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Abstract. TÌre effects oíwatcr vapor. aerosoì, and cloucliness orì tÌre irrcident surÍãcr:

solar irracliatrcr: corrtinuously rncasrtred in Brazil's Amazonia at six obscrvationa,l

sitcs Íïorn 1992 to 1995 arc exarninccl Ìry rncans of a clear-sky broadbanrÌ radiative

transfer modcl. Thc aerosol optir:al cleptÌr attcl precipitable water, both retrìcvecl

frorl Slrr photourcter ÌrÌeasurerÌìcnts. scrve as inputs to thc nrodel. Corrtpute<l

morrtÌrly rnean vaÌrres clf cletrr-sky surÍìrr:c irra<liance are analyzccÌ in conjunction

with th"e norrtÌrÌy tnean values of all-sky srtrÍãce irradiarrcc nleasured orr tÌre grounrl.

To assess thç effcct of cÌoudirrcss. we preserrt tlte cÌoud radiative forcing and cÌoud

racliative folr:inq r':rtio at the surface, Ìroth widcly ernployed in cloud radiation

bu4get stldics. Bv its clefinitiorr the rnonthly ÌÌÌealÌ cloud radiative forcing (clorrrÌ

racliátivc frrrcing ratio) is tÌre diflèrencc (rtr,tio) between surfacc solar irradiances

uldcr all-sky ancl c,le,rr-sky conclitions. Thc ana,lysis of the irradiarrces, as cornputed

anrl as rlearsurerl, sÌrclws tha,t tluring tÌre wet season the gaseous arrd cloudincss

eflêcts on the solar ra,cliatiorr attcnuaticin itr the atmosphere are cornparable, wÌtile

thc aerosoÌ irrfluenct: is rmrch srnallcr. Thc aerosol eÍÍ'ect increases ancl cÌoudincss

effcgt cieçrcases irÌ thc second Ìralf of tlrr: dry sezìsoÌÌ. Thrts drrring tÌre biornass

bur.rrirrg perioci irr southern Arnazonitr. tire rvater vapor ancl a,crosol effects bccorlte

.u1rpuioi,l". wÌrilc tÌrc clouclirrcss irnpat:t is 2-3 tirncs srnaller. BotÌr cloudintlss a,nrl

aertx<il cfl'er:ts havc strong scasclrral variations, wÌriìe tÌre gaseolrs efÍ?:ct t:hangcs

sliglrtly througliortt l,Ìrc vear.

1. Introduction

TÌrc Arnazott ia rt t Í l tctt t  oÍ.  Bra,zi i  ( lovcÌs thc basin of the

Anrazorr rìr 'cr arid incirrdels nincl BraziÌ iart states having

a total arcri  .1.9 rni l ì lor i  krn2. I t  has i tn cquatoriaÌ cl i-

rnate cÌrara<:tcrizccÌ Ìrr' higÌi tcrnperriturels ancl liumitli-

t ies througÌrclut t l r t :  \ ' t rar ' .  Ncverthcless, rrot i<:t lable sca-

sontr l  and intcrattnutr i  variat iot ls of cÌ i lnatc arc observecl,

part icuÌarl f  i r t  i t 's sortthern perrt.  Anah'sis of cl ìmate

vmii i t ìons is rurercÌccl to sttrdt '  r laturaÌ arrt l  anthropogenic

iuipacts on cÌ lrrtater of t l i is unique rt lgion rrrainlv covered

bv tropicai rain forerst.  A largc boclv of cl iniatological

1On leavc frorrr t Ìrer Inst i tutc of Atrnosphcric Phvsics. R.us-

sian Ac:rdcmv of Scienr:es, N'Íosco'rv.

Copi 'r ight 2000 b1' thc Arncrican Geophvsical UIr ion'

Paper nurnber 2000JD900433.
01 48-0227 I 00/ 2000 JD900433S09. 00

data u,trs obtained <ìrtrirrg the AngÌo-Brazilian Amazo-

niarr CÌirrratc Observation Study (ABRACOS) carricd

out in Arnazonia from 1991 to 1993 [GasÀ, et ul ',7996)'

Measurcmerrts of the trpward and clolvnwarcl racìiation

fluxes as rvt:lÌ as rnetcorological variabÌes werre taken by

autornatic u,cathcr statiorl at six observationaÌ sites:

in southcrn Anrazonia near Ji-Paraná, Reserva Jaru

(RJ)  (10"05'S,61 '55 'W) and Fazenr la Nossa Scnhora

Aparecic la (NS) (10"45'5,62o22'W);  in  eastern Ama-

zonia near N'Iiirabá, R,cserl'a VaÌe do R,ki Doce (RV)

(5"45'5,49"10' \ \ r )  arr<Ì  Fazenda Boa Sorte (BS) (5 '10 'S,

48'45'W); ancl in centraÌ Arnazonia ncar N{anaus, R'eser-

va Ducke (nD) (2'57'5, 59"57'W) and Fazenda Di-

n iona (FD) (2 '19 'S,60 '19/W) .  The locat ions of  the

sites shown in Figure 1 represent difÍerent climatological

zones in Amazonia.
Cutf et ai. 119961 present rnonthlv mea'n values of in-

cicÌent surface irracliance S1, humiclitv e, as welÌ as daily

maximum anrl dailv rninimum surface air temperatures

26.961
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Figure 1. Observational sites in Amazonia where pvra-
nometer measurements of ABRACOS are collected fiom
1991 (soÌid circles) and Surr photometer measurements
at the AERONET gÌobaÌ Sun photometer rietwork were
taken from 1993 to 1995 (squares) . The compÌete names
of the sites are given in the text; the scale of the map
is about 340 km in 1 cm.

?n,o* and ?,r;n, which were obtained during ABRACOS
from 1991 to 1993. It is shown that the magnitude of S;
varies slightly throughout the year at aÌl sites, eÌevat-
ing a ÌittÌe between JuÌy and October. The magnitude
of fl.1r, and e has a minimum in July, while [ru* has
a maximum between July and October. However, the
câuses of seasonal variations of these variables are not
anaiyzed by Culf et al.,11996]. In the present study we
explore the effects of u'ater vapor) aerosoÌs, and cloudi-
ness on the monthly mean incident surface irradiance
by means of cÌear-sky radiative transfer model calcula-
tions using a larger data set obtained at the ABRACOS
sites from 1992 to 1995. The reÌationships between the
surface irradiance and the near-surface air temperature
are also examined.

Water vapor, aerosols, and cÌoudiness are the main
atmospheric components strongly influencing soÌar ra-
diation transfer irr the Earth's atmosphere. In Ama-
zonia, substantial seasonaÌ variations of precipitation,
precipitable water, cloud amount, and aerosoì optical
depth are obsert'ed throughout a year. Thus records of
the monthÌy mean rainfall at the standard climate sta-
tions ciosest to the ABRACOS sites lGash et al.,19g6]
show a strong change of precipitation from a wet period
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between December and April to a dry period between
June and August or Septe;nber. Southern Amazonia
has a pronounced dry season, often with a period of
severaÌ weeks rvithout rain: The rainfall decreases in Ji-
Paraná to less than 5 mm in July as compared with 250
mm in March. The dry season in eastern and central
Amazonia is Ìess pronounced: The change of precipita-
tiori in Marabá is from 300 mm in February to 20 mm
in JuÌy, and in Manaus it is from 300 mm in March to
90 mm in JuÌv. Satellite observations of cloudiness from
1987 to 1988 show that the monthly mean cÌoud amount
virried in southern Amazonia from 80% in April to 15%
in JuÌy lRossow and Schiffer, 1991]. Ground-based Sun
photometers at the sites of the AtrR.ONET global Sun
photometer network lHolben et aI., Igg6l record small
values of column aerosol optical depth during the wet
period and the elevation of its magnitude in the sec-
ond part of a dry period when anthropogenic burning
of savanna and forest occurs.

Such profound seasonal variations of water vapor)
aerosol, and cÌoudiness in the tropicaÌ atmosphere of
Amazonia should influence the magnitude of surface
solar irradiance and, possibìy, near-surface air tem-
perature. First, we stuclied these effects bv analyz-
ing monthly mean values of incident surface irradiance
and climatologicaÌ variables obtained at the ABRACOS
sìtes from 1992 to 1995. To estimate the atmospheric
effect on the solar radiation attenuation, we computed
normalized surface irradiance defined as the ratio of in-
cident solar irradiance at the surface to that at the top
of the atmosphere. To analyze the effects of precipitable
water and aerosol loading on seasonal variations of nor-
malized surface irradiance, we performed the clear-sky
radiative transfer model calculations with broadband
radiative transfer code. The effect of cÌoudiness was
estimated by caÌculating the difference or ratio of sur-
face solar irradiance measured under alÌ-sky conditions
and that computerÌ by the clear-sky radiative transfer
model.

2. Instrumentation and Measurements

2.I. Surface SoÌar Irradiance and
Meteorological Variables

A detaiÌed description of the ABRACOS observa-
tional sites can be found in the work of Gash et al.

[1996]; however, a short summary relevant to the present
study is given as foilows: Measurements are made by
an automatic weather station (AWS) at each site. At
the Reserva Jaru (RJ), Reserva Vale (RV), and Reserva
Ducke (RD) sites the AWS is mounted above the for-
est canopy orr the top of a tower at a height of about
50 m above the ground, while at the Fazenda Nossa
Senhora Aparecida (NS), Fazenda Boa Sorte (BS), and
Fazenda Dimona (FD) sites, it is mounted at the heights
from 2 to 5 m above the ground. The CM-5 solarimeter
(Kipp and Zonen, Delft, Netherlands) measures total
downward solar irradiance (300-3000 nm) at a 5 min
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Figure 2. (a) Monthly mean solar irradiance incoming

at the top of the atmosphere (.9nf"p) and at the surface
(Sr)  (b)  Dai ly  min imum ( I - io)  and dai ly  maximum
(7.".") surface air temperatures, and (c) rvater vapor
pressure. Measurements were taken at the ABRACOS
sites: NS (thick solid) and RJ (solid) Iocated near Ji-
Paraná, BS (thick dashed) and RV (dashed) located
near Marabá, and FD (thick dashed-dotted) and RD
(dashed-dotted) Ìocated near Manaus. Monthly mean
data are averaged over 4 years from 1992 to 1995; the
values of Sf"P are computed.
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sampling interval, which was recorded as hourly aver-
age data. The error in measured solar flux is estimated
to be about +(3-4)% due mainly to a combination of
cosine response, caÌibration, nonlinearity, leveling, and
thermaÌ offset errors. The near-surface air temperature
and dew point temperature are measured by wet and
dry bulb platinum resistance thermometers (Didcot In-
strument Company, Abington, England) every 10 min
with the recorded data averaged over t hour. These
thermometers are accllrate to t0.1oC.

In this study we anaÌyze data of incident surface ir-
radiance ,9; as well as daily maximum and daily mini-
mum surface air temperatures Ç,o* and 7*;., continu-
ously measured at the ABR,ACOS sites located near Ji-
Paraná (NS and RJ), Marabá (BS and RV)*.and Man-
aus íFD and RD) from 1992 to 1995. The valuèÈ-eilwa-
ter vapor pressure e, also analyzed, were computed from
dew point temperature data using the Tetens formuÌa

lTetens, 1930]. Figure 2 shows monthly mean values of
Si, ?,rru*, ?-1., and e averaged over 4 years from 1992 to
1995 as well as monthly mean values of soÌar irradiance
incident at the top of the atmosphere, Sf"p. The values
of Sj"p were computed by using the solar constant 1367
'Wm-2 

fFrohlich and London, 1986] and formulas for
the solar zenith angÌe and eccentricity correction fac-
tor of the Earth's orbit [1qbí]/, 19831. Figure 2 shows
that .9jop has a pronounced seasonal variation with a
minimum in June reÌated to the position of Sun-Earth
relationship. Both ?-1, and e have a minimum in JuÌy
rvith 1 month delay as compared with the minimum of
Sjop in June. On the contrary, both S, and 7-.* have
a maximum between July and October. Note that the
delair between the annual cycle of the incoming solar ir-
radiance and that of soil temperature, which is related
to the near-surface air temperature, can be estimated
bv the simple modeÌ taking into account onÌy the ra-

diation balance at the surface and the ireat conduction
and heat capacity of a soil. Its value is small for dry
soils and it is up to 46 days for wet soils with the high

heat conduct,ion lKhrgia'n, 197 81.
Therefore atmospheric impact on the solar radiation

transfer Ìeads to the different annual cvcÌes of the in-

cident solar irradiance at the surface as compared to

the top of the atmosphere and, possibly, to the differ-

ent annual cycles of daily minimum and daily maximurn

near-surface air temperatures. The normalized surface

irradiance, defined as the ratio of surface irradiance to

that at the top of the atmosphere, also strongly changes

throughout the year. Figure 3 shows that the mag-

nitude of the normalized surface irradiance increases

from 0.4 in January at aÌi sites to 0.6 in July at the

JlParaná and Marabá sites, and to 0.5 in JuÌy at the

Manaus sites. In orcler to estimate separately the water

vapor, aerosol, and cloudiness impacts on these varia-
tions, we performed clear-sky radiative transfer model
calculations using as inputs to the model the values of
aerosol optical depth and precipitabìe water obtained
from Sun photometer measurements.
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Figure 3. N{onthly Inean normâlized surface irradiance
(S,/Sl'o) cornputed for the ABR.ACOS sites: NS (thick
solid) and RJ (solid) located near ,I i-Paraná, BS (thick
dashed) and RV (dashed) locatecl near \,Iarabá, and FD
(thick dashed-dotted) arrd RD (dashecl-clotted) Ìocated
near Manaus. MonthÌy mean data are averagcd over 4
vears from 1992 to 1995.
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2.2. Aerosol Optical Depth and Precipitable
Water

Figure 1 aÌso shou's the Ìocations of the sites of the
AERONET globaÌ Sun photometer network lHolben et
al., 1996] seÌected for the study. The AERONET sites
closest to the ABRACOS sites near Ji-Paraná were
Ji -Paraná (JP) (10"51'5,61"47'W) and Jamar i  (JA)
(9"11'S,63 '05 'W).  The nearest  s i te  to the ABRACOS
sites near NIarabá was Tukurui (TU) (3'42'S,49"40'W)

and to the ABRACOS sites near Nlanaus vr'as Santarem
(SA) (2"25 '5,54"45'w).  At  the ABRONtrT s i tes the
aerosol optical thickness was retrieved from the direct
solar radiation measurements nrade bl' Cirncl Sun pho-

tometers at sel'en seÌected wavelengths 340, 380, 440,
500, 670, 870, ancl 1020 nm, whiÌe precipitabÌe water
was derived frorn thc Ìneasurements at 940 nm. CÌoud
scrcening was performecl using the methocls described
by Smi,rnou et aL [1999]. The aerosol optical depth
at 550 Ì 'ÌÌÍÌ,755s, needed for use as irtput to the radia-
tive transfer model, was computed by interpolating the
values of r5so or :446 and 1679.

The derivation of the aerosoÌ optical thickness at 550
nm from the momentary Sun photorneter measurement
of the direct solar radiation is accurate to 0.02. It
is more difficuÌt to estimate the error of the monthÌy
mean aerosoÌ optical depth derivation because of the

lack of measurements for each day of a month. Cloudi-
ness sometimes prcvents direct solar radiation meâsure-

ments from bcing taken during a dry season period and

frequently intermpts them in the n'ct season months.

We consider monthlv means to be representative for the

dry season months rvhen aerosoÌ optical depth varies

strongly if measurements are taken for more than 14

days (about ÌraÌf of a month) and dispersed alÌ over a

Figure 4. NlontÌrl1, mean values of aerosol optical
thickness at 550 nm (AOT550) and precipitable water
(P-), both obtainecl at the AERONET sites: (a) Ja-
mari in 1993 (triangles), Ji-Paraná in 1994 (squares),
Ji-Paraná in 1995 (pluses), AIta FÌoresta in 1993 (as-
terisks); (b) Tukurui in 1993 (triangles), Tukrrnii in
1994 (squares); (c) Santarem in 1993 (triangles) and
Santarem in 1995 (pluses); dashed curves present as-
sumed seasonal variations of AOT550 and P,r.
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The magnitrrde of the aerosol opticaÌ depth in Ama-
zonia incre:rses irr thc scconcl part of the dry season
duc to the srnokc ;rcrosoÌs emitted into the troposphere
by anthropogenic blrrrÌ ing of savanna and forest. Sun
photometer montÌrÌ1' mean data obtaincd at the Jamari
AERONtrT sitc located 250 km northwcst of Ji-Paraná
can also be usecl to estimate thc eÌevation of the aerosol
optical depth at the ,I i-Paraná ABR,ACOS sites in the
dry season months. The assumption is based on the
facts that the rnain biomass burning sources are Io-
cated to the south from the 10"S latitude, and the
primary direction of the air mass transport over the
region is northw'est fTrosni,kou and Nohre, 1998]. The
distarrr:e Ìretrvcen the AERONET site Tukurui and the
ABR.ACOS sites near \Íarabá is about 200 km and be-
tween the AtrR.ONET site Santarem ancì the ABRA-
COS sites near Nlanaus is about 600 km. NevertheÌess,
$/e assumc that Sun photometer monthly mean data
obtained in Tukumi anci Santarem can be utilized to
approximateÌy estimate the elevation of the aerosol op-
tical depth during a clry season in NÍarabá and Manaus,
respectively, consiclering low spatial variabiÌity of the
aerosoÌ optical clepth irr eastern and central Amazonia
due to the rveaker biornass burning there and prevail-
ing of the transportecl smoke aerosoÌs. Note that the
aerosoÌ optical depth values obtainecl in Tukurui and
Santarem can be more influenced by oceanic aerosols.

\\re also asslrme that tÌre smallest monthly mean value
75b0 : 0.12 recorded at the AÌta FÌoresta site (AF)
(9 '55 'S,56 '00 'W) in  June 1993 is  the maximum est i -
mate for the wet season months in Amazonia, consider-
ing strong washout from precipitation of aerosoÌ par-
ticles and the near absence of anthropogenic aerosol
sources during the rvet season. We utilized this vaÌue in
the calculation for the rnonths from December to June
at alÌ sites, bearing irr rnind that the reaÌ aerosol impact
on the solar ìrradiance shoulcÌ be even smaÌÌer.

The eÌevation of the monthly ÌÌÌeaÌÌ aerosol opticaÌ
depth in August, September, and October 1993, 1994,
anrl 1995 at the AERONET sites Janrari (JA) and Ji
Paraná (JP), both located near Ji-Paraná, is shown in
Figure 4a. The Ìargest ciata set u' 'as obtained in 1993
at tÌ ie Jamari site. In 1995 the anonralous conditions
with higher termperatures, lower hurnidit ies, and more
extcnsive biomass burning were observed in southern
Arnazorria. TÌrus tÌie rnagnitude of tlie monthly mean
aerosol optical depth at 550 nm was eqrraÌ to 0.83 at the
Jamari site irr September 1993, and it n'as about 1.71
at tÌre Ji-Pararrá site in Septernber 1995. The magni
tude of the aerosoÌ opticaÌ clepth elevation in eastern
and centraÌ Arnazonia is smaÌÌer than in its southern
part. Fìgures 4b and 4c cÌemonstratc that there is an
in<:reasc of 155,6 to about 0.5 at thc Tukumi site (TU)

and to about 0.3 at tÌre Santarern site (SA) in November
1993 due to the ÌocaÌ or regional biomass burning ex-
tencìed to thc latcr months in this region. The monthly
mean data obtained in the 1994 and 1995 years at the
Santarem ancl Tukurr.ri sites clo not diffcr mucÌr from the
data obtained in 1993.
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The annual cycle of precipitabÌe water P.,, at the
ABRACOS sites, is related to thc annuaÌ cycle of sur-
face humidity shown in Figure 2c and to the seasonal
variations of precipitation described in section 1. Month-
ly mean values of Pu, obtained at the AERONET sites
in 1993, 1994, and 1995, are aìso shown in Figure 4.
In accordance with the seasonaÌ cycles of the surface
humiclity ancl precipitation, the decrease of P., during
the dry season is morc profound in southern Amazo-
nia than in its eastern and central parts. However, Sun
photometer measurcments do not provide enough data
to describe seasonal variations of P,,, due to the lack
of measurements in the wet seàson months. We com-
puted monthly mean values of precipitable water for alÌ
months in 1993 from the surface water vapor pressure
data using simple linear regressions obtained by fitting
data of e and P. measured simultaneously at the cÌosest
ABRACOS and AtrRONET sites during the dry season
period. The results are shown in Figure 4 by dashed
curves and are used as inputs in the cÌear-sky radiative
transfer model.

3. Modeled Surface Solar Irradiance

A detailed description of the radiative transfer model
used in the present study as well as a comparison of
modeled and measured irradiances can be found in the
work of Tarasoua et al. 11999), while a short description
is given as follows: The model consists of 23 homoge-
neous layers. The Delta-Eddington method lJoseph et
al., 1976] is used to calcuÌate the solar radiative transfer
in 14 intervals in thc visible solar spectrum and in three
bands in the near infrared. The k-distribution func-
tíon lChou an,d Lee, 1996] is incorporated in the near-
infrared region of the spectrum, in order to compute wa-
ter vapor absorption in conjunction rvith aerosol scat-
tering and absorption. Both the water vapor amount
vertical profile divided by the total water vapor amount
in atmospheric column and the ozone amount profiÌe are
in accordance with the tropicaÌ standard atmosphere of
McClatchey et al. 11972]. Seasonal variation of column
ozone amount is not incorporated in the model because
it is small in the tropics. The values of integral surface
albedo measured in Amazonia by Culf eú o/. [1995] are
utilized. The partition of the albcdo bctween visiblc
ancl near-infrared spectraÌ regions was made in accor-
dance with the clata given by Briegleb 11992] for the
medium/talÌ grassland and evergreen broad-leaved for-
est .

Aerosol opticaÌ parameters such as the single-scatte-
ring albedo and asymmetry factor of the phase function
also required by the model, were computed Íbr smoke
aerosol composition, assuming external mixing of the
components proposed by the World Meteorological Or-
ganization (WMO) 11986]. The composition consists of
five aerosol components with the folÌowing percentages

by particle voÌume: 77% of .,l,ater soÌubÌe component,
77% of dust-like component, 7To of oceanic component,
and 570 of soot component. The percentages were de-
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terminecl from tÌie aerosoÌ rÌÌass corÌcerÌtri i t iorr ÌÌÌciÌsÌlÌe-
merits taken in Arrtazotria <luring thc Srnoke, CÌorrcis.
and R.irciiatiorr-Brazil (SCAR-R) cxlrclinicnt iArto,t:o r:t
a/., 1998] . The singlc-scattcrirÌg albc<kr arrrl tÌre asvm-
metrv fâctor at 550 ÌÌrrÌ of the r:ornlrosition are equaÌ
to 0.866 and 0.623, respectir,eÌr'. TÌreir sllectral r,aria-
ticrrrs are given Ln. 'lit,rv,souo, d ul, 11999). TÌrr: r':rhtes
of thc integral surfact: albeclo incorporatcrl in tho rncÌi i i-
t ive transÍer rnorlcÌ arc :rccorcling to Cu,l,f r:t ol. l l \\ l l).
The p:rrt it ioning of thc surf:rce aÌbetkr Ìrert.nveerr visiblcr
trnd rrcar-infrarccl spt:r:tral rcgiorrs u,us Ìrrrrfornrr:rÌ in ac:-
cortl:rncc' rvit l i  thc rlata grvcn ln' Rriaql,dt [19921 for thr:
rÌÌe(l iÌuÌì /t i Ì l l  gra sslarrcl ar r rl cvcrgrccr r l rrr.rarl-l cavt'r l for-
est,.

The ri idiati lc t lansÍì 'r nroclcl Ìras Ìrrrorr tcstccÌ rÌrtrirrg
thc SCAR-B expcrirrrcnt corrrhrctcrl ìrr sorrthcrrr Ama-
zorria in Arrgrrst antl Scptcrnbr:r 1995 lTua,soua r:.t o,1,.,
19991 . For tÌris. six t irnc ptrriocls of sr:rr:ral Ìrours rvrtrr:
selcctcd u'hen sirnrrlt i Ìrìcous Srrn plrotorrrctcr and solar
irrarl iance lÌìcìiìsÌÌÌcÌÌÌcÌrts rr 't:re takcn at t l ie satrc sitt: in
clourlless conditiorrs. TÌu: ar.erage aerosol opticaÌ clepth
at  55i l  n Ì Ì Ì  \ \ r i ìs  cc l ra l  to  0.34,0.43.0.7-1.  1.9,1.2.14,  anr l
2.46, precipitaÌrle u,atcr cir: ir igecì fronr I.811 to .1.3. :rncì
solar zcrrit ir arrgic variccl Í i 'om 16otcr 68o. Thrru thr: mclcl-
eled and measureii solar irrarl iancos \\ '(ìr(ì r:ornpzrrerl. For
the periocls n'it,Ìr tÌrc acrosol opt,ir:aÌ rlt:ptÌi r ' :rricd Írorrr
0.321 to 1.94 the trro<ìclc<l irr:rclian<urs rxr,rre,:strruate trrur-
surerl irracÌianc:cs lrr ' 3-9%. On the r:ontrar\ '. Íìrr thc
pcriocls r 'r ' i t ir t l ic acrosol optical cÌeptÌr Ì:rrger than 2 tÌrct
mocleÌed totaÌ irracliarÌce is sÌrÌ iìÌÌcr tÌrarr tÌrc measurerl
irracìiance by 7-777c. Rv r:l ianging irr t ire calcuÌations
thc acrosoÌ singles<rattcrirrg albecìo at 550 nrrr tcl 0.95
tÌris differencre can be decrcasc<Ì to aborrt 1%. TÌrus u'e
assume that the eÌ1oÌ of the surfzic:c irracliancc <:aìcu-
lations in cÌouclÌess conclit ions rvith thc srÌÌoÌ{c acrosoÌ
opticiì l deptÌr at 550 rurr lcss tharr 2 is krss t,Ìran 10%.
T h i r  i s  c o t r t l r a t  a ì  r Ì r '  l ' i I  Ì l ,  u r t , ' t r l  ì r ' , ' r i s t  i t r g  r  I i s l t  e p r ; r r r c i , ' s
of t.hr: conrputiìt ions arrrl rrrcasrircrrrcrrts olrtaint:rl rrrrcier
r:lorrrl lcss conrlit iorrs l l '  otlrcr authors lKo,to r:t o,1., 1997;
Ki,nn,r: eÍ o/., 1998] .

First. u'e c:rk:ulatt'd rnontÌrl1' rnrlan r.ahres of inci<lent
surface sol:rr inac,l iarÌcc Sltìs fur tÌrc ABRACOS sites
Fazencia Nossa Senlior:r Apare<:ida (NS), Fazt-'ncÌa Bo:r
Sorte (BS). aÌÌcì Fazenda Dirnonn (FD) bv rrsing the
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cÌear-skt. racliative trtinsfcr modelr u,hich incÌudes so-
Ìar radiatiorÌ iì,bsortr)tion bl' grottn an(ì $fater vapor as
rvell as rriolecuÌar scattering. Sccond, tÌre monthÌv mean
vaÌÌlcs of incicìenl. srtrÍace solâr irradiance ,Sos"t+" rvere
corÌìpllted arldit ionallr, taking into account effects from
scattering arrcl absorpt,ion bv acrosol particÌes. The so-
Ìar ri idiatiorì iìtterÌlr:Ìt ion in tÌrc gaseous atmosphere is
rlcfirred as tlìcr rÌiÍfcrcrrce Ìtctn'cetr tÌre incident solar ir-
rarl iarrce iìt. 1Ììc top of the atmosplÌere ancl that at the
surface Sl"t ' - Sïn', u'hilc the solar radiation atteÍÌu-
atiorr Ìrt '  acrosoÌ partir: les is 5,f"" - Si"t-o. The dif-
Íercrr<:c lrctt,ecrn t, l ic srtrfacc solar irradiarÌce calculatecl
n'ith tÌre cÌcr:rr-sll '  r ' iLrl iative tratrsfcr rnocleÌ, which in-
r:Ìrrrlcs gaseolÌs ancl i icr'osol atteÌÌÌÌatiolì. and tlÌat nìea-
surerÌ rrnclcl ii,ÌÌ-sÌs' corrcÌitions $$as+. - ,S;, is related to
the cÌorrdincss eflÌ lct.

Talrlc 1 prescnts tÌrt: rt:sults of sol:rr radiation atten-
uatioÌÌ ciìlcrlliÌt,ioÌÌs lrerÍìrrtnccl for tlie ABRACOS site
FazcncÌa Noss:r Sctrhora Apiìrcci(la (NS) located close
to Ji-Paranii. Sun photorrrerter dattr obtaincd irr Au-
gust, Septerrnbcr. artt l Or:tober frorn 1993 to 1995 at thc
AER.ONtrT sitcs .Ji-Paranri (JP) ancl Jarnari (JA), both
Ìocatccl rrear ,l i-Paranri. q'ere uti l izecl as inputs to the
mocleì. The valuc of Slul '- Sl"' is irr thc range from 91
Wrn 2 to 112 Wrrr - -2.  I ts  sensi t iv i tv  to  thc magni tude
of thc prccipitâbÌe natcr P* is lorv. Thus tÌre change
of P* frorn thc vaÌue.1.1 obtaincd in August 1993 at
thc .Jarnari sitr: 1o thc r.alue 2.9 measrired in August
1994 at thi: .Ji-Pararrá site le:rcls to thc small difference
5 \\t'rn 2 irr the rnagnitucic of solar ra,diation attenua-
t  i o r r .  T l r .  s ,  r l i r r  l i r r Ì i ; r l  i un  u t t c t t t t a l  i o r r  5 f  "  -  S i ^ t  

- '  
by

srnoÌrer iler'osoÌ irr ,Ji-Pararrilr is rnorc variabÌe. It changes
Íioni 33 \\I rn-2 iu O<rtoÌrer 1993 to 67 W m-2 in August
1993 an<l  to  9:1 or  125 \ \ 'nr  I  in  Septeniber  1995.  The
last r,aiue \\:iìs coÌÌÌplltecl u'ith charrged aerosoÌ singÌe-
scattcring aÌbccÌo at, 550 run to 0.95, which gives better
agrocrÌÌerÌt n.ith soÌiir irradiarrce ÌneiÌsurcments under
Ìruge srriokc Ìrazes rvith aerosoÌ opticaÌ deptÌr close to
2 lTarasouo, et al., 19991. The r:Ìoudiness effect on the
solar radin,tioÌÌ iìttcÌÌuation Sf^" -,S,F"'*" is also strongly
variable. During Artgust 1993 and 1994 it is about 30
\Vnr-2. Li Scptcrnber it varics frorn 55 Wm-2 in 1993
to Ìess tharr 3'1 \Vrn-r irr 1995, ant-ì it incrcases to 83
Wm-2  i n  Oc tobe r  1993 .

Table 1. Attcnuation of the Incidcnt Solar Irrarl iance irr the Atmosphere by Gases

Ç,l"o _ ,Sfu"), Srnokc Aelosols (Si^' - Sïo'o"), ancl Cìourlirress (^g.so'+" - ,91) in Wm-2
CaÌculated for the ABRACOS Sitc F:rzencla Nossa Senhora Apa,recicìa (NS) by Using the
Vlonthll' N{earr \"aÌues of Ar:rosol Opticai Depth 755e and Precipita}rÌe \\Iater P,,, Ohtained
at tÌre Jamari (JA) arr<l Ji-Parana (JP) AERONET Sites LocaterÌ Nearby

Site N4onth Year Nurnber of Davs isso D  q l o t '  _  q B à -  ç s a r  _  q u
t u

q S a s + a  _  q

J A
JA
JA
Ìï)
JP

1993
1993
1993
1994
1 995

0 .86
0.83
0.34
0 .73
r . 7 7

4 . 1
Á a

5 .0
2 .9
2 a

96
106
t72
9 1
702

I
10
8
9

30

83
29

34/

M
l 4
1 8
20
20

67
69
33
60

Q 4  / 1 ) l t a

oThe aerosol sirrgle-sr:attering albedo.rvas changed in the calculat ioÌìs to "rü00:0.g5
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To approximateÌ1' estirnate scasonal variations of sur-
face soÌar irrarÌian<:e at the ABRACOS sites Fazentla
Nossa Senhora Aparecirìa (NS), Fazencìa Boa Sortc (BS),
Fazenda Dimona (FD), located near ,l i-Pararri i, Nlarabá,
and Nlanaus, respectir.el\ ' , \\re preparercl inputs to the
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cÌear'-sl<y rariiatir,e transfer model for all months of the
year on the basis of the data of aerosol optical depth and
precipitable lvater, obtained at the AtrR.ONET sites Ja-
mari (JA). Tukunri (TU), and Santarem (SA) in 1993.
The trerosoÌ opticaÌ depth z55s = 0.12 was assigned to
thc t 'et months at aÌl sites, bearing in mind to esti-
matc the maxirnurn zrerosol effect during the wet sea-
son. Thcse inputs are shown in Figure 4 by dashed
curves, and the the caÌculation results are presented in
Figure 5. Tiie montÌtlv mean soÌar radiation attenua-
tion by both ozone and water vapor ,9rtop - Snfut varies
throughout the 1'ear in the range from 80 Wm-2 to
110 Wm-2 at all sites. The background atmospheric
aerosois of the u,'et season attenuate incident soÌar irra-
diarrce ,Sr*ot - Sntut*" by the value that is less than 15
W rn 2, u-liile thc acrosol impact ori surface irradiance
during the biornass lturning period in southern Amazo-
nia is about 70 \\, 'ni- '. The solar radiation attenua-
tiorr bv clorrcÌiness ,gint*n - ^9; rÌranges from about 120
\ \ ' ' r r i -2  in , Ianuar l .a t  t r l l  s i tes to about  30 Wm*2 in
Ausust at the .l i-Para,nál site. The niitr irnum cÌoudiness
cffcct rtn soÌar rarliation attenuation at the N{arabá site
is aborrt 30 \\r nr z arrrl at the lv'Ianaus site is about 80
Wm 2, botÌr irr . luh,.

\Ve also cornputercÌ the normalizecÌ surface irradiance
defined as thc ratio of the morrthlv mean incident so-
Ìar irracliances at the srrrface to that at the top of the
atrrrospherc. Noto that normaÌized surÍãce irracìiance
is the rneasure of thc transmissivity of thc atrnospÌrere
ancÌ is cqual to tÌre transrnissivit) '  u'Ìrcn surface albcdo
is er1ual t,o zcro" Figure 6 shou's tirat tÌre rnagnitude of
thc rrormaÌizecÌ surface irradiancc cornputed for gaseous
atmospliere at all sitcs is about 0.75, ciranging slightly
during thc voa,r rhre to \\'zìter vapor r.ariabilitl' and from
sitc to site. Inc:hrsiorr of atrnosphcric aerosclls in the ra-
cÌiatir,t: transÍêr rnorlcl calcuÌations clecreases this value
to 0.7 during thc n'ct scasoÌÌ and to 0.57 at tÌrc,Ji-Paraná
sitc in August 1993 u'i ierr biomass br-rrning occurs. The
effecrt of cloudiness on surface solar irracliarÌce was cs-
tirriaterÌ by cornl;utirrg tÌre cÌoucÌ radiativc forr:ing ratio
dcfirrcd as thc ratio of lhc incidcnt surÍãce solar irra-
cliances rneiisrrrecl rrnder aÌl-sk\. conditions (including
cÌoucls) to that calcnlate<l b1' the clear-skv radiative
tr':rrrsÍcr rno<ÌcÌ. Its rnagrritude varies froni 0.55-0.6 in
Decernber 1993 at aÌÌ sites to 0.85-0.9 in Julv 1993 at
thc Ji-Pararrá ancl Nlarabá sites, presenting quite <liffer-
cnt cloudirrcss cff'ccts on the solar racÌiation attenuation
in thc atmospherc <irrring the rvet and dry seasons. The
atrnosphere in \Ia,naus is cÌraracterized by smaller cloud
radiativc Íbrcing ratio of 0.7 in ,Iuly 1993 and hence by
tÌrickcr cÌou<ìiness during the dry season, compared to
tÌre other trvo sites. u,hich is consistent u,'ith the less
proforrnd dry sr:ason in N'Ianaus.

4. Results and Conclusions

An atraÌ1'sis of surfilce solar irradiance data coilected
in Arn:lzonia Íìorrr 1992 to 1995 u.as performed bv us-
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Figure 5. \ '{orrtÌ iÌr '  rnean inciclcnt solar irraclianccs i it
the ABR.ACOS sitcs: (a) NS locatcrl rrca,r ,Ji-Pararil i .
(b) BS Ìocatecl near \Iaralrá. ancl (c) FD lo<ratecÌ rrcar
\4anaus. \/aÌues of Sl"p are corÌÌÌ)Ìrteri at t lrc t,op of thc
atmosphere; ,Sl"'*u ;rrr<i ,9,f" ' â,ro corÌÌl)ÌrterÌ at thc sur-
face by the cÌear-sliv radiativc tratrsÍcr rrrorÌeÌ Íbr thcr
gaSeOuS atrÌlosJ)lìcre $'itÌr arrcl u,ithorrt ar,trosols. ÌcsÌlcc-
tivelyl Si â1€ ÌÌr{ì iìsurccÌ at tÌresc sitcts itr 1993 (triangÌes),
1995 (p luses) ,  ancl  f rorr r  i992 to 1995 (sol id) .
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Figure 6. N{onthiy mean normaÌizecl surface irradi-
ance computed for tÌre gaseous atrnosphere (a) with-
out aerosols and (b) u'ith aerosoÌs. (c) Cloud radiative
forcing ratio. \ 'alues were obtained for the ABRACOS
sites NS (solid) ìocated near Ji-Paraná, BS (dashed)
Iocated near Nfarabá. arrd FD (dashed-dotted) located
near Manaus by using 1993 data of measurements.

ing cÌcar-sky radiative transfer modcÌ calculations. It
was sho$/n that during tÌre wet season the gaseous and
cloudiness effects on the solar radiation attenuation in
the atmosphere are ccimparable (about 100 W m-2),
while the aerosoi influence is much smaÌler (less than 15
W m-2). The aerosol effect increases and cloudiness ef-
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fect decreases in the second half of the dry season. Thus
during the biomass burning period in southern Amazo-
nia the water vapor and aerosoÌ effects become compa-
rable (about 70 W m-2), while the cloudiness impact is
2-3 times smaller. Both cloudiness and aerosoÌ effects
have strong seasonaÌ variations, while the gaseous effect
changes slightÌv throughout the year.

Note that the quarititative results of the study are
approximate. Currently existing uncertainties in the
aerosol optical parameters, either measured or mod-
eled, cause uncertainty in the caìcuÌated surface so-
Iar irradiances. The error of the broadband radia-
tive transÍ'er code also contributes to it. To perform a
more detaiìed analysis, the colocated simultaneous Sun
photometer and pyranorneter measurements shouÌd be
taken in conjunction rvith in situ aerosol composition
measurements. Since cÌoudiness in Amazonia often pre-
vents Sun photometer measurements from being taken
especially in the wet season, long-term measurements
are needed to obtain representative monthly mean val-
ues of aerosol optical depth and precipitable water for
eacli month of a year. Further improvements of solar
radiation transfer codes require for comparisons more
data of clear-sky surface soÌar irradiance, which is rareÌy
observed in Amazonia, except at the peak of the dry
season, when aerosol Ìoading is high.

NevertheÌess, results obtained in this study describe
the main features of the solar radiation attenuation in
the atmosphere of Brazil's Amazonia and can be used
for evaÌuation of solar radiation fluxes simulated by gen-
eral circuÌation and cÌimate models under clear-sky and
cÌoudy conditions as weÌl as for the comparison with
satelÌite observations of cloudiness and the radiative
effects of cÌouds. The representativeness of the point
measurements of incoming soÌar irradiance for their
Ìarger-scale settings are demonstrated by Wild 11999]
and Bishop et al. 11997]. A deveÌoped approach can
also be applied to any data set of direct and total so-
Ìar radiation measurements obtainecl in various ciimate
zones to anaÌyze gaseous, aerosol, and cloudiness effects
on the solar radiation attenuation in the atmosphere.
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