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Evaluation of model-derived and remotely sensed precipitation
products for continental South America
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[1] This paper investigates the reliability of some of the more important remotely sensed
daily precipitation products available for South America as a precurser to the possible
implementation of a South America Land Data Assimilation System. Precipitation data
fields calculated as 6 hour predictions by the CPTEC Eia model and three different
salellite-derived estimates of precipitation (Precipitation Estimation from Remotely
Sensed Information using Artificial Neoral Networks (PERSIANNY, Mational
Environmental Satellite, Data and Information Service (WNESDIS), and Tropical Rainfall
deasuring Mission (TRMMY)) are comnpared with the available observations of daily total
rainfall across South America. To make this comparison, the threat score, fractional-
covered area, and relative volumetrie bias of the model-caleulated and remotely sensed
estimates are computed for the year 2000. The results show that the Efa model-calculated

data and the NESDIS product capture the area without precipitation within the domain
reasonably well, while the TRMM and PERSIANN products tend to underestimale the
area without precipitation and Lo heavily overestimate the area with a small amount of
precipitation. In terms of precipitation amount the NESDIS product significantly
overestimates and the TRMM preduct significantly underestimates precipitation, while the
Eta model-calculated data and PERSIANN product broadly mateh the domain average
observations. However, both tend to bias the zanal location of precipitation more heavily
toward the equator than the observations. In peneral, the Eta model-calculated data
oyutperform the several remotely sensed data products currently available and evaluated in

the present study.
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1. Introduction

[z] Weather and climate predictions are known to be
sensitive o surface storage of water and energy, both at
repional and global scales [e.p., Koster and Suarez, 1999,
Beljwars et af | 1993; Berts ef al, 1996, Fast and MeCorkle,
1991; Fennessey ard Shukla, 1999]. In the last three
decades, land surface models (LSM3) have heen used
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extensively in coupled land surface-atmospheric models to
provide a deseription of the feedback from the underlying
soil and vegetation to the stmosphers during model inte-
gretion [e.g., Sellers ef al, 1936; Xue and Shukle, 1993].
Recently, so-called land dats assimilation schemes (LDAS)
[Mitchefl er al, 2000, 2004; Rodell er ol 2004; Koster af
al., 2004] have been successfully employzd to provide
improved imitial surface fields of soil moisture for use in
predictive metcorelogical models (i near real tinve) and to
address land surface managemeéent ssues. LIMAS comprise
two-dimensional amays af LSMs erranged to match the grid
squares used in the predictive model, which are forced by
model-derived near-surface felds. supplemented, o the
maximuam extent ‘possible, with surface observativns of
meleorological variahles,

[3] An important challenge when using LDAS or when
assessing the performance of eoupled {or uncoupled) land-
atmosphere perameterizations s the scarcity of comprehen-
sive land surface data at the spatial and temporal resolutions
at which the models operate [Mawrer ef al,, 2002], Provid-
g adequate observations of precipitation is particularly
problematic because precipitation is so spatially variable,
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and often anly point sample data from well-separated rain
gaupes are available, Some regions of the globe (e.g., Morth
America, Europe, Japan, and parts of the former Soviet
Union and China) have a reasonably dense coverage of
observations, However, in the context of the present paper,
it iy significant that South America has very sparse temporal
and spatial data coverapge, and that this coverage is biased
toward populated centers near the edge of the continent and
along the main river course in the Amazon region. Conse-
guently, simple interpolation of daily tote] precipitetion is
fraught with diffioulty. Remotely sensed estimates of pre-
cipitation mierred, for example, frony infrared cloud top
temperaturcs may provide a means of filling the gaps
between surface observations in remote regions. Unfartu-
nately, the calibration and validetion of such remolely
sensed estimates is also difficult because ground-based
observations are so sparse. Monetheless, in the context of
LDAS and despite these validation difficalties, remotely
sensed cstimates (perhaps merged with surface observa.
tiens) remain the best hope for providing & spatially
comprehensive set of precipitation observations in regions
like South Amerca, where surface obscrvations are Hmited
[Peterson et al, 1998; New et al, 2001].

[+] This paper evaluates three remotely sensed daily
precipitation products currently avoilable for South Amer-
iza. This 15 done as & precursor to the possible implemen-
tation of & South America LDAS for the Eta regional madel
[Mesinger er al, 19BB; Block, 1994] coupled with the
Sumplified Simiple Biosphere (S3iB) LSM [Xue et al,
1991], which is used for weather forecasting at CPTEC
(Centro de Previsio de Tempo e Estiudos Climdticos), the
Brazilinn Center for Weather Forecasts and Climate Studies.
Consequently, the primary concern is how well the remotely
sensed precipitation products reflect the daily precipitation
inputs @ the land surface. Because the poal of any LDAS
would be to improve the initial energy and moisture state of
the land surface model for a given montent in time, the
precipitation products should reflect as accurately as possi-
ble the spatially distributed precipitation smount on any
piven doy. Mote that this is a stricter and more challenging
requirement than matching the observed precipitation in
some average or climatelogical sense. In addition, to be
uscful in an LDAS context, the precipitation products
should better match the actual precipitation than the model
derved product,

[s] Tn this study, precipitation data fields caleulated as 24
hour aceumulated predictions by the CPTEC Eta model and
several different satellite-derived estimates of precipitation
are compared with the available observations of daily total
rainfall acrass South America, and the threat score, frac-
tional covered area, relative volumerric bias, root-mean-
square error and spatial cross cormelation coelfcients of the
model-calcutaled and remotely sensed estimates are com-
puted for the year 2000, In turn, these estimates are
compared with pauge observations, which, although not
without problem, remain the standard measure of surface
precipitatian input.

{s] The paper is divided into seven sections. The general
climaology of South America is described briefly fiest,
followed by a description of the Eta model, the remotely
sensed data products, and the surface observations
(section 3). Section 4 presents the analysis methods snd

perforrance mieasures. Results, discussion, and canslusions
are presented in sections 3, 6, and 7, respectively.

2. Climatology of South American Precipitation

[7] There are substantial varistions in the climate of
continental South America associated with latitude, wopog-
raphy, and proximity to oceanic influence. In the northern
pert of the continent, much of the within-gontinent presip-
itation is convective in origin, cither in the form of orga-
nized large-scale precipitation or originsting from
mesescale tropical squall lines which produce sunfall negr
the coast and then propagate inland, Seasons] migretion of
the Intertrapical Convergence Zane (TTCA) modulies the
large-scale pattern of rainfall wariabiliny in popical South
America, Rainfall castof the Andes i5 determined by the
interaction between the tade winds blowing from west o
cast on both sides of the equater in this region. Mortheast
Brazil has-a wet season which is restricted to a few months
(February—May) and otherwise has a semuarid climate. The
Amazon région expericnces its rainy season during. the
months of MNovember, December, snd January (WDI) in
southern Amazonia and February, March, and Apnil (FMA)
in central Amazonia and the mouth of the Amazon River.

[8] The central and southeastern regions of South Amer-
ica are influenced by midiatitnde and extratropical transient
weather systems but have a well-defined convective wet
seazon, especially southern Brazil, Paraguay, and northers
Argenting, where mesoscale convective systems (MCSs)
occur, These MCSs cean be fed by moisture from the
Armazon basin transported east of the Andes by a low-level
jet (LLT), especially during WDJ and FMA periods [Sefuch
and Marengo, 2000 Marengo et al,, 2002, 2004; C, Vera &t
al. A unified view of the American monsoon systems,
submitted 1o Journal of Climare, 2005). This LLI brings
meisture from Amazonia during summer and 15 in pan
responsible for rainfall in nomthern Argenting and in the La
Flata basin. 1t also brings moisture from Lthe subtropical
Atlzntic during winter. This suggests that the LLI 1% &n all
vear round system, bot the Amazon influence in minfall
in southeastern South America is resmcted o Summer
[Marenge ef af, 2004]

[#] Transient systems, such as cold fronts, regulate the
precipitation regime over the southem portion of the can-
tinent. Rainfall in southeastern South America is also
modulated by the Seuth Atlantic Convergence Zone
{SACZ) and is more intense during WD months [Liebann
et al., 1999; Nogués-Paegle and Mo, 1997], The intensity of
the SACZ is influenced by the availability of regional
moisture from the Amaron and its position is modulated
by intense convective activity in the western Pacific, in the
form of a Roseby wave that emerges from this sestion of the
Pacific and propagates ail the way to southeastern South
America. There appears to be a dipole structure between the
SACZ, in which a weak SACZ is consistent with a well
developed LLJ, snd vice verse. Cold fronts are also respon-
sible for cooling in southemn and southesstern Brazil during
winter [Marengo et al, 1997, Garreaud, 2000],

[10] Precipitation along the Andes Mountains is modu-
lated by the topography. In the northem Andes, precipitation
15 associated with low-level wind convergence, while in the
central and southern Andes it is primarily crographic n
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nature. Kegions such as the inter-Andean Valley in Celom-
kin are among the wettest in the continent becauge of
steong convective activity and mountain uplift [Legares
and Wilmott, 1990, Flgueroa and Nobre, 1990; Marengo
and Mobre, 2001 Melazeo and Fritsch, 1987, Rag and
Hada, 1990, Marengo, 1995],

3. Model-Derived, Remotely Sensed, and Surface
Observations of Preclpitation
3.1. Eta Weather Forecast Model

[11] Tm this study, the modei-calculated precipitation data
flelds used for comparison with remotely sensed products
are the 36 hour predictions given by the CPTEC Eta model
fior the year 2000, Two mode] runs re performed daily, one
mitiated with initial conditions at 00Z and the other at 122
with putput every & hours. For the present study, forccasts
mitiated at 00 were used. The daily totals are the accu-
mutated precipitation for the 249h prior the 36h forecast (ie,
feom 127 of the day before to 127 of the current day). Thus
totul daily precipitation on 2 Japuary, for example, would be
the accumulated precipitation from | January st 122
through 2 Janvary at 122, Nane of the surface observations
of precipitation used here for validetion are assimilated into
the mode! prior to the 36 hour predictions.

[12] The Eta model, a5 implemented at CPTEC, is set up
to describe a domain that covers most of South America
with a grid resolution of 40 km in the herizontal and 38
werticel layers, with the model top corresponding to 50 hPa,
The prognostic variables are surface pressure and the
horizonte] wind components, temperature, specific humid-
ity, turbulent kinetic energy, and cloud water calculated over
a semistaggered Arakawa E gnd, Step-mountain (or Tt}
vertical coordinetes (as defined by Mesinger [1984]) are
used in the model, with the resolution of vertical levers
higher nearer the surface (the first layer is ~20 m deep) and
in layers near the trapopause, In the sdjostment stage, the
forward-backward scheme modified by Janfic [1979] is
vsed. The horizental advection scheme was developed by
Janfic [1984] specifically for the E grid and controls the
cagcade of enecgy toward smaller scales, Tt @5 used in
conjunction with & modified Buler backward time-
differencing scheme. A split explicit approach [Fadd,
1974] is used during model integration,

[13] The initial conditions for the Eta model are taken
from MCEP (Mational Centers for Environmental Predic-
tion) analyses and the evelving conditions at the lateral
boundaries are updated every 6 hours using CPTEC global
model forecests [Bonatti, 1996, Cavalcanti ef al, 2002],
Both conditions are provided to the model in 28 vertical
layers and in the form of spectral coefficients with Té2
triangular truncation, eguivalent to LE25° resolution in
the meridional and zonal directions. Sea surface temperature
is prescribed to be the observed weekly average wvalue
[Repnplds and Smith, 1994), and the initial surface
ulbedo is taken from & seasonal climatology [Dorman arnd
Sellers, 1989). Soil mossture and temperature are also taken
from seasonal climatology [Pilfmodt et el, 1985] and
linearly interpolated 1o the first day of simulation with na
adjustments.

[14] Both grnd-scale [Zhao and Carr, 1997] and convee-
ive precipitation [Beits and Miller, 1986; Janfic, 1994] are

caleulated. The turbulent exchange between model layers in
the free atmesphere is based on the Mellor-Yamada level
2.5 scheme, while the exchange between the Earth’s surfaes
and the lowest model laver uses the Mellor-Yamada level 2
scheme [fanjle, 1994, 1996a, 1996b]. The radiation pack-
age was developed at the Geophysical Fluid Dynamics
Laboratory: short-wave radiation is eomputed using the
scheme of Lacty and Hamsen [1974], while the long-wave
radiation scheme is that of Fely and Schwarzkop/ [1975],

32, PERSIANN Precipitation Data Product

[15] An automated system for Precipitation Estimation
from Remotely Sensed Information using Artificial Mewral
Metworks (PERSIANN) was developed by Hsw ef al
[1997). The primary remotely sensed data used to eslimate
rainfel]l ame infrired images from geosynchronous satellites
(GOES-IR) available every half-hour and sampled at a
resalution of 0.25% % 0.25% [Hry & al, 1997], The
glgorithm is based on an atificial nevral network that can
be adapted easily to incorporate any relevant additional
information available, An adaptive training fearure can be
used to facilitate rapid updating of the artificial neuvral
nepwork paramneters whenever independent estimates of
rainfall are available. Howsver, so far, no attempt has been
made to incorporate data from South America into the
training process. Conssquently, the PERSTANN products
evalyated in this study use cxtrapolated mamning calibrations
made elsewhere (i.¢., Japan islands and peninsuly of Flos-
ida, USA) in the retrieval algorithm [Hru et ol 1997]. Fur
this study, PERSIANN estimates of precipitation were anly
available for the last 10 menths of 2000,

3.3, NESDIS Precipitation Product

[18] The MOAA MNational Environmental Satellite, Data
and Information Serviee (NESDIS) experimental prodict
[Ficente et al, 1998] provides real-time rzinfall estimates
over South America based on cloud lop temperature mes-
surements in the 10.7 um channel of the GOES 8 satellite,
Estimates are not.available when GOES & is in rapid scan
made because it only observes the Northern Hemisphere,
Precipitation rates are calcufated from s power lew cquation
based on a comparison of satellite observations with collo-
cated, instantaneous radar rainfall Estimates. These esti-
mates were obtalned from the 1.5, operational network af
5 ey and 10 em radar in the central| Great Plains and areas
adjacent to the Gulf of Mexico at a spatial resolution of
4 km. The precipitation estimates are available at temporal
resolutions of 1, 3, 6 and 24 hours and at a spatinl resolotion
of approximately 4km ot the equator,

34, TRMM Precipitation Product

[17] The combined instrament min salibmtion alganthm
(3B42) uses cambined rain structure and the visible infrared
sensor (WIR3) cabibrativen w adjust 1R estivates Trom
geasynchronous TR, observations [FHuffman ef al, 1995,
Huffman, 1997, Huffman ef al, 1997] That is, global
precipitation estimates are made by adjusting the GOES
Precipitation Index (GPI) [Arkin and Meizner, 1987] o the
Trapical Reinfall Measuring Mission (TEMM) estimates.
The data used in this study are 1-day rainfall estimates on
1% % 17 grid taken from an origindl geographic coverage
between 40°N and 40°5, The data were acquired as part of
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TRMM using algorithms developed by the TRMM science
teamn [Simpeon et al., |996; Halverson et al, 2002; Peterven
ot al, 2002], These data, processed by the TRMM Science
Dats snd Information System (TSDIS), are archived and
distributed by the NASA Goddard Space Flight Center
Distributed Active Archive Center (DAAC).

.5, Observed Data

[1&] Rain gauge data from conventional in situ stations in
South America were obtained from lecal institutes, such ns
the Brazilian Mational Institute of Meteorology (INMET)
which represents the World Meteorologicsl Organization
(WMOY in Brazil, through the databases st CPTEC. The
data is in the form of daily average precipitation values for
the year 2000, This matched the time period for which Eta
model-calculated data were available, In practice, many
stations did not report every day in 2000 and only those
stations with an adequate yearly reporting record were used
in the evaluation, Stations were considered acceptable for
wse in this evaluation if they reported on o minimum of
300 days, During 2000, of the 998 stations reporting
rainfall in South America, only 240 reported on more
than 300 days. The distribution of the surface stations
used m the produet evaluation is shown in Figure 1,

4. Analysis Methods
4.1, Comparison With Observations

[19] The motivation far the present analysis is the eval-
uation of candidate precipitation products for possible use in
the context of 8 South American LDAS for the CPTEC
version of the Eta model. The analysis is based therefore on
the grid resolution of that model. The Eta model-derived
product is, of course, already availsble at the 40 km Eta
model resolution, The three remately sensed data products
were interpolated to match the model resolution using &
general bilinear interpolator function, which is a lincar
weighted combination of the nearest four pixels in the
origingl data set. These four (now gridded) products wese
then comparsd with abservations in those grd squarcs,
where st least ane observation was available. If more than
one observation was available in & grid square, a linear
average of the available ebservations was used in the
evaluntion.

[z0] The year 2000 was found to be the only period where
all the products overlapped significantly in time. Although
the PERSIANN product was only available for 10 months
during this year, the results obtained using it are cansidersd
statistivally significant for the purposes of this study. As
aoted in the introduction, to evaluate the wtility of the
remote sensing products in the context of & potential LDAS,
the products should accurately reflect the daily precipitation
amounts on any given day, rather than match the daily
precipitation in an average ar climatologeeal sense. Conse-
quently, the evaluation measures discussed below are all
caloulated at the daily timescais,

4.2, Evaluation Measures

[21] Measures used to evaluate numerical weather fore-
casts made with regional models inclade fractional coversd
area (FCA), threat score (TS), relative volumetric bias
(RVB), root-mean-square error (RMSE) and carrelation
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Figure 1. Spatial distribution of the valid surface
meteoralogical stations across continental South America
used for this study.

cocfficients [Anthes, 1983 dnthes of al, [989] All five
measures were selected for use in this study. The first three
were calculated for the sntire study domatn as a whole,
while the latter two were caleulated for three subregions of
the South American continent. The correlation coefficients
used it this evaluation are spatial correlation cocfficients
that evaluate the internal structure of the deily precipiation
felds.

[z1] The fractional covered area (FCA) measures the
model’s tendency to-systematically overestimate or under-
estimate the ares of precipitation within 8 defined domain
for a given precipitation threshold, Tt is defined as

F

5 e 'a
FCA = i

where F is the number of times that a predicted point
precipitation lies above & certain threshold and O s the
number of times that an ohserved point precipitation les
above the same threshold, Consequently, the FCA = above
{below) unity when the arcal extent of predicied pregipite-
tian s preater (less) than the sreel extent
precipitation above a threshold P The threal scone 1 T5)
measwrss the model's skill to forecast the srea ol
precipitation for a certain threshold, defined as [e.g.. Anthes
eral, 1989] as

phaservad
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where 7 is the number of “hits", that is, the number of
times in which both predicted and observed point
precipitation lie above that threshold, It is often used in
combination with the FCA. The third measure used in this
analysis, the relative volumetric bias (RVB) is the total
volume of predicted precipitation ereor relative to the
obierved precipitation for a given area, It is defined as

P 1 L MOD,,. — OBS..,
RVE = — —_ N
By (M D 3)

na | =l

where & is the total number of points, A is the total nurmber
of days, MOD s the product precipitetion value, and OBS is
the pauge-based observed value,

[33] The RMSE calculated betwesn cach station and
predicted values is deseribed as

| N
RMSE =, EE{X,— o (4)

where W 95 the total number of evaloated poimts, X
represents the predicted values and ¥ the observations,
The RMSE was computed for three regions deseribed below
for each valid station within the region, The dally RMSE
values were then averaged to produce a monthly average
value.

[¢] To evaluate the spatial distribution of precipitation
estimated by cach product, the continent was separated in
theee regions (north, northeast and south) according to the
unique ramfall regimes deseribed in section 2. The north (N)
region extends from 20°5, BO°W to 10PN, 50°W. the
MNortheast (NE) from 20°S, 50°W 1o 10°N, 35°W and sauth
(8) from 5578, 80°W 1o 20°5, 40°W. Similar arcas have
been chosen in previous work in which the Eta CPTEC
maodel performance when simulating precipitation and other
fields has been evaluated [Chow and da Siiva, 1999; Chou et
al,, 2000, 2003, 2005], For cach reglon, spatial cross
correlation cocfficients were computed beétween each loca-
tion with & valid rain gaugs and summounding pauges within
a radius of 300 km. The cross comslation between two
stations is givén by

5 ((x = 3) (o = 5]
il (5)

‘/z (o =5 JE O =3

o |

F=

where k(i) and y(i) are two seres with i=1, %, ..., Nand N
the length of the series. A lag time between the series can be
defined by d = 1, 2, .. ., N-1. For the present study the lag
zero correlation (d = ) was larger than the lagged
corrstations, which indicates amall significanse of the stoun
movement, The lag zero correlation decreased with
increasing distance while the lagpsd correlations did not
show significant changes with increasing distance. Because
ke resulting plots of correlation versus distence are
inherently noisy, a decsy function was fined to the paint
deta o facilitate comparison. An exponential function best
deseribed decrease in corelation with distance and was
used forall cases.

(5] The performance of the several precipitation prad-
wets {in the form of 24 hour totals prior to 12:00 UTC) was
evaluated for the year 2000 according to their ability to
répresent precipitetion amounts, P The thresholds for the
caleulation of FCA and TS were taken to be the ssme &3
those used for evaluation of the operational Bta model
at NCEP, and were equal to P=0 mm, 2> 0 mm, F =
Smm, P> 10 mm, P> L5 mm, P> 20 mm, P> 30 mm, and
£ = 50 mm, Statistical scores were calewlated whsrever the
observations were availsble.

[2¢] Fractional covered area, relative volumetsic bias,
and threat score evaluations were calculsted for four
successive 90-day peniods using these 240 stations.
RMSE was caleulated for esch month for three differen:
subregions, and the spatial correlation was caloulsted for
the entirc period for the same threc subrepions. For a
perfect forcast, TS = |, FCA = |, RVB = 0, wnd
RMSE = 0.

5. Resulis

(=] The products were cvaluated for the regions of the
Ets model domain (continental South America), over the
land surface only. The averaged FUA values for the four
quarters of the year (January—March, April-June, Tuly—
Seplember, and October—December) for the same periods
and 2l thresheld levels are presented in Table 1, and the
same for TS is presented in Table 2 An cxample of the 16-day
munning mean FCA caleulated for P > 5 mm is given in
Figure 2 and an example of the 16-day running mesn TS
caleulated for P > 5 mm is given in Figure 3. It is
noticeable in Figure 3 that the Eta model has a large
seasonal variability while the other remote sensing prod-
ucts show small variation in the skiil throughout the year.
Chou and da Silva [1929] used an objective analysis to
evaluate the Eta model precipitation forecasts aver South
America and found that the lowest TS wvolues accur
during the winter, in particular, in the NE region. In that
region, the precipitation was systematically underssti-
mated which might be related o deficiencies in the
convective parameterization scheme. The model physies
have perameters that are strongly dependent on seasons,
such as vegetation, -albedo, radiative fluxes, etc. Some
parameters may reed further tuning for winter cvents,

[2#] InTable 1, bold values highlight where FOA repches
its best value (closest to 1) for each threshold snd time
peciod. In the first quarter, Eta has the best FOA values for
thresholds from P = 0 ta P = 20 and WESINS has the best
values for the remaining thresholds (P = @0, P > 30 and
P = 50). In the second guarter, Eta has the best values for
thresholds of P=10, P> 0 and P> 10, PERSIANN for P = 5,
and NESDIS for P = 15 1o P = 50. In the third quarter,
Era has the best FCA values for P= 0 and P = O, TRMM for
P=5 NESDIS for P> 20 o P > 50, and PERSTANN for
P> 10 and P > 15, In the last quarter, Eta has the best FCA
values for P > 0, PERSIANN for P> 5, and NESDIS far P =
Dand for P > 10 to P = 50,

[3] In Table 2, bold values highlight where TS resches
its best value for each threshold and time period, A valee of
T3 equal to zero means thete is ro agresment between
observed and predicted values sbove o certain threshold,
For all quarters, TS decresses as the threshold incresses,
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Figure 2. FCA for :ﬁc LG-day running meosn rainfall greater then 5 mm for the ETA, TRMM, NESDIS,
and PERSIANN precipitation products as a function of day of the year during 2000, The S0-day average
values for 3 manth periods are given at the top left
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Figure 3. TS for |6-day running mean precipitation greater than 5 mm for the ETA, TRMM, WESDIS,
snd PERSIANN precipitation products as a function of day of the year during 2000, The ®-day averape
values for 3 month periods are given at the top left.
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Table 1. Average Fractional-Covered Arca (Equaticn (1)) for the Four Time Periods in 2000 for Each of (e Eigh

Thresholds P (Including Zero Bainfall)®

ETA TEMM NESDIS PERSIANN
ey -Manck
P=0a~= 137 0,850 0721 14¥29 0.24%
F=0n= 0l 10065 1279 1R ) 0,471
P=%n=67 [Tl 0509 {63 0,173
P> 10n=34 (LGBE L.E1l LR LK 0113
P>l5n=—4q8 504 R02Y {382 .06
P> 2= d5 n324 G008 G301 0043
P 3 no=40 0ORE 000d 216 0023
P> Shn=36 0001 00040 hix2 0.004
April=June
Po=0on= 154 1.000 0338 072 0721
P=0n=585% 0533 L5ke 0848 1716
Pein=5 0712 Lieir) 0.667 0.745
P =39 AT 027 0.522 0.563
Peiin=i 0405 .01 0.431 04403
P=din=32 0262 9.030 0362 0278
P10 n=27 0.097 D004 0.297 0431
P>80n=28 0.003 ERLE A 0213 (2%
Sl Seplember
M=0n= 163 1008 D.3ET LAT6 0.657
P=0n=T6 0.735 2933 0.704 1,575
Fefn=43 0422 1.0a7 0583 LEIG
oo =34 0,255 .57 0.467 614
P 18 n=30 0145 0,237 .388 Qdél
P=pn=218 00683 0995 0338 336
P 10p= 25 3013 .08 0.28% fLiRd
P>30n=11 00| 0.000 0.215 U055
Cetaber— December
P=lpn=]45 0.0E3 0.509 1.025 0.56]
Po=p=od B.967 2193 b | i B E]
P =5n=hl 0568 0,540 0.758 0416
P> idn=50 0366 024 0664 0530
o 5 =d6 03211 [ 08 0583 0 405
P=3Un =43 0,133 0,042 0510 0249
o 3l p = 39 L0 0,013 0,564 (0. 145
P 40n =3 0,002 L 0.240 A

*Here 1 is the aurnber of cbservations, Beld values highlight the highest value for each threshold and fime period.

reaching zero ar approximately zero in some cases. [n the
first and second gquarlers, Eta has the best TS for all
thresholds except for P = 50 where NESIMS yielded a
marginally better velue (0014 for both quarters). In the
third querter, Eta has the best values for thresholds from P =
Ot P = 15, PERSIANN for P =20 and P > 30, ond
NESDIS for P = 50, In the last guarter, Eta has the best TS
values for P=10to P> 15 and NESDIS for P> 20 to P > 50,
Zere values of TS are found for Eta (third quarter, P > 50)
and TEMM (all guarters for P> 50. and third quarter for P>
30). In genernl, all three satellite derived products (TRMM,
NESDIS, and PERSIANN) have TS values less than 0.1 in
ol quartzes for thresholds above P> 10,

[#a] Fipuee 4 shows the zonal precipitation over conti-
nental South America normalized by the land area in cach
longitude band. Precipitation for oceanic grid squares is not
meluded in the average. Figure 4 (left) shows the mean
zonul precipitation, while Figure 4 (right) shows the relative
volumetric bias (RVB) cxpressed as o percentage. The
pradducts were evalugted for the four quarters of the year
as well g5 for the whole year. The mean zonal observed
precipitation shows maximum values {around [$ mm/day)

in the north of the continent during the fisst and second
quarters, with progressively less rminfall as the latitude
increases southward. During the third and fourth quaners,
the mean zonal precipitation throughout the continent is
around § mm/day. The Eta model precipitation cstimates
follow the observed pattern with & maximum in the first and
second quarters of around 15 mm/day in the north and loss
than observed (near zere rainfall) in the south (=20°5). The
MESDIS praduct overestimates precipitation at &l |ecations
in all guarters exeepl in the north (<]107%) in the first
semester. In the third trimester, the NESDIS product over-
estimates precipitation in the south {up o 13 mm/dsy) and
central areas {(10°-30°%) by approximately 5 mmiday The
TRMM product underestimates ebservations: i the liest and
sccond guarters by up to 5 mmdduy o the nerth of the
continent and PERSIANN shows its maximum dilterence i
the third guarter of 4 mm/day around 10°S. The annual
mean zonal precipitation shows diffgrences up to 2 mm/day
betwesen all products and observations except NESDIS that
shows differences up to 3 mm/day in he southern areas and
around 10°N. The Ets model product also shows the same
5 mmfday difference at 10"N,
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Table 2. Average Threat Score (Equation (2)) for the Four Time Penods in 2000 for Each of the Eight Thresholds

P {Incliading Zero Rainfall)®

ETA THMM NESDIS PERSIANN
Sanmary-Marck
P=0pnm=137 0.612 D408 0.531 123
Pa0n=1H 0.3%5 0.235% 0.143% 078
P»5n=H 0.325 0.090 013 0,037
Falln=54 0.241 0.032 10R7 0022
P |Sn-48 0.178 0.00% 0.063 G.0id
P>30n=45 0.116 000n 0049 0009
P30 = di 0032 0.0KL o030 p.o0s
P=5ln=16 0001 0000 0014 D00l
April=dine
P=0On= |54 iz 022z 0592 n.4s4
P=iip =435 0.390 0.242 0139 02a)
Poow§ =8l 0.274 0104 QORI 0.138
o =38 0.194 0.042 0046 0086
P 15m=34 0133 0014 032 N5
P2y =32 1086 0006 [LRAF) N4
P Mms=27 o4 000 °.020 M6
P30 n =125 bl | L000 QIR (LRI C
July=Septemiber
P=dn= 1 0713 G211 0655 {1450
Frlp=T6 0283 182 oy b.211
P=3n=43 0174 LORS 006Ee 0100
Pei0n =34 0053 0043 G040 0063
P> 15n=210 0.051 [ERE 00zE [.046
P>20n=28 0.027 b0l 0,022 0,030
B 30n =25 0.004 0.001 oo 0014
P50 0 =23 0,000 00,00k 005 0004
Oetober- December
F=0pn=[d5 0,693 pite 0.576 0.343
P>0n=94 0.342 D213 0,136 0.20%
PF=5p= 6l 0,213 0087 VY 0.047
P ldn =50 0129 0034 0,084 0,058
F>15n=48 2072 0082 0,066 04335
Pax2n=43 0038 0,003 0.055 0.033
P=3ln=13% 0,008 0.000 0,039 0016
P> S0n=36 0,001 0,000 0.11z0 [tE ]

*Here 0 15 the number of observations. Bold values highlight the highest valug for each theeshold and thne period.

[31] Figure 4 (right) shows the RVB, which is 2 measure
of the sstimated total zonal precipitation relative
obaervations, [F RVB = 0%, there is perfect sgreement
betwesn estimated and observed total zone]l precipitation
{equation (3)). NESDIS shows the highest RVB values
for il guarters for latitudes south of 10°5, with values
above 100%:, reaching pesks of 6002 in the second and
fourth guarters, and more than G00% in the third guarter.
In the third guarier, PERSIANN shows values up to
600% around 30°S and more than 200% for latitdes
greater than 30°8, All the products except TRMM show an
annual average peak of up 10 600% for latitudes north of SN,

[32] Howuth of 57M, all the products oscillate between
30% and 50%, but NESDIS reaches values of up to 250% at
40%5 in the annual evernge RVB.

[} The monthly averaged RMSE is shown in Figure 5
for each month. The vertical bars {llustraie the standard
deviation computed for cach month, Because the standard
deviation fand RMSE) of the NESDIS product is high
compared to the other products, its results are plotted
separately on the right with a different scale. In the northemn
region (M), the RMSE of PERSIANN, when available, is

around 10 mm'day. For the period Januery to June, TRMM
has the lowest RMSE, on average about | mmiday loss
than Eta, From July to December, Eta has the [owest
RMSE, which is on average 2 mmyday less than TRMM.
The maximum BMSE for TRMM and Eta oceur
Februsry (8 mum/day end 8.9 mmiday, respectively), for
PERSIANN in September (1.5 mmiday), and NESDIS in
July {20 mm/day). The minimum RMSE for TRMM, Euw,
and PERSIANN oceur in August (5 mmfday, 3.5 mm/day,
and 9.1 mm/day, respectively) and for NESDIS in September
(7.7 mm/dav),

[#4] Tn the northeastern region (ME), the RMSE of
PERSIANMM, when available, e around [0 mmiday, For
the months January to June, TRMM has the lo west RMSE
(a5 for the northern region); followed by Eta. The differ-
ences betwesn TRMM and Eta during this peried are less
than 1 mmiday), From July to December, Eta has the lowest
RMSE (agesin as for the northemn| region), followed by
TRMM. The differences between TRMM and Eta during
this period are less than 2 mm/day. The maximum RMSE
for TRMM, Eta, ond PERSIANN accur in April (8.2 mm/
day, 9 mm/day, and [1.2 mm/day respectively), and for
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Figure 4. (left) Zonal average precipitation over continental South America for the ETA, TRMM,
NESDIS, and PERSIANN precipitation products and the observations. (right) Relative volumetric biag
Data are shown for four quarters of the year as well as the whole yaar,

NESDIS in July (22 mm/day). The minimum REMSE for
TREMM, Eta, PERSIANN and NESDIS all eccur in August
{5.2 mmiday, 3.3 mm/day, 8.5 mm/day, and 5.0 mm/day,
respectively). In the southern region (5), the TRMM prod-
uct has the lowest EMSE for the entire period, followed in
order by Eta, PERSIANN, and NESDIS. The average
difference between TRMM and Eta is 1.3 mm/day, with
the minimum difference in June (0.5 mmdday) and mazxi-
mum difference in July (2.4 mmfday). The maximum
BEMSE wvalues for TRMM, Eta, and PERSIANN occur in
December (8.5 mmv'day, 7.4 mm'day, and 10.4 mmfday,
respectively) and for WESDIS in Movember (20 mm/day).
The minimum RMSE values for TRMM and Eta occur in
fulv (5.2 mmfday and 2.8 mmfday, respectively), PER-
SIANKN i May (7.0 mm/dey). and NESDIS in January
{8.8 mm/day), For the three regions analyzed, the observa-
tions show that the cross correletion coefficients decrease
with distance: Figure 6 shows the caleulated correlation
cocfficients versus distance, with fitted curves for the
cbhservations (blue) and PERSIANN (red) products given
as examples: Comparisons between the fitted curves, based
on an exponentinl decay function, are shown in Figures ab,
G, and Gd for the NE, N, and 3 regions, respectively. In the
NE repion {Figure 6b), the fiked curve for PERSIANN

(deshed line) matches the observations most closely, This is
followed, in decressing order, by Eta (circles), TRMM
(erosses); and MESDIS (dats). For the N region (Figure 6e),
this pattem is repeated. Figure 6d shows the comparison for
S region. In this case, NESDIS shows better agreement with
the observations for distances less 200 ke, Em and TRMM
yield very similar curves which most similar to observations
for distances greater than 200 km.

6, Discussion

[35] When considering the potential value of a precipita-
tion product far use in an LDAS, nspects that merit special
gonsideration are a tendency to overestimate or underasti-
male precipitation amount (bias), the degree to which the
spatial structure of the observations is captured, ond the
performance when estimating zero or high-intensity rainfall
For all theeshold P > 5 mm/day and preater, all four
precipitation products have an FCA wvalue less than one,
that iz, the area estimated to have rainfall is less than

observed. This may result, in part, from our method of

comparison, in which grid-averoged products are compared
with observations from individual gauges. The Eta model
and NESDAS product are approximately equally successful
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15

AMSE |mm)

BMSE {mm)

HMSE (mm}

TAMM (star}, ETA (circla) and PERSIANN (squars)

WESDIS {solid)

10 12

Manth

Fipure 5. TEMM, ETA, PERSIANN and NESDIS rainfall monthly averaged RMSE for N, MNE, and 5
regions in mm. The vertical bars show the standard deviation for each month (NESDIS is plotied in a
separate column because of its high standard deviation reletive to the others).

in terms of FCA and capture the area without precipitation
within the domain reasonably well, although their relative
suceess in doing so changes through the yeer The TRMM
and PERSIANN products tend to underestimate the area
without preeipitation and o heavily overestimate the arca
with 1 small amount of precipitation (less than 3 mm/day]). It
is interesting that the NESDIS and PERSIANN products,
which arc both GOES-derived products, show different
behuviar with tespect to ECA, not only in terms of their
annual average values, but also in terms of its variation with
time of year.

[3c] All af the precipitation products have low values of
TS (less than 0.6, in general) il precipitation is greater
than zero. For high precipitation intensity thresholds (P >
20 mevdey), values of TS are [ypically less than 0.1. The
tta meodel-derived product gives noticesbly better TS for
all but the highest rainfall threshold. It is better in 80% of
the cases, and much better when P = 0 mmiday. The
NESDIS product has the highest TS for areas with very
heavy precipitation (P > 50 mmfday), but ity TS for
heavy precipitation is nonetheless very low although there
are fow cve ris for that threshold, The TRMM product
underestimates precipitation, with the domain average
precipitation for this produet being 2.2 mm/dayfeel], while

the NESDIS product significantly overcstimates precipita-
tion, the domain average precipitation being 5.8 mmddayicell,

[37] In terms of zonal behavior, the Eta model-derived
precipitation product broadly follows the pattern of abser-
vations, but it significantly overéstimutes the peak ol
precipitation betweéen 10°5 and |0°M. Far laniedes below
10%8, the zonal average Eta product correlates quile well
with observations In the fiest half of the year, but in the
second kalf of 2000 the peak in the zonul aversge Elo
product is north af thut for observations {at about 10°N),
and the correlation below 1058 is less good, The TRMM
product noticeably underestimates precipitation through
mast of the year (except in the perigd October to Decem-
ber). In general, the NESDIS preduct significantly over-
estimates precipition,

[38] Overthe 10 months for which predictions are svail-
able, the PERSTANN product shows reasonably pood
pverage agrcement, but it overestimates precipitation for
latitudes north of 15°5 and south of 25°5, The domain
average of the observations is 3.3 mm/day (the damain only
includes cells which contain one or more stations). The Eta
model-caleulated data and PERSIANN product broadly
match the domain averape observations, with domain aver-
apes of 3.07 mmyday and 3.67 mm/day respectively. In the
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Figure 6. Cross-correlation coefficient versus distance for esch valid location within each TeEian;
(e} morth, (b} northeast; and (d) south. (&) Example of the deta distribution snd the fited curve for
PERSIANN and observations. The x axis represents the distance in hundreds of kilometers, and the v axis

represents the cross-correlation coefficient.

second ond third quarters, the NESDIS product hes two
zomes with strong precipitation; one nesr the Equator and
one at about 30°5. The TRMM product ond the NESDIS
product show domain averages of 2.2 mm/day and 5.8 mm/
iay, respectively.

[3#] Tn terms of RMSE, TRMM and Eta are the best
preducts: for the N oand NE regions. NESDIS shows the
highest RMSE wvalues in all regions for the whole period
studicd. Inthe S region, the Eta model has the lowest RMSE
for the whole period,

7. Summary and Conclusions

[#n) The frectinnal envered area (FCAY determines
whether the praduct overestimates or underestimates the
grea of precipitation, This i often used in conjunction with
thve thregt score (T3), which measures the model’s ability to
forccast the location of events. The relative volumetric bias
(BVB), measures the total volume of predicted precipitation
relative to that observed, The RMSE gives a measure of the
absolute value of the departure from the observation, while
the distribution of cross correlation coefficients with dis-
tance measures the model ability to reproduce the spatial

structure of precipitation, These measures were used in
conjunction with svailable observations of daily total min-
fall across South America to evaiuate four precipitation
products: the 6 howr predictions from the CPTEC Eta
midel, and three different satellite-derived estimates of
precipitation (PERSIANN, NESDIS, and TEMM).

far] In & LDAS context, precipitation generated by the
atmospheric model is used, aleng with other forcing infoe
mation, by the LSM to create & backeround field of lund
surface states. Remote sensed information slong with sparse
srface data are then asstmiluted to correct inherent system-
atie grrors in the land surface smes errors i the almospher
madel. Thus in this-study, the above mentioned ¢l
istics af precipitation ere analyzod and compeicd boiween
the Ets mode] and three precipiation products to detemune
whether weaknesses of the former could be addressed by the
latter, It is important to remember thot the analysis presented
here is for only for 1 verr (2000) and the number of stations
with sufficient observations is limited. However, o be
useful in an LDAS context, the precipitation products
should reflect as sccurately as possible spatially distribute
précipitation on any given day. Thig i a stricter and more
challenging requirement than matching the observed pre-
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cipilation in some average or climatological sense, and this
has been the focus of the present snedy,

(i) The B model-calonlated data and WESDIS product
are broadly comparable in terms of success in defining the
fractional covered area of the domain with precipitation, the
Ete model data being better for low precipitation thresholds
and the NESDIS product for high precipitation threshald,
Huwever, the comperative success of the WESDIS product
in terms of fractional coverage srea for high precipitation
thresholds may just be o conséquence of s tendency o
heavily oversstimate precipitation in general. The NESDIS
product iz also the most successful ot identifying the
location of areas with very beavy precipitation (P >
30 rn), although it is still relatively poor. The Eta model-
caleutated precipitation and PERSIANM product braadly
match the zonal average observations. However, both tend
te bias the zonal location of precipitation toward the Equator
inore than the observations. The PERSTANN praduct siso
tends Lo underestimate the area without precipitetion, to
overcstimate the arca with a small amount of precipitation
(less thon 3 moi), and bas difficulty locating areas with and
without precipitation. The TRMM product underestinates
overall precipitation and does not capture the |ocation of
precipitation end the fractione]l aren with precipitation as
elMeiently as the other products.

[#3] In peneral, the Eta model-caleulated precipitation
outperforms the remotely sensed products evalugted in the
present study in that it provides the best agreement with
both the overall observed amount of precipitation and the
observed location of precipitation. However, soms specific
features merit mention.

[#4] 1. The TRMM product has a regional RMSE similar
to Eta.

[4s] 2. PERSIANN has a better spatin] distnibution of
precipitation cross correlation ceefficients than Eta in the N
snd ME arcas, This suggests that PERSIANN could better
explam the evolution of precipitation systems in these
repions (e.g., squal] lines)

[96] 3. TEMM and NESDIS alse have better spatial
distribution of correlation coefficients in the § region, which
cauld be related to mesoscale convective complex develop-
ment and the frontal systems that are charactenstics of this
region.

[41] 4. ln the case of FCA, NESDIS ocutperforms Eta for
high precipitation thresholds, and the differcnces arc-small
where Bta outperforms NESDIS.

{4s] In South America and other locations where surface
ohservations of pregipilation are sparse, remotcly sensed
praducts could potentially be a promising source of infor-
mation. However, the Eta model-produced precipitation
ficlds compared better with gauge observations than with
any of the four remote-sensing-based products evaluated in
this study, though none of the observations used for the
comparisan wers assimilated by the madel, From an LDAS
application point of view this is problematic because it is
expctly these model fields (i.c., Eta mode] fields) one would
like to improve. At this time, there may be an opportunity lo
correct some of the weaknesses in the Eta product by
developmg a combined Eta remote-sensing product, but
significant improvements in remotely sensed precipitation
fields are neceszery before they will be of real use in an
LAY context,
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