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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 us @ precursor to the possible
implementation of a South America Land Data Assimilation System. Precipitation data
fields caleulated as 6 hour predictions by the CPTEC Eta model and three ditterent
satellite=derived estimates of precipitation (Precipitation Estimation from Remotely
Sensed Information using Artilicial Neural Networks (PERSIANN). National
Environmental Satellite, Data and Information Service (NESDIS). and Tropical Rainfall
Measuring Mission (TRMM)) are compared with the available observations of daily 1ol
rainfall across South America, To make this comparison, the threat score. fractional-
covered arew, and relative volumetric bias of the model-calculated and remotely sensed
¢stimates are computed for the year 2000, The results show that the Eta model-calenlated
data and the NESDIS product capture the area without precipitation within the domain
reasonably well, while the TRMM and PERSIANN products tend o underestimate the
area without precipitation and 1o heavily overestimate the area with o small amount of
precipitation. In terms of precipitation amount the NESDIS product significantly
overestimates and the TRMM product significantly underestimates precipitation, while the
Fla model-caleulated duta and PERSIANN product broadly match the domain average
abservations, However, both tend to bias the zonal location of precipitation maore heavily
toward the equator than the observations. In general, the Eta model-calculated data
outperform the several remotely sensed data products currently available and evaluated in

the present study.
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1. Introduction

[1] Weather and climate predictions are kstown o be
sensitive: to surface storage of water and encrgy, both at
regional and global scales [e.ge Roster and Swarez, 199,
Beliaars eval o 1993; Betrs eral, 19960; Fast and MeCarkle,
Las | Feunessey and Shukla, 19991 In the last three
decades, land surface models (LSMs) have been used
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extensively m coupled land surface-ntmospheric models 1o
provide a deseription of the feedback from the underlving
sofft and vepetation to the almosphere during model nte-
aration {e.g.. Seflers et al, 1986 Xue and Shukla, 1993],
Recently, so-called land data assimilation schemes (LDAS)
[ Mt Bl et al, 2000, 2004; Redell e al,, 2004; Koster ot
af. 2004 have been successtully emploved 10 provide
improved initial surface fields of soil moisture for use
predictive meteorological models (in near real time) and to
address land surfsce management issues. LDAS comprise
two-dintensional arrays of LSMs arranged to mateh the grid
sguarcs used i the predictive model, which are foreed by
model-derived near-surface fields supplemented, 1o the
maximum extent possible. with surface observations of
meteorological variables.

1] An important challenge when using LIDAS aor when
assessing the performance of coupled (or uncoupled) land-
almosphere parameterizations s the scareity of comprehén-
sive land surfuce data at the spatial and temporal resolutions
at which the models operate [Munrer of al., 2002], Provid-
ing adequate ohservations of precipitation is particularly
problematic because precipitation is so spatially variable,

| of 13



D63

and often only pomt sample data from well-separated rain
gauges are available, Some regions of the globe {e.g., North
America, Europe, Japan, and parts of the former Sovicl

Union and China) have a reasomably dense coverage of

observations. However, in the context of the present paper,
itis significant that South America has very sparse temporal
and spatial data coverage, and that this coverage is biased
tward populated centers near the edge of the continent and
along the main river course in the Amazon region. Conse-
quently. simple interpolation of daily tatal precipitation is
fraught with difficulty. Remotely sensed estimates of pre-
eipitation mferred, for example, from infrared cloud top
temperatures may provide a means of filling the eaps
between surface observations in remote regions, Unfortu-
nately. the calibration and wvalidation of such rernotely
sensed estimates 15 also difficult because ground-based

ahservations are so sparse. Nonetheless, in the: context of

LDAS and despite these vulidation difficulties. remotely
sensad estimales (perbaps merged with surfice observa-
tions) remain the hest hope for providing a spatially
comprehensive set of precipitation observations in regions
like South Amerien, where surface observations are limited
[Peterson et al.. 1998; New et al, 2001].

[4] This paper evaluates three remotely sensed dlaily
precipitation products currently available for South Amer-
icd. This is done as a precursor to the possible implamen-
tation ol a South America LDAS for the Eta rezional model
[Mesinger et al. 1988; Black, 1994) coupled with the
Simplified Simple Biosphere (SSiB) LSM [Xue ot wl.,
1991]. which is used for weather forecasting at CPTEC
(Centro de Previsio de Tempo e Estudos Climaticos). the
Brazilian Center for Weather Forecasts and Climate Studies.
Consequently, the primary concern is how well the remotely
sensed precipitation products reflect the daily precipitation
mputs 1o the land surface. Because the goal of any THAS

would be to mprove the initial eneroy and moidhre state of

the land surface model for a0 given moment in time, the
precipitation produets should reflect as accurately ns possi-
ble the spatially distributed precipitation amount on any
given day, Note that this is-a stricter and more challenging
requirement than’ malching the observed precipitation in
some sverape of elimatologica] sense, In addirion, w© be
usctul in an LDAS context, the precipitation products
should beter match the actual precipitation than the model
derived product,

(5] Tnthis study, precipitation data ficlds caleulated as 24
howr aceumulated predictions by the CPTEC Era miodel and
several different satellite-derived estimates of precipilation
are compared with the available observations of daily 1ot
rmnfall across South America. and the threat score, fiac-
tional covered arew, relative volumetric bius, root-miean-
square error wid spatial cross comelation coefficients of the
medel-caleulated and remotely sensed estimates are com-
puted for the year 2000, In tum, these estimates are
compared with gauge observations, which, although not
without problen. remain the standard measure of surface
precipitation input.

[¢] The paper is divided mto seven sections. The weneril
chimatology of South America is described bricfly first,
followed by a descnption of the Fta model, the remotely
sensed data products, and the surface observations
(section 3% Section 4 presents the analvsis methods and
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performance measures. Results, discussion, and conclusions
are presenied in sections 5. 6, and 7, respectively,

2. Climatology of South American Precipitation

[71 There are substantial varatons in the elimate of
contmental South America assecutted with latiude. topog-
raphy, and proximity o oceanic influence. In the nerthern
part of the continent, much of the within-continent Precip-
Hation is convectivee in origin. either in the form of orgu-
nized large-scale precipitation or originating from
mesescale ropical squall tines which produce mimfall near
the coast and then propagaté inland, Seasonal migration of
the Intertropical Convergence Zone (ITCZ) modulates the
farge-seale pattern ol ruinfall varability in tropical South
Amenca, Ranfall east of the Andes is determined by the
interaction between the trade winds blowing from west to
east on hoth sides of the equator in this region. Nartheast
Brazil has a wet season which 1s restricted 10 a few months
{February - May) and otherwise has a sermiand climate. The
Amazon region experdences ils rainy season during the
months of November, December,. and Junuary (NDJ) m
southern Amazonia and February, March, and April (FMA)
in central Amazonia and the mouth of the Amazon River

[#] The central and southeastern regions of South Amer-
ez are influenced by midlatitude and extratropical 1ransient
weather systems but have 3 well-defined convective wel
season, especially southem Brazil, Paraguayv, and northem
Argentina, where mesoscale convective systems (MCSs)
occur, These MUSs can be fed by moiswre from the
Amazon basin transported east of the Andes by a low-level

Jet (L, especially durimg NDJ and FMA periods | Selnehi

and Marengo, 2000; Marengo et al.. 2002, 2004: C. Vera et
al. A unified view of the American monsoon syslemns,
submitted w0 Jowrnal of Climate. 2005]. This LLJ brings
moisture from Amazonia during summer and s in pant
responsible for rminfall in northern Argenuna and in the La
Plata basin. It also brings moistwe from the subtropical
Atlantic during winter. This sugeests that the LL &5 an all
vedar round svstem. but the Amazon influcnee in minfall
m southeastern South America is restricted o Summer
[Murengo et af, 2004

{4] Transient systems. such as cold fronts, regulate the
precipitation regime over the southem portion of the con-
tinent. Rainfall in southeastern South Amernea is also
mudulated by the South Atlantic Convergence Zone
(SACZ) and is more intense during NDJ months [Lichmann
etal, 1999 Nognés-Pacgle and Mo, 1997]. The mtensity of
the SACZ is influenced by the availability of regional
motsture from the Amazon and s position is modulated
by intense convective activity in the western Pacific, in the
form of a Rossby wave that emerges from this scction of the
Pacific and propagates all the way to southeastern South
America. There appears to bea dipole structure berween the
SACZ, in which g weak SACY is consistent with a well
developed LLI, and viee versa, Cold fronts are also respon-
sible for cooling in southemn and southeastern Bragil during
winter [Marengo et al., 1997, Garreand, 2000).

[1a] Precipitation along the Andes Mountains s modu-
lated by the topography. In the northern Andes, precipitation
s associated with low-level wind convergence, while in the
central and southem Andes it is primarily orographic in
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nature. Regions such as the inter-Andean Valley in Colom-
bia are among the wettest in the conlinenl because af
strong conveetive activity and mountuin uplift [Legeares
it Wilnare, | 990); Fieweroa and Notwe, 1990; Marengo
and Nebwe, 2000 Velazeo and Frisseh, 1987 Rao and
Hada. 1990; Marengo, 1995),

3. Model-Derived, Remotely Sensed, and Surface
Observations of Precipitation
3L Eta Weather Forecast Model

1] In this study, the model-caleulated precipiation data
fields used for comparison with remolely sensed producis
are the 36 hour predictions grven hy the CPTEC Eia model
for the year 2000, Two model muns are performed daily, one
initiated with initial conditions at 002 and the otherar 127
with output every 6 hours, For the present study, Forecasts
nttiated at 007 were used. The daily tatals are the accu-
mulated precipitation for the 24h prior the 36h forecast (e
from |27 of the day before 1o 127 of the current day), Thus
tolal daily precipitation on 2 lanuary, for example, would be
the accumulated precipitation from | Fanvaey ar 127
through 2 January at 127, None of the surface observations
of precipitation used here for validation are assimilated int
the model prior o the 26 hour predictions.

[12] The Eta model, as implemented at CPTEC, js set L
lo describe a domain that covers most of South America
with a grid resolution of 40 km in the homzonial and 38
vertical layers. with the model top comresponding 1o 30 Py
he prognostic variables are surface pressure and the
horizontal wind components, empenitire. specific hurmid-
kv turbulent Kinetic encrgy. and cloud water caleulated aver
4 semustaggered Arskawa Foprid. Step-mountain (or [ita)
vertical coordinates (as defined by Mesinger [1984]) are
used in the model, with the reselution of vertical layers
higher nearer the surface (the first layer is ~20 1 deep) and
n fayers near the lrapopause. In the adjustment Stage. the
forward-backward scheme modified by Jawjie [1979] is
used, The horizontal advection scheme was developad by
Janfic |1984] specifically for the L grid anmd controls the
cascade of energy toward smaller scales. It s used in
conjunetion with o modified Euler backward rtime.
differencing scheme, A split explicit approach [Gedd,
1978] is used during model intearation,

[1:] The intial conditions for the Fra madel are taken
from NCEF (National Centers for Environmental Predie-
tion) analyses and the evolving conditions al the lateral
boundanes are updated every 6 hours using CPTEC alihal
maodel forecasts [Bonait, 1996: Cavaleant ef al, 2002,
Both conditions are provided to the mode] in 28 wverical
lavers and in the form of spectral coefficients with Ta2
Irangular truncation, cquivakent to |.823% resolution in
the meridwonal ind zonal directions. Sea surface temperature
15 prescribad o be the pbsérved weekly averaze value
[Revmalds wnd Smith, 1994], and the initial surface
albedo is taken from a seasonal climatology [Dorman and
Sellers, 1989). Soil moisture and temperature are also tken
from scasonal clhimatology [Willmotr ¢t af.. [9R5] and
hnearly imterpolated 1o the firs day of simulation with no
adjustments,

[14] Both gnd-scale [Zhao and Cerr, 1997 ] and coniee-
tive precipitation [Berts and Miller. 1986; Jaujic, 1994] are
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caleulated. The turbulent exchange between model lavers in
the free atmosphere is based on the Mellor-Yamads level
1.3 scheme. while the exchange hetween the Earths surface
and the lowest model layer uses the MellorYamada level 2
seheme [dangic, 1994, 1996a, 1996b]. The radiation pack-
age was developed at the Geophysical Fluid Dynarmies
Laboratory; short-wave radiation s computed using the
scheme of Lacis and Hunsen [1974], while the long-wavg
radiation scheme is that of Fels and Scins arzkopf [1973].

3.1 PERSIANN Precipitation Data Product

[12] An automated svstem for Precipitation  Estimation
from Remately Sensed Information ising Artificial Neural
Netwarks (PERSIANN was developed by Hsu er af
[1997]. The primary remotely sensed data used 1o estimare
rainfall wre infrared images from geosvachronous satelljtes
{GOES-IR) available every halt-hour and sampled at g
resolution of 0.25% = 0.25° [Hsn e al. 1997, The
algorithm is based on an antificial neural network that can
e adapted ecasily 1o incorporate any relevant additional
mformation available. Ap adaptive training feature can be
used 1o facilitate rapid updating of the artificial neural
network parameters wheneyver independent estimates of
rainfall are available. However, o far. no atternpt has been
made 1o incorperate data from South Americs into the
training process. Consequently, the PERSIANN products
evaluated in this study use extrapolated trining calibrations
made clsewhere (i.c., Japan islands and peninsula of Flor-
idia, USA) in the retrieval algorithm [Hsu et ol 1997]. For
this study, PERSLANN estimates of precipitation were only
available for the last 10 months of 2000,

33, NESDIS Precipitation Product

[1s] The NOAA National Environmental Satellite, Data
and Information Service (NESDIS) experimental prodic
[Fieente et al, |D9R] provides real-time rainfall estimates
aver South America based on cloud W temperature med-
surements in the 10,7 jim channel of the ¢ HOES # satellitg,
Estimates are not available when GOES aosoan rapid scan
made becairse il only observes the Northern Hemisphiere,
Precipitation rates are caleulated from a power law equation
based on a comparison of satellite nbservations with collo-
cated, instantancous radar rnfall Fstimates, These est-
mates were obained from the 1.5, operalional nerwork of
5 emoand 10 em radar in the central Great Plains and areas
adjacent 1o the Guif of Mexico at a spatial resolution of
4 km. The precipitation estimates are available at temmporal
resolutions of' 1, 3, 6 and 24 hours and at a spatial resolution
uf approximately 4km at the eyuton

34, TRMM Precipitation Product

[17] The combined instrument rain cabibration algorithm
{3B42) uses combined rain structure and the visible infrared
sensor (VIRS) calibration o adjust IR estimates from
geosynchronous IR observations [Huffiman et af, 1995
Huffiman, 1997, Huffman et al. 19971 That is, slohal
precipitation estimates are made by adjusting the GOER
Precipitation Index (GP1} [Aricin und Meisner, TORT] 10 the
Tropical Rainfall Measuring Mission (TEMM) estimates.
The data used in this study are I -day rainfall estimates on a
F" % 17 prid taken from an original geographic coveruue
between 40°N and 40°%. The data were dequired as part of
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TRMM using slgorithms developed by the TRMM science
team [Simpeon ¢f al | 1996; Halverson e al, 20022 Petersen
ef g, 2002 |, These data, processed by the TRMM Scvience
Data and Information System (TSDIS) are archived and
distributed by the NASA Goddard Space Flight Center
Distributed Active Archive Center (DDAAC),

A5 Observed Data

[18] Rain guuaee datg from conventional in situ stalions in
South America were obtained from local institutes, such as
the Brazihan Nanonal Instite of Meteorology (INMET)
which represents the Waorld Metcorologieal Orpanization
(WO e Brazil, throwgh the dambases o CPTEC, The
data 15 m the form of daily averaee precipitation values for
the wvear 2000, This matched the time period Tor which En
maodel-calculated data were available. [n practice, muany
stations did ot report every day i 2000 and only those
statrons with an adequate vearby reporting record were used
in the evaluation. Stanons were considered acceptable for
use i this evaluaton F they reported onoo minmmum of
I days, Dharing 20000, of the 995 stauons  reporling
minfall in South America, only 240 reponted on mote
than 2000 davs. The distmbuton of the surface stations
used m the product evaloation s shown in Figare 1,

4. Analysis Methods
4.1, Comparison With Observations

[o] The motivation for the present analysis is e eval-
uitn of candidate precipilation products for possible use in
the context of & South American LDAS for the CPTEC
version ol the Bta model, The wnalvsis s based therelore on
the grid resolution of that model. The Eta model-derived
prodict 15 of courses already available at the 40 km Eia
made] resoluton, The three remotely sensed data products
were mterpelated to match the model resolution using a
general bilinear interpolator funetion, which "is a linear
welghled combination of the nearest four pixels i the
origingl data set. These four (now gridded) prodoces were
then compared with observations in those giid squares,
where at ledst one observation was available, I more than
one observation was davailable noa grid square, a linear
average of the available observations was used in the
evitluition.

[20] The year 2000 was found to be the only period where
all the products avertapped significantly m tme; Althowgh
the PERSIANN product was only available for 10 months
dunng this year, the results ebtained using it are considered
statistically significant for the purposes of this study. As
noted i the introdoction, e evaluate the unlity of the
remite sensing products in the context of @ potential LDAS,
the products should accurately reflect the daily precipitation
wmownis on oany given day, rather than mateh the daly
precipitation in an average or chimatalogical sense. Conse-
guently, the evaluation measures discussed below are all
caleulated at the dwily limescale,

4.2

[11] Measures psed tooevaluate numereal weather Fore-
casts made with regional models include ractional covered
area (FCAL threat score (TS), relative volumetric bias
CREVE)L root-mean-sgquare ermor (RMSE) and comrelation

Evaloation Measures
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Figure 1. Spatial distribution of the valid surface
metearotogics] stations scross continental South Amenea

psed for this study

cocfficients [Anthes. 9830 Anthes of ol . 1989) All five
micasures were seleeted for use i this study. The frst three
were caleulated for the entire study domain as a2 whaolg,
while the latter pwo were caleulated for three subregions of
the South Ameriean continent. The correlation coelTicients
used in this evaluation are spatial correlation coefficients
that evaluate the mternal structure of the daily precipitation
liclds.

[zz] The fractional covered area (FCA) measures the
madel’s tendency o svstemancally: overestimate or under-
estimale the arca of precipilation within a defined domain
for a given precipitation threshoid, It is defined as

e 0

where 718 the pumber ol tmes that o predicied point
precipitation hes above a certain threshold and & 15 the
number of times that an observed point precipitation lies
above the same threshold. Consegquently, the FCA 15 above
(helow) unity when the areal extent of predicted precipita-
tion is greater {Jess) than the areal extent of observed
procipitation ahove a threshold B The threat score (T5S)
mensures the model’s skill to forecast the area of
precipitation for a certain threshold, defined as [e.g. Anthes
ef al, 1989] us

£
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where A s the number of “his”, that is, the number of

times in which bhoth predicted and observed point
precipitation lie above that threshold. Tt is often vsed m
combination with the FCA. The third measure used 0 this
analysis. the relative volumetric bias (RVB) is the total
volume of predicted precipatation error relative 1o the
ahserved precipitaton for o given area. It i defined as

g

'l‘ - .
L= (15 MOR,, — OBS,,
EvVhi=— L S 2 Ll i a3
Y 3_: (_w e GBS, h

where A is the total number of points; 4 is the wial number
of days, MOD is the product precipitation value, and OBS is
the gauge-based observed value,

[23] The RMSLE caleulated betwsen each station and
predicted salues 15 deseribed as

otk .
RMSE = | = S Lk, — 107 ES)

where N a5 the total number of cvaluated points, X
represents the predicted vulues and Y the observatons,
The RMSE was computed for three regions deseribed below
for each valid station within the region. The daily RMSE
values were then averaged to produce a monthly average
value,

[24] To evaluae the spatial distribution of precipitation
estimated by each product, the contment was separated in
three regions (north, northeast and south) according 1o the
unigque rainfall regimes deseribed insection 2. The north (N}
region extends from 2078, 80°W 1o 10N, S0°W, 1he
Northeast (NEp from 2075, 50°W w0 10N, 355W and south
(%) from 55%5, BO°W o 2078 40°W. Similar arcus have
been chosen in previous work in which the Fm CPTEC
model performance when simulating precipitmion and other
ficlds has heen evaluated [Chon and da Sifva, 19949 han o
al., 2000, 2003, 2005], For each region, spatial cross
correlation coefficients were computed hetween each loca-
Hen with a valid run guuge and surounding gauges within
a radivs of 300 km. The cross comelation hetween two
stalions 15 given by

where (1) and (i) are two senes with 1= 1,2, .., Nand N
the length of the series. A lug time between the series can he
defined by d = 1.2, . N-1, For the present study the lag
zere correlation (d = 0y was larger than the lagoed
correlations, which indicates small significance of the stom
movement. The lap zero correlation decreased with
increasing distance while the lagged correlations did not
show significant changes with increasing distance. Becanse
the resulting plots of correlation versus  distance are
inherently noisy, a decay function was fitted o the point
data 1o Balitate comparizon. An exponential funclion best
described. decrease 10 correlation with distance and was
used for all cases.

&
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[23] The pertformance of the several precipitation prod-
ucts (in the form of 24 hour totals poor to 12:00 UTC) was
cvaluated for the vear 2000 according o their abality 1w
represent precipitation amounts. £ The thresholds fior the
cadeulation of FCA and TS5 were taken to be the same as
those used for evaluation of the operational Fra model
at NCEF. and were equal to = b mm, £ = 0 mm. * =
3 mmy £ 1w, P> 15 mm, P> 20 mm, 2= 30 mm, and
£ = 50 mm. Statstical seores were calculated wherever the
observations were available.

[2n] Fractional covered aren; relative volumetric bins,
and threat score evaluations were caleulsted for four
successive Yl-day  pertods using these 240 stations:
RMSE was calculated for each month for three different
subregions, and the spatial cotrelation was caleulated for
the entire petiod for the same three subregions. For a
perfect forecast, TS = |, FCA = |, RVB 0, and
RMSE = 1,

5. Results

[=7] The products were evaluated for the regions of the
Lta model domain (continental South America), over the
lund surface only. The averaged FCA values for the four
quariers of the year (January —March, April June, July-
September, and October—December) for the same periods
and all threshold levels are presented in Table 1, and the
same for TS s presented in Table 2. Anexample of the | 6-day
running mean FCA calculated for 2 = 5 mm s given in
Figure 2 and an example of the 16-day rurming mean TS
calculated for P > 5 mm s given in Figure 3. It is
noticeable in Figure 3 that the Eta model has a large
seasonal vanability while the other remote sensing prad-
uets show small varation in the skill throughout the vear,
Chow aned o Stfva [1999] used an objective analysis to
evaluate the Bt model precipitation [orecasts over South
America and found that the lowest TS wvalues oceur
during the winter. in parlicular, in the NE region. In that
region, the precipitation was systematically  underesti-
mated  which might be related to deficiencies in the
convective parameterization scheme, The model physics
have parameters that are strongly dependent on seasons,
such as vegetation, albedo. radiative fluxes, e, Some
parameters may nevd further tuning for winter events,

[25]1 In Table i, hold values haghlight where FCA reaches
its best value (closest o 1) for cach threshold and time
penod, In the first quarter, Eta has the best FCA values for
thresholds from P > 0 ta P = 20 and NESDIS has the best
values for the remaining thresholds (P = 0, P = 30 and
P =500 In the second quaner, Ea has the best values for
thresholds of P= 00, P > band P> 10, PERSIANN for = 5,
and NESDES for P= 15 w0 P > 50. In the third quader,
Eta has the best FOA values for P= 0 and P =0, TRMM for
P =5, NESDIS for P =20 i = 50, and PERSTANN for
P 10and P = 13 In the last quarter, Eta has the best FCA
values for PP = {), PERSIANN for P= 35, and NESDIS for P -
hand for P = 10 to ' = 50,

[24] [n Table 2, bald values highlight where TS reaches
iy best value for each threshold and time period. A value of
TS equal o zeri means there s ne aereement between
observed and predicted valoes uhove @ cerin threshold,
For ull quarters, TS decreases as the threshold increases,
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Table 1. Average Fractional-Covered Area {Equation (1§} fur the Four Time Periods in 2000 for Each of the Eight

Thresholds P {Including Zero Raintall)®

WESIS

ETA TEMM :I"EE{SL-’&E
Jeerigigrny = Mareh
P=1rn=137 x50 06,721 L2y 0,244
P=0n= 1 RS 1234 (LE72 0471
Po3n=hH7 LLH4% 30 1hish 3 0T
P10 =154 LG8 0111 403 0113
P lhn=d8 05404 [ERER {1,352 0,065
P20 =45 0324 LLiMI= 11340 (0143
P =30 = 40 0088 [0 nIa (23
P A =36 AR (NR IREATH 012z 0,60k
April—Tune
P=0n= |54 LA 1330 |72 721
P B =88 933 258G (S 1.715
P 5oy =50 712 0,707 (hoh7 (LT45
P 1n=734 (L573 NITe (522 3063
P=15n- 34 b= R 431 03
P2 n=:32 262 Eh .362 i
P 3y =27 homT i [ Bl ) n13l
Po= 8 n'= 25 [L003 [ERRICH] .213 [EXVRLH
Tl —Sigatembior
P=0.n= 153 [T (327 1076 01637
P=ldn="7h 0,735 2933 1714 1475
PS5 =43 422 LT 0383 86
P=iltn=134 0.255 L5347 467 614
P F5n - 30 0143 23T 13RS 461
=2k n =34 [RITSRS [L.055 0338 1330
P> 3km = 25 3 [INEATS 02582 0,183
P> Shn =23 [ERITEES (B Nn215 L0553
Cretoler  December
P=1Mn= |45 [FRELE] {1500 1.025 TR
Pty =94 67 2193 0,941 2135
F' =5 —-bil 0,365 A4 0,758 BH1h
P10 no= 50 13, 3045 .24 664 (1 5ER
"= 13n =44 (A | NUE0S 0,353 0408
P2 =43 1122 0042 510 (L2849
P =3 ng=39 11030 0413 366 0133
P =300 =730 L2 .aou i, 240 (0140

Here 11 1s-the number of ohservations, H\;TLI vulues highlight the highest value for each threshold and tme perisd

reaching zero or approximalely zero in some cases, In the
first and second gquarters, Eta has the best TS for all
thresholds except for P o> 50 where NESDIS yielded a
nuarginally better value (10014 for hoth quarters). In the
third quarier, Eta has the best values for thresholds from P=
) ta P> 13, PERSIANN for P = 20 und P > 30, and
NESDIS for ' = 50, In the last quarter, Fra has the best TS
values for P= 0w P> 158 and NESDIS for P> 2010 = 50,
Zero values of T8 are found for Era (third quirter, P> 51
and TRMM (all quarters for PP =50, and third quarer for PP =
300 In general, all three satellite derived products (TENM,
NESDIS, and PERSIANN) have TS values less than 0.1 in
all-quarters for threshelds above P = 10,

[#0] Figure 4 shows the sonal precipitation over contr:
nental Souwth America normalized by the land area 0 each
longitude band. Precipitation for oceanic grid squares is not
ncluded in e average. Figure 4 (left) shows the meun
zomal precipitation, while Figure 4 (right) shows the relative
volumetric bias (RVB) expressed us a percentage. The
products were evaluated for the four quarters of the vear
as well as for the whole year. The mean 2onal obscrved
precipilation shows meximum values {ground |10 mmday)

in the north of the continent durmye the first and second
quarters, with progressively less rainfall as the lattude
increases: southward, During the third and fourth quarters,
the mean zonal precipiation throughout the continent is
around 5 mmdday: The Ela model precipitation estmales
fallow the observed pattern with a maximum in the tirst and
second quarters of around 13 mmdday in the nornth and less
than observed (near cero rainfall) in the south (220750, The
NESDIS product overestimates precipitation at all locations
m all guarters exeept in the nerth (<10°8) in the first
semester, In the thind tnmester, the NESDIS product over
estimates precipitation in the south (up 1w |3 mmdday) and
central areas {107 30°8) by approximately 5 mmiday, The
TRMM product underestimates observations in the first and
second quarters by up w5 mmvday in the nocth of the
continent and PERSIANN shows ns maximum ditference in
the third quarter of 4 mmvday around [0°%, The annual
mean zonal precipitation shows differences up o 2 mm/day
between all products and observations except NESDIS that
shows differences up o 3 mimdday in the southern areas and
around 10N, The Ela model product also shows the same
3 mmdday difference ar 10N,
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Table 2. Average Threat Score (Equation (24 for the Four Time Penods in 20000 for Each of the Eight Thresholds

P (Including Zero Rainfall)®

ETA TRMM MNESDIS PERSIANN
Sdanuery - Maredk
P=1ln=§37 a1l HIEHE 0:53] 123
[ rmo= 101 [Nk L35 [N LT
P=&n~67 0325 [h.E80 0, E30 o7
Pz Hba= 54 241 1hiya2 LLAIRT h21
e 3 =48 0,178 N 0063 o4
P 2ln=45 1.1 LA RIS L
P30 n—40 0032 o Q430 0,005
P Sl =36 (40 (U] 4 LT
1wl — e
Pr=din - |54 0712 a2 (1.592 0459
Pro- b = HS L] (L1242 1,134 (241
Pe=35nw— 50 274 o 0] (VR H
P=1ln=234 i NS RIS (L0080
Pe=din-34 133 Ih0ed 1032 04054
pEaa)in= 32 EG L AL 0432
Pain=27 0024 [EXHIIR TN [WRINE:
P>3A)ln=25 (o e 1.4 EITEE
el Neprteiier
P=4an - 163 0713 0211 1655 Q450
P=lon=1H 293 A ) 1117 1.211
P=an=43 0,174 003 [hia% 0.100
P> Min= 33 %3 (143 (] (LGS
P> 1&Fn=30 LRIES | 0,020 Lh e R
Mg =24 0427 [ARTRR 22 1030
Pro=3n=233% (014 (40 043 LRI
Pi=8lln =28 LR (LA L= LI
Cheeiher — D ener
P=1n—= 143 11,6493 0.316 11576 0343
B=0n=4 1.5342 0,213 (IR 4200
Feah e bl 0.213 0087 o 0.097
B b n =30 1,12 0034 NS LUM Nt
P ]5n=db 0,072 0012 [, D6ty {1,035
P Xhbn =43 A DRI LI5S {LO23
P=3bn - 39 HREHES 0,000 0039 LREIRH
|_:‘ - &lhn =36 L] .00 LK }] 12

i - A : \
"Here nos the sumber of observagions, Bald valoes-nghlight il Teghest value for-gach threshold and-time penad,

[3t] Figure 4 (right) shows the RVEB, which is a measure
of the estimated 1o0tal zonal precipitation relative 1o
observations. 1 RVEB = 0%, there is perfect agreement
berween estimated and observed total zonal precipitation
lequation (3]} NESIDNS shows the highest RVE values
for all guarters for fatitudes south of 10%5, with values
above 100%, reaching peaks of 600% in the second and
fourth guarters. and more than 600%: in the third guarter,
In the third guarter, PERSIANN shows wvalues up 1o
ai%y around 30°S and meore than 200% for latitudes
sreater than 30758, All the products except TRMM show an
annual aversee peak of up to G000 for latitudes north of SN,

[52] South of 5°N, all the products oscillate berween
0% pnd 0%, but NESDIS reaches values of up 1o 2300 a
4075 in the annual average RVE,

[33] The manthly averaged RMSE 15 shown in Figure 3
tor each month. The vertical bars illustrate the standard
deviation computed for each month. Beeause the standard
deviation (and RMSE) of the NESDIS. product is high
compared 1o the other products, s resulis are plotled
sepurately on the right with a different scale. In the norhern
region (M), the RMSE of PERSIANN, when available, is

around |0 mnyvday, Far the period January o June, TRMM
has the lowest RMSE, on average about | mm/day less
than Eta. From July to December, Bt has the lowest
RMSE, which is on average 2 mmiday less than TRMM.
The maximum EMSE for TRMM and Eta occur in
February (8% mmday and 849 mmiday. respecuvely), for
PERSIANN in September (11,5 mm/day), and NESDIS m
July (20 mmddayy. The minimum RMSE for TRMM, Eia,
and PERSIANN oceur in August (5 mmdday, 3.5 mmiday,
and 9, | mmv/day, respectively) and for NESDIS in September
(7.7 mmiday ).

[3a] In the northeastern region (NE), the RMSE of
PERSIANN, when available, is around 10 mmdday. For
the months January o Jung, TRMM has the lo west RMSE
{asz for the northern region), followed by Et. The differ-
ences berwegen TRMM and Eta during this period are less
than 1 mmdday ). From July to December, Eta has the lowest
RMSE (again as for the northern region). lollowed by
TRMM, The ditferences between TRMM and Eta during
this penod are less than 2 mmvday. The maximum RMSE
for TRMM, Eta, and PERSIANN occur in Apnil (8.2 mm/
day, 9 mm/day. and 11.2 mmdday respectively), and for
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tleft) Zonal average precipitation over continental South Ameriea for the FTA. TRMM.
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Data are shown for four quarters of the yoar as well as the whole year,

k'

NESDIS in July (22 mm/day). Theé minimum BMSE far
TRMM, Eta. PERSIANN and NESDIS all oceur in August
(5.2 movday, 3.3 mmeday, 8.5 mmvday, and 8.0 mmiday,
respectively). In the southern region (3}, the TRMM pmd—
uet has the lowest RMSE for the entire period, followed in
order by Lia, PERSIANN, and NESDIS, The average
differénce between TRMM and Fia is 1.3 mmiday, with
the minimum difference in June (0.5 mmiday) and maxi-
mum difference in July (2.4 mm/dav). The maximum
RMSE vilues for TRMM, Eta. and PERSIANN oceur in
December (8.5 mm/day, 7.4 mm/'day, and 104 anyday,
respectively) and for NESDIS in November (20 mmiday),
The minimum BEMSE values for TRMM and Ela occur in
July (52 mmiday and 2.8 mm/'day, respectively), PER-
SIANN i May (7.0 mm/day). and NESDIS in Jlanuary
(8.8 mmiday). For the three regions analveed., the observa-
tions show that the cross correlation coetficients decrease
with distance. Figure 6a shows the caleulated correlation
coefficients versus distance, with fitted curves for the
observations (blue) and PERSIANN (red) produets LIVET
as examples. Comparisons between the fitted curves, bused
on an expenential decay lunction, are shown in Figures 6h,
Ge. and 6d for the NE, N, and 8 regions, respectively. In the
NE region (Figure 6b), the fitled curve for PERSIANN

(dashed ling) matches the observations most closely, This is
tollowed, in decreasing order. by Eta (eircles), TRMM
{erosses), and NESDIS (dots). For the N region (Figure ey,
this pattern is repeated. Figure 6d shows the comparison for
Sregion, In this case, NESINS shows better agreement wilh
the observations for distances less 200 km, Eta and TRMM
vield very similar curves which most similar to observations
for distances greater than 200 km.

6. Discussion

[3] When considering the potential value of 4 precipita-
tien preduct for use in an LDAS, aspects that merit special
consideration are a tendency to overestimate or underesti-
mate precipitation amount (bias), the degree o which the
spatial structure of the observations is captured, and the
performance when estimating zero or high-intensity rainfall.
For all threshold P > 5 mm/day and greater, all four
precipitation products have an FCA value less than one,
that is, the wrca estimated fo have minfall is less than
observed. This may result, m part, from our method of
comparisen, in which grid-averaged products are compared
with ohservations From individual gauges. The Fta model
and NESDIS product are approximately equally suceessful
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THMM (star), ETA (circla) and PERSIANN [square)

16113

MESDIS (=solid)

hanth

TRMM, ETA, PERSIANN and NESDIS minfall monthly averaged RMSE for N NE. and 5

regions i mm. The vertical bars show the standard deviation for cach month (NESDIS s plotted in s
separate column hecause of tts high standard deviation relative to the others).

Iﬁ

in terms of FOA and capture the arca without precipilation
within the domain reasonably well, although their relative
success in doing so changes through the yvear, The TRMM
und PERSIANN producis tend 1o undercstimate the area
without precipitation and w0 heavily overestimate the arca
with a small ameunt of precipitation (less than 3 mmddav), B
15 inseresting that the NESDIS and PERSTANN products,
which are both GOBES-denved products, show different
behavior with respect to FOAL not only in terms of their
annual aversge values, bur also in terms of its variation with
time of vear,

[36] All of the precipitation products have low values of

TS (less than (06, in general) iF precipitation is greater
than zero. For high precipitation imiensity thresholds (7 =
20 mmdday), values of TS are typically less than 0.1, The
Eta model-derived product gives noticeably better T3 for

all but the hizhest ruinfall threshold. It is beter in 80% of

the cases, and much better when P o= 0 mm/day. The
NESDIS product has the highest TS for areas with very
heavy precipitation (P = 30 mmdday), bot its TS for
heavy precipitation s nonctheless very low although there
are few eve nts for that threshold. The TREMM preduct
underestimates  precipitation. with the domain average
precipitation for this produet hemg 2.2 movday/cell, while

the WESDIS product significantly overestimates precipita-
tion, the domain average precipitation being 5.8 mm/day/cell,

[+7] In terms of zonal behavior, the Fta model-derived
precipitation product broadly tollows the pattern of obser-
vitions, but it significantly  overestimates the peak of
precipitution between 10°5 and 107N, For latitudes. below
1078, the zonal average R product correlates quite well
with ohservations in the first half’ of the year, but in the
second half of 2000 the peak in the zonal average Etg
product is north of that for observations (at about 10°N),
and the correlation below 1075 45 less zood, The TRMM
product noticeably underestimates precipitation through
most of the vear (excepl in the peniod October to Decem-
ber). In general, the NESTHS product significantly over-
estimates precipitation,

[2:] ©Ower the |0 months for which predictions are avail-
able, the PERSIANN product shows rcasonably good
average agreement. bul it overestimates precipitation for
latitudes north of 15°% and souwth of 23°S. The domain
average of the observations is 3.3 mm/day (the domain only
includes cells which contain one or more stations), The Ela
model-calculated data and PERSIANN product broadly
match the domain average observations. with domain aver-
ages of 307 mm/day and 3,67 mm/day respectively. In the
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Figure 6. Crossecorrelation coeflicient versus distance for cach valid location within each regian
te) north, (b northeast, and (d) south, (o) Example of the data distibution and the fined curve for
PERSTANMN and observations, The x axes represents the distance m hundreds of kilometers, and the NI

represents the eross-correlation coelficient;

second and third quarters, the NESDIS product bas nwo
sones wiath strong precipitation; one near the Lguator and
ane al about 3075, The TRMM product and the NESDIS
product show domain averages of 2.2 mumdday and 3.8 namy
day, respectively

[#] In terms of RMSE, TRMM and E are the best
products lor the N and NE regions. WESTHS shows the
highest RMSE values in all regions for the whole period
studied. Tn the 8 region, the Eta model has the lowest RMSE
tor the whole period,

7. Summary and Conclusions

[40] The fractional covered area (FCAY determines
whether the product overestimates or underestimates the
area of precipitution, This is often used in conjunction with
the threat score (TS), which measures the model’s ability 1o
forecast the location of events. The relative volumetric bias
(RVB}, measures the total volume of predicted precipiation
relative to that observed. The RMSE gives a measure of the
absolute value of the departure from the ohservation, while
the distribution of ¢ross correlution coctficients with dis-
tance measures the model ahility o reproduce the spatia)

structure’ of precipitation. These megsures were used in
confunction with available shservations of daily toral min-
fall across South America to evaluate four precipitation
products; the @ hour predictions frem the CPTEC Fra
model, and three different satellite-denved estimates of
precipitation (PERSIANN, NESDIS, and TRMM),

[] In & LIXAS context, precipitation gencrated by the
armospherie model is used, along with other forcing infor-
mation, by the LSM o create a backeround feld of land
surface states. Remote sensed information along with sparse
surface data are then assimilated 10 correct inherent svstem-
atie errors in the land surface slates errors in the atmosphenc
model, Thus i this study, the above mentioned character-
Istics of precipitation are analyzed and compared between
the Eta moddel and three precipitation products to determine
whether weaknesses of the former could be addressed by the
latter. It is mmportant to remember that the analvsis presented
here is for only for 1 vear (20000 and the number of stations
with suificient ebscrvations s limited, However, 1o he
pseful in an LDAS contest, the precipitation productls
should reflect as accurately as possible spatially distributed
precipitation on any given day. This is a strcler and. more
challengnig requirement than matching the ohserved pre-
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ciptation in some average or chimatological sense, and this
hias been the focus of the present study,

[+2] The Eta model-calculated data and NESIIS product
are broadly comparable in terms of success in defining the
fractional covered area of the domam with precipitation, the
Eta model data being better for low precipitation thresholds
und the NESDIS produet for high precipitation threshald.
However. the comparative success of the NESDIS product
i terms of fractional coverage arca for high precipitation
thresholds may just be o consequence of 1< lendency (o
heavily everestimate precipitation in general, The NESDIS
product 15 alse the most successful at identifying the
lpeation of areas with very heavy precipitation (P
S0k although it s soll relavvely poor. The Ea model-
cileuluted precipitation and PERSIANN product broadly
mateh the wonal averize observations. However, both tend
10 bias the sonal location of precipitation toward the Lquator
moere than the observations. The PERSIANN produet also
tends to underestimate the area without precipitation, 1o
overestinuute the area with & small amount of precipitation
(less than 5 mm), and has difficulty locating areas with and
without precipitation. The TRMM product underestimates

overall precipitation and does not capture the location of

precipitation and the tractional area with precipitation as
efficiently as the other products,

[+2] In genmeral, the Eta model-caleulated precipitation
outperforms the remotely sensed products evaluated in the
present study in thal it provides the best agreement with
both the overal] obzerved amount of precipitation and the
observed location ot‘prucipitﬂtiﬂn. However, some specific
features ment mention,

[+:] | The TRMM product hus o recional RMSE similar
L Eta,

[+s] 2. PERSIANN has a bewer spatial distribution of

precipitaticn eross correlation coctficients than Lt in the N
and NE areas. This suggests that PERSIAMN could hetier
explam the evolution of precipitation systems in hese
regions |:L’ aosquall hines)

[4x] TRMM and NESDHS alse have better spatial
diSH'Lhutlmt of correlation coefficients m the S region, which
could be related 1o mesoscale convective complex develop-
ment and the frontul sestems thar are charactenistics of this
region.

[+7] 4. In the case of FUA, NESDIS outperforms Fra for
high precipitation thresholds, and the ditferences are small
where L outperforms NESDIS,

[#4] To-South America and other loemtions where surface
observations ol precipitation are sparse, remotely sensed
products could potentially be a promising source of infor.
mation. However, the B model-produced  precipitation
fields compared better with gavge observations than with
any of the four remote-sensing-based products evaluated in
this study, though none of the observations used for the
comparison were assimilated by the model. From an LIDAS
application point of view this is prohlematic because o is
exdctly these mode] fGelds (e, Fraomodel fields) one wounld
like 1o improve. At this rime, there may be an opporiunity 1o
correet some of the weaknesses o the Bt praduct by
developing 2 combined Et remote-sensing product, bt
stenificant mprovements inoremotely sensed precipitation
fields are necessary before they will be of real use in an
LIDAS context,

EEMOTELY SENSED AND MODEL EVALUATION
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