations.

In order to estimate the average amplitudes of differences between "satellite-sampled" and

"fully-sampled" monthly-mean total precipitation, using two years of simulated data, we calculate

the root-mean squares (RMSs) of TMI- and PR-sampled monthly-mean precipitation relative to

the fully-sampled month-mean precipitation (Figure 7). The RMS plots indicate that the TRMM

10
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sampling errors are positively correlated with precipitation amount and sensor swath widths, as

noticed in previous sampling studies (e.g., Bell et al. 1990). The averaged TMI and PR sampling

errors in the Tropics and midlatitudes, where deep convection dominates, are about 0.7 and 1.5

mm day °1 respectively. The sampling errors in the subtropics, where convection seldomly occurs,

are considerably smaller, especially over the oceanic regions west of main continents, and large

desert areas such as the Sahara. Due to smaller monthly sampling rates and the large diurnal vari-

ability of precipitation in the Tropics, the PR-sampled precipitation has RMS errors two times

larger than the TMI-sampled precipitation. By simply dividing the averaged RMS of total rain by

averaged total rain rate, we can estimate that the TRMM TMI and PR relative sampling errors

could be as large as 10 and 30% in the Tropics, and 20 and 40% in the subtropics, for zonally

averaged monthly-mean rain rates. Monthly mean precipitation over individual grid boxes may

have even larger relative sampling errors.

Figure 8 compares the VIRS- and CERES-sampled monthly-mean (January) OLR with

the fully-sampled OLR between 40°S and 40°N. Again, the sampled OLR fields and their zonal

means are very similar to the fully-sampled fields. The largest difference for a grid box is about 8

W m -2 and therefore the largest deviation is less than 5% in the OLR field, if 160 W m -2 is

assumed to be the lowest monthly-mean OLR value in low latitudes. One interesting feature to

notice is that both the VIRS- and CERES-sampled OLR are systematically lower (2-6 W m -2)

than GCM OLR over the subtropical continents in the Northern Hemisphere, and higher than the

GCM OLR over the subtropical continents in the Southern Hemisphere. The February OLR has

also been examined, and the situation reverses (not shown). A possible exaplanation, as suggested

by the monthly-mean diurnal sampling rates (Figure 5), is that in January (1998), TRMM tends to

sample more nighttime situations in the Northern Hemisphere, and thus correspondingly more

daytime situations in the Southern Hemisphere. Since the diurnal variation of OLR is stronger

over the subtropical continents than over the oceans, the impact of this uneven diurnal sampling in

two hemispheres is seen on the large landmasses in the subtropics.

Figure 9 shows the RMS errors of VIRS- and CERES-sampled monthly mean OLR. There

appear to be two major factors contributing to RMS errors. Large RMS errors occur in the Trop-

ics, where deep convection usually dominates. They are associated with diurnal undersampling of

11
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tropical convection, and could be substantially reduced for sensors with wider swath widths. The

CERES-sampled OLR has smaller RMS errors (2-3 W m -2) than the VIRS-sampled OLR (3-5 W

m "2) in the Tropics. Large RMS errors over the subtropical continents, where precipitation sel-

domly occurs, are mainly related to uneven day and night samplings between the hemispheres in

each month due to TRMM's orbital geometry. Both VIRS- and CERES-sampled OLR show simi-

lar order-of-magnitude RMS errors over the subtropical continents (3-6 W m-2). Such uneven

samplings of daytime and nighttime in the subtropics have almost no effects on the precipitation

fields, since precipitation seldom falls over the subtropical continents and its day-night variations

are small. Over the subtropical oceans west of the major continents, where clear-skies and/or stra-

tus clouds dominate, the RMS values are generally less than 1.5 W m "2 and the OLR patterns can

be well captured by one month of TRMM data. Overall, most grid boxes within the TRMM region

have RMS errors smaller than 6 W m "2. Therefore, the TRMM satellite relative sampling errors

are generally smaller than 5% for the monthly-mean OLR.

4c. Tropical means

Tropical means and tropical-mean anomalies of precipitation and radiation fluxes are valu-

able measures of the sensitivity of the tropical hydrologic cycle to El Nino-Southern Oscillation

(ENSO), and of the skills of models' predictability. Soden (2000), using satellite observations of

temperature, water vapor, precipitation, and longwave fluxes, characterized the variations of the

tropical hydrologic and energy budgets associated with ENSO. He found that although multi-

model ensemble-mean simulations can realistically reproduce changes in the observed tropo-

spheric temperature, water vapor, and OLR, changes in model-predicted precipitation and surface

net longwave flux are substantially smaller than observed. There are concerns that such discrepan-

cies may come partly from errors in satellite observations and partly from a fundamental error that

is common to all GCMs (Soden 2000).

Although the current study is not able to determine whether the satellite retrievals overes-

timate the amplitude of interannual variability, we are able to examine the role of TRMM sam-

pling errors in constructing the seasonal changes of the tropical hydrologic cycle and radiative

fluxes. Figure 10 shows the fully- and TRMM-sampled GCM annual cycle of tropical precipita-

12
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tion and OLR (Fig. 10a) and their deviations (Fig. 10b) over three different tropical belts (10ON -

10°S, 20°N-20°S, 30°N-30°S) using monthly-mean averages. Although amplitudes become

smaller as the averaging areas become larger, the time series of tropical-mean precipitation and

OLR deviations clearly indicate spurious low-frequency oscillations associated with TRMM's

orbital geometry, with periods ranging from 3 to 4 months. While the relative fluctuations of the

sampled-OLR are negligible, the relative fluctuations of the sampled-precipitation are about 1-

2%, about one-third of satellite-derived long-term oceanic precipitation fluctuations as derived by

Soden (2000). This number is quite significant considering that the relative fluctuation of precipi-

tation is even larger for averages over ocean-only regions.

Figure 11 shows TMI-sampled tropical-mean GCM total precipitation deviation (from

fully-sampled total precipitation) as derived from daily values (Fig. 1 l a), along with the observed

TMI daily precipitation (Fig. 1 l b). All the deviation plots indicate that there are strong oscilla-

tions on 23-day period in tropical-mean daily precipitation anomalies, which are due to that the

TRMM orbit precession relative to the Sun direction has a 46-day cycle (Dr. Kummerow, personal

communication). Such spurious oscillations have similar magnitudes (about 0.5 mm day -1

between 20°N and 20°S) to the satellite-observed precipitation oscillation (about 1.6 mm day-l).

The 3-4 month oscillations shown in Figure 10, in which monthly-mean values are used, may be

examples of aliasing from the 23-day oscillations. This shows that caution must be used when

applying satellite observations of tropical-mean precipitation to interpret climate variations and/or

evaluate climate simulations at intraseasonal and interannual scales.

4d. Frequency and intensity

Although frequency and intensity of precipitation are important variables in climate diag-

nostics and simulations and have been receiving more and more attentions (Petty 1995; Chen et

al. 1996; Petty 1997; Dai 2000), they are rarely evaluated in satellite sampling studies due to the

lack of data. Rainfall on a specific grid box is not continuous over time, and the monthly- or sea-

sonal-mean rain rate is typically computed as the accumulated rain amount from each observation

divided by total number of observations. The mean rain rate does not tell the distributions of

intensity and frequency of rain events within an individual month. For example, it is possible that

13
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a region characterized of light rain with high frequency has the same monthly-mean rain rate as a

region characterized of heavy rain with low frequency.

Figure 12 illustrates the correlationship between seasonal-mean rain amount and rain inci-

dence from GCM and TMI for the entire TRMM region and for different climate regimes. GCM

rain incidence is defined as total rainy hours divided by total hours, while TMI-sampled rain inci-

dence is defined as total rainy hours sampled by TMI divided by total hours sampled by TMI.

Over the entire TRMM region (between 40°N and 40°S), GCM results indicate that there is a gen-

eral trend for regions having larger rain incidence to have larger rain amounts. The TMI-sampled

results can capture this general increasing trend. Over the western Pacific warm pool, and the

summer Amazon Basin, where deep convection usually dominates, the TMI-sampled results

agree well with the GCM results and the scattering is similar; most grid boxes are characterized of

large rain amount with high rain incidence. Hawaii is characterized by light rain, The fully- and

TMI-sampled GCM results agree very well and indicate that the mean rain rate over Hawaii is

below 4 mm day "1, and precipitation falls less than 20% of total observations. The eastern Pacific

ocean is in the subsidence region of the Walker circulation and usually dominated by clear sky sit-

uations and shallow stratus or cumulus clouds. Both fully- and TMI-sampled GCM results show

very light precipitation over the eastern 15acific with rain incidence ranging from 0 to 20%, consis-

tent with Petty (1995)'s observations, based on shipboard weather reports, that dizzle is the pre-

ferred form of precipitation over persistent marine stratus and stratocumulus areas in the

subtropical highs.

Figure 13 shows the probability density distribution of precipitation for a 2.25°x2.25 ° grid

box over the summer Amazon Basin, the western Pacific warm pool, the maritime continent, and

the eastern Pacific Ocean. Over the Amazon Basin where convection frequently occurs, light rain

events with rain rate below 0.5 mm day -1 dominate and are about 20-30% of the total rain events.

Other rain event frequencies, starting from 5% for rain rates between 0.5 and 1.0 mm day -1 , grad-

ually decrease as rain rate becomes larger. The TMI-sampled rain event frequency in general

agrees well with fully-sampled rain event frequency, especially at low-rainrate ranges. At high

rainrate ranges, satellite observations may slightly overestimate or underestimate precipitation

frequency due to inadequate sampling. The fully- and TMI-sampled rain events over the warm
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pool and maritime continents indicate similar features, except that rain event frequency for rain

rate below 0.5 mm day "l is about 14% of total rain events. The eastern Pacific Ocean is character-

ized by clear sky and shallow stratus clouds. Precipitation events, if there are any, are mostly light

rain events. Satellite observations from TRMM can accurately capture these features.

Figure 14 shows the probability density distribution of OLR for a 2.25°x2.25 ° grid box

over the summer Amazon Basin, the western Pacific warm pool, the maritime continent, and the

eastern Pacific. Fully-sampled OLR tends to have frequency maxima between 200 and 240 W m "2

over the Amazon, 200 W m -2 over the warm pool and maritime continent, respectively. VIRS-

sampled OLR, if smoothed, can well capture the broad features over these deep convective

regions. Over the eastern Pacific, fully- and VIRS-sampled OLR agree with each other very well

since stable condition prevails over this region. Both of them show a double peak structure with

the major frequency peak (36%) associated with clear sky situation at 290 W m -2, and the second-

ary peak (16%) probably associated with shallow stratus clouds at about 260 W m -2.

4e. Bias in the seasonal-mean diurnal cycle

Numerous observations have shown that the diurnal variation of convection is generally

stronger over land than over oceans, and that the strongest convection over the summer continents

such as the Amazon Basin usually occurs in the late afternoon or early evening, due to dominant

daytime boundary layer heating (e.g., Wallace 1975; Gray and Jacobson 1977; Short and Wallace

1980; Kousky 1980; Meisner and Arkin 1987; Liebmann and Gruber 1988; Hartmann et al. 1991;

Lin et al. 2000). Lin et al. (2000) examined the CSU GCM-simulated diurnal variability of the

hydrologic cycle and radiative fluxes over the Amazon Basin. They found that the CSU GCM can

capture many aspects of the observed diurnal cycle of convection, although there are 2-3 hour lags

in peak precipitation and OLR relative to observations. In this subsection we examine the sampled

Amazon diurnal cycle for an individual grid box, and also averaged over the entire Amazon Basin.

Figure 15 compares the fully-, and TRMM-sampled GCM seasonal-mean diurnal cycles

of total precipitation and OLR for a grid box at the center of the Amazon. Each 2.25°x2.25 ° grid

box is sampled by the satellite on the average 3-4 times for TMI, 1-2 times for PR, 4 times for
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VIRS, and 6 times for CERES for each l-h interval within a single season, compared to about 90

times within the GCM. The diurnal cycle of the GCM precipitation (Fig. 15a) shows a maximum

(20 mm day -i) at 1800 LST, and a minimum (8 mm day "l) in the morning between 0900 LST and

1100 LST. The diurnal cycle of OLR (Fig. 15b) shows a maximum at 0900 LST and a minimum

at 1800 LST. The TMI-sampled precipitation and VIRS-sampled OLR time series show large

deviations for most 1-h intervals, due to inadequate samplings. Maxima and minima in precipita-

tion and OLR can even shift their timings.

By averaging over a large area with relatively uniform diurnal signals, the diurnal sam-

pling can be significantly improved. Figure 16 compares the fully-sampled and TRMM-sampled

GCM seasonal-mean diurnal cycle of total precipitation and OLR over the Amazon Basin (ensem-

bles of 65 grid boxes). The differences between fully-sampled and TRMM-sampled at each l-

hour intervals became much smaller than those computed for one grid box, and daily maxima and

minima in total precipitation and OLR are well captured by the simulated satellite (within 1-2

hours).

5. Summary and Conclusions

Remote sensing data from the TRM/Vl satellite have for the first time provided comprehensive

and synchronous measurements of precipitation and radiative fluxes in the Tropics and subtropics.

TRMM data will be extensively used to study natural variability on the annual, seasonal, and

composited diurnal time scales, and to evaluate climate models' skills in predicting climate

changes. The TRMM satellite typically visits an area the size of a GCM grid box about once a day

or less, and the constructed fields on different temporal and spatial scales may suffer large uncer-

tainties due to inadequate samplings and intrinsic factors embedded in the satellite's orbital geom-

etry. A number of sampling studies of TRMM precipitation were conducted before launch but

most rainfall statistics were derived over very limited regions in the Tropics within short time

periods. The satellite sampling impacts on the measured tropical hydrologic cycle and radiative

energy budgets, which are very valuable for accurately monitoring climate variations and evaluat-

ing climate simulations, are difficult to estimate due to the lack of data.

By incorporating the TRMM orbital information in the geodesic version of the CSU GCM, we

are able to "fly" a satellite in the GCM, and sample the simulated atmosphere the same way as
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TRMM samples the real atmosphere. The TRMM sampling errors on interannual, intraseasonal,

monthly, and composited diurnal time scales can then be inferred by directly comparing fully-

sampled GCM atmosphere with TRMM-sampled GCM atmosphere.

There are four sensors aboarding TRMM measuring precipitation, brightness tempera-

tures, and radiative fluxes, respectively. Sampling frequency analyses indicate that the sensors'

swath widths have significant impact on the sampling rates. TMI and VIRS sample each

2.25°x2.25 ° grid box in the tropics and subtropics about once per day but at different local times

everyday while PR and CERES visit each grid box about once every three days and twice per day,

respectively. Besides inadequate samplings resulting from the sensors' swath widths, there are

large diurnal undersamplings associated with TRMM's orbital geometry for grid boxes away from

the equator. This diurnal undersampling leads to more daytime samples relative to nighttime sam-

ples in one hemisphere, and more nighttime samples relatively to daytime samples in the other

hemisphere when only one month of TRMM data are used. These sampling problems, if not care-

fully managed, could bring significant biases to constructed climate fields on various temporal

and spatial scales, and may interfere with climate monitoring.

The sampling errors in OLR and precipitation monthly means are calculated based on a two-

year simulation. The VIRS- and CERES-sampled GCM OLR monthly means are very similar to

the fully-sampled GCM OLR, and are able to capture all the large-scale features in the Tropics

and subtropics. There are two major factors contributing to RMS errors in sampled OLR monthly

means. RMS errors (3-5 W m -2) located in the Tropics, where deep convection usually dominates,

are associated with inadequate temporal sampling of tropical convection, and can be substantially

reduced for sensors with wider swath widths. RMS errors (3-6 W m -2) over the subtropical conti-

nents, where precipitation seldom falls, are mainly related to uneven samplings of daytime and

nighttime situations in two hemispheres within individual months due to TRMM's orbital geome-

try. Both VIRS- and CERES-sampled OLR show similar order of magnitude of RMS errors over

the subtropical continents. Overall, the largest OLR difference for a grid box is about 8 W m -2 and

therefore the largest deviation is less than 5% in the OLR field, if 160 W m -2 is assumed to be the

lowest monthly-mean OLR value. Although there are sampling errors associated with inadequate

sampling resulting from sensor swath widths and diurnal undersampling resulting from TRMM's

orbital geometry, the OLR monthly- and seasonal-means are not sensitive to these sampling errors
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by TRMM. This is mainly because of the relatively large OLR values (on the order of 102 W m -2)

and insignificant diurnal variability compared to precipitation (ranging between 0 and i 0 mm day-

1 or larger). Therefore, both monthly mean and seasonal mean OLR can be well sampled by VIRS

and CERES.

TMI- and PR-sampled monthly-mean precipitation can also capture all the large-scale fea-

tures in the Tropics and subtropics. However, due to smaller sampling rates associate with a nar-

rower swath width, PR-sampled total precipitation tends to have larger difference than the TMI-

sampled total precipitation. TMI and PR relative sampling errors are estimated to be as large as 10

and 30% in the Tropics, and 30 and 40% in the subtropics, for zonally averaged monthly-mean

rain rates.

Correlationships between rain amount and rain intensity, as well as probability density func-

tion of precipitation and OLR are also investigated over different climate regimes using seasonal-

mean data. TRMM-sampled data agree well with fully-sampled data, especially over the eastern

Pacific where stable conditions prevail.

TMI and VIRS sample each 2.25°x2.25 ° grid box in the tropics and subtropics about 3 times

for each I-h interval within a single season. With so few samples, the seasonal-mean diurnal

cycles of precipitation and OLR cannot be well captured for one grid box. Maxima and minima in

rainfall and OLR may even shift significantly. By accumulating the satellite data for a long

enough period (seasonal ensembles for a few years), and/or by averaging the data over a large area

with relatively uniform diurnal signals, the diurnal cycles of precipitation and OLR can be well

sampled at 1-h intervals for 2.25°x2.25 ° grid boxes.

Tropical means and tropical-mean anomalies of precipitation and radiation fluxes are valuable

measures of the sensitivity of the tropical hydrologic cycle to ENSO, and of the skills of models'

predictability. The TRMM sampling impact on tropical mean hydrologic cycle and radiative

fluxes are also evaluated. There are strong spurious oscillations associated with TRMM's orbital

geometry, with periods of 23 days and 3-4 months, in tropical-mean daily and monthly precipita-

tion. While the relative fluctuations of the sampled-OLR are negligible, the relative fluctuations of

the sampled precipitation are of the same order of magnitude as the observed climate variability.

Caution must be used when applying TRMM observations of tropical-mean precipitation to inter-

pret climate variations at intraseasonal and interannual scales.

Satellite data, along with other data, are commonly assimilated into operational model reanai-
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yses to provide better forecasting and monitoring of daily weather changes, and are extensively

used to evaluate long-term climate simulations. This is useful because satellites can view large

areas where in-situ observations are not available. However, large, spurious low-frequency signals

can result from satellite sampling. If not carefully managed, these errors can easily contaminate

the inferred climate fields at various temporal and spatial scales.
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Figure Legends

Figure 1: A schematic showing how to investigate satellite sampling issue with the help of a

GCM.

Figure 2: Simulated orbits for TMI, PR, VIRS and CERES on the geodesic version of the CSU

GCM. The black belts represent the areas viewed by the TRMM sensors during the first two hours

of the simulation.

Figure 3: Zonal means of sampling frequencies for TMI, PR, VIRS, and CERES in January, 1998

between -40 ° and 40 ° .

Figure 4: Time series of samples of TMI, PR, VIRS, and CERES within January 1998 on a ran-

dom 2.25°x2.25 ° grid box in the Tropics.

Figure 5: Diurnal time series of sampling rates of TMI, PR, VIRS, and CERES within one month,

and three months for three selected grid boxes at the same longitude but different latitudes (one

near the equator, and the other two at 30°N and 30°S, respectively).

Figure 6: Horizontal distributions, and zonal means of fully-sampled, TMI- and PR-sampled pre-

cipitation, and their differences (in unit of mm day'1).

Figure 7: Horizontal distributions, and zonal means of root-mean-square differences between sat-

ellite-sampled and fully-sampled total precipitation (in units of mm day-l).

Figure 8: Horizontal distributions, and zonal means of fully-sampled, VIRS- and CERES-sam-

pled OLR, and their differences (in unit of W m-2).

Figure 9: Horizontal distributions, and zonal means of root-mean-square differences between sat-

ellite-sampled and fully-sampled OLR (in units of W m-2).

Figure 10: Tropical means (a) and tropical mean deviations (b) of precipitation (mm day "1) and

OLR (W m -2) between 10°N and 10°S, 20°N and 20°S, 30°N and 30°S.
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Figure 12: Correlationship between monthly-mean rain rates and rain incidence over the different

climate regimes in the Tropics for fully- and TMI-sampled precipitation.

Figure 13: Probability density function of fully- and TMI-sampled rain events over the Amazon

Basin, the western Pacific warm pool, the maritime continent, and the eastern Pacific.

Figure 14: Probability density function of fully- and TMI-sampled OLR over the Amazon Basin,

the western Pacific warm pool, the maritime continent, and the eastern Pacific.

Figure 15: Seasonal-mean diurnal time series of fully- and TRMM-sampled GCM precipitation

and OLR on a grid box in Amazon.

Figure 16: Seasonal-mean diurnal time series of fully- and TRMM-sampled GCM precipitation

and OLR averaged over the Amazon.
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Swath width Observed Main

(km) Sensor type channels products

TMI 760 passive 5 rainall,

microwave hydrometer

profiles

PR 220 positive 2 rainfall,
microwave storm struc-

ture

VIRS 720

CERES 2000

visible and

infrared

visible and

infrared

5, narrow

bands

broad band

brightness

temperature

radiative

fluxes

Table 1: Characteristics of sensors aboarding the TRMM satellite.
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