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ABSTRACT
Accurate information on surface albedo is essential for climate modelling, especially for regions such as Amazonia,

where the response of the regional atmospheric circulation to the changes on surface albedo is strong. Previous studies

have indicated that models are still unable to correctly reproduce details of the seasonal variation of surface albedo.

Therefore, it was investigated the role of canopy wetness on the simulated albedo of a tropical rainforest by modifying

the IBIS canopy radiation transfer code to incorporate the effects of canopy wetness on the vegetation reflectance. In

this study, simulations were run using three versions of the land surface/ecosystem model IBIS: the standard version,

the same version recalibrated to fit the data of albedo on tropical rainforests and a modified version that incorporates

the effects of canopy wetness on surface albedo, for three sites in the Amazon forest at hourly and monthly scales. The

results demonstrated that, at the hourly time scale, the incorporation of canopy wetness on the calculations of radiative

transfer substantially improves the simulations results, whereas at the monthly scale these changes do not substantially

modify the simulated albedo.

Key words: canopy wetness, diurnal albedo, tropical forest and simulation.

INTRODUCTION

Surface albedo is the main factor that affects the land
radiation balance not only controlling the amount of
solar energy available for heating the ground and lower
atmosphere and for evaporating water (Rowe 1991), but
also affecting the atmospheric circulation and climate.
Particularly in the tropics, where the solar radiation bal-
ance is stronger, changes in surface albedo have been
found to influence the regional climate, as studies on
tropical deforestation demonstrate (Nobre et al. 1991,
Dirmeyer and Shukla 1994, Costa and Foley 2000). An
accurate simulation of the solar radiation balance is also
important. For example, Berbet and Costa (2003) dem-
onstrated that an uncertainty of 10 W - m~2 in the sea-
sonal solar radiation balance translates into an uncer-
tainty of 30 mm/month in the simulated rainfall, which
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is very significant especially in the dry season of that
region. In this context, a good representation of albedo
by climate models is essential to correctly address the
problem of changing the tropical deforestation climate.
However, Berbet and Costa (2003) also verified that
even a complex, state-of-the-art, land surface scheme
coupled to a climate model is unable to correctly repro-
duce details of the seasonal variability of the albedo of
tropical rainforests, although it reproduces well the an-
nual mean and some aspects of the seasonal variability.
This indicates that there is still much to be learned — and
incorporated into models — about the sources of variation
of the albedo at both hourly and monthly time scales.
At the monthly time scale, Culf et al. (1995) ana-
lyzed the surface albedo at forest sites in Amazonia. The
authors reported that the albedo seasonality at these sites
is not related to changes on the solar elevation angle
nor to cloudiness, but suggested a relationship with soil
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moisture. Although soil moisture affects ground albedo,
changes in the forest albedo are most likely related
to soil moisture-correlated variables: smaller soil ex-
posure, darker leaves (associated with the leaf water po-
tential) and higher canopy wetness (Berbet and Costa
2003). Canopy wetness, in particular, is a strong can-
didate for changing canopy albedo because the reflect-
ance of liquid water varies depending on the wave-
length, between 0-5%, much lower than the 12-13%
usually measured above tropical rainforest canopies.
Hence the presence of liquid water on the canopy in-
creases the absorption of solar radiation, reducing the
canopy overall albedo.

Here, we investigated the role of canopy wetness
in the simulated albedo of a tropical rainforest. In this
study we have run simulations using three versions of
the land surface/ecosystem model IBIS: the standard
version with the original calibration used by Delire and
Foley (1999), the same version recalibrated to fit the
data of albedo on tropical rainforests, and a modified
version that incorporates the effects of canopy wetness
on calculated surface albedo. The next section describes
the sites and instrumentation that measured the albedo
data used here to validate the model simulations. Sec-
tions 3 and 4 describe the IBIS model, the modifications
to incorporate canopy wetness and the experiment de-
sign, whereas Section 5 presents and discusses the simu-
lation results.

SITES, INSTRUMENTATION AND DATA

Field data used in this paper were measured at three
sites in the Amazon during the ABRACOS (Anglo
Brazilian Amazonian Climate Observation Study) and
LBA projects (Large-Scale Biosphere-Atmosphere Ex-
periment in Amazonia). Ducke and Cuieiras (K34) Re-
serves are reserves of forest protected by INPA (Insti-
tuto Nacional de Pesquisas da Amazdnia) located about
25 km northeast and 70 km north of Manaus, respec-
tively. These sites are surrounded by undisturbed for-
ests for at least 5 km. Jaru Reserve is an IBAMA (Ins-
tituto Brasileiro do Meio Ambiente e dos Recursos Na-
turais Renovaveis) forest reserve and is located about
80 km north of Ji-Parana (Fig. 1).

At the Cuieiras Reserve a piranometer (Kipp &
Zonen, Delft, Netherlands), connected on a datalogger
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Fig. 1 — Location of study sites.

model (21X, Campbell Scientific) measured incident
and reflected solar radiations at each minute, storing the
averages at every 20 minutes. For the remaining sites,
incident and reflected solar radiations were measured
using two solarimeters (Kipp and Zonen, Delft, the
Netherlands). These instruments are part of an auto-
matic weather station (Didcot Instruments, Abingdon,
UK) connected to a datalogger (CR10, Campbell Sci-
entific, Shepshed, UK), and hourly-averaged data were
recorded.

We used incident and reflected solar radiations
and precipitation data collected from June 1999 to Sep-
tember 2000 at Cuieiras Reserve, from January to De-
cember 1995 at Ducke Reserve, and from January to De-
cember 1993 at Jaru Reserve. Data used in this study are
available on-line through
www.cptec.inpe.br/abracos/available.html and
http://Iba.cptec.inpe.br/beija-flor.

DESCRIPTION OF THE IBIS MODEL

To simulate the diurnal albedo of an Amazon tropical
forest we used the Integrated Biosphere Simulator-IBIS
(Foley et al. 1996). It includes representations of land
surface processes, like energy, water and momentum ex-
change among the soil-vegetation-atmosphere system,
canopy physiology, vegetation phenology, vegetation dy-
namics and terrestrial carbon balance. Originally, IBIS
was globally calibrated (more details in Delire and Foley
1999, Kucharik et al. 2000), and since then it has been
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used in several studies of the biosphere-atmosphere in-
teractions in Amazonia (Costa and Foley 2000, Botta and
Foley 2002, Foley et al. 2002, Berbet and Costa 2003).
One of the processes simulated by IBIS and spe-
cially important in this study is the exchange of solar
radiation among the soil-vegetation-atmosphere system.
Solar radiation transfer is calculated following the two-
stream approximation, with separate calculations for
direct and diffuse radiations in both visible and near-
infrared bands. The canopy radiative transfer code of
IBIS is standard in the literature (Norman and Jarvis
1975, Sellers 1985, Sellers et al. 1986, Pollard and
Thompson 1995, Bonan 1996, Oleson et al. 2004). In
this study we modified the IBIS canopy radiation trans-
fer code to incorporate the effects of canopy wetness on
the vegetation reflectance. Although IBIS also calculates
the canopy wetness, in this work the parameters w (scat-
tering coefficient, eq. 3 in Sellers 1985; eq. 11 in Sellers
et al. 1986; eq. 3.5 in Oleson et al. 2004), B (upscatter
parameter for diffuse radiation, eq. 3 in Sellers 1985; eq.
11 in Sellers et al. 1986; eq. 3.6 in Oleson et al. 2004)
and B, (upscatter parameter for direct radiation, eq. 4 in
Sellers 1985; eq. 12 in Sellers et al. 1986; eq. 3.7 in
Oleson et al. 2004) are modified to include the radiative
effects of canopy wetness, according to Equations 1 to 4:

dr te
w =" - fwet) + " fwater

+ ™" fsnow (1)
,3 = wdry : IBd'y(l - fwet) + wwater : 'Bwater : fwater
+ wsnaw . IBS}’IOW . fsnow/a) (2)

d
By = wdry . ﬂo”y(l _ fwet) + water ﬂ:;/ater . fwater
+ @Show ﬂ(s)now + Finow/® (3)

er
C()watc

=v. o™ 4)

where fye is the total wet (water and snow) fraction
of the canopy (fwer = fwater + fsnow)> fwater 1S the
fraction of the canopy wet by liquid water, and fg,o,
is the fraction of the canopy wet by snow. The super-
scripts dry, water and snow denote dry, wet by water
and wet by snow canopies, respectively. v is the ratio
of the scattering coefficients of the canopy surfaces wet
by water and dry canopy surfaces individually applied
to leaves and stems.

EXPERIMENT DESIGN

In this study we conducted three simulations of the diur-
nal surface albedo for each of the three Amazon forest
sites using the off-line IBIS version, as follows:

1) DF99: for reference to previous studies, this simu-
lation uses the set of optical parameters used by
Delire and Foley (1999);

2) DC;, the dry-canopy (control) simulations: use the
original code without modifications to incorporate
the effects of wetness on canopy reflectance, and
a set of leaf optical parameters to better fit the
simulated results to the experimental data of the
studied sites, minimizing the RMSE between the
observed and simulated albedos. The subscript i
may be equal to M for the Manaus-nearby sites
(Ducke and Cueiras Reserves), or J for Jaru Re-
serve.

3) WC;, the wet-canopy simulations: similar to DC;,
but including the modifications described in Equa-
tions (1) through (4).

The terms dry-canopy (DC) and wet-canopy (WC),
when referring to versions of the IBIS code, denote only
the status of the canopy during the radiative transfer cal-
culations. It should be noted that both versions simulate
the interception of water by the canopy, and the evap-
oration and dripping of the canopy-stored water.

To calibrate the DC simulations, we initially per-
formed a sensitivity analysis of the simulated albedo
to several optical parameters of the canopy. The most
sensitive parameters are the upper and lower canopy
leaf orientation (Xjeqfup and Xjeqfio, respectively), and
upper and lower canopy visible and near-infrared (NIR)
leaf reflectance (oz,L,f;l{ ,;p, oz,L/iglf l 0 ozi,jf{ ;Ip and a]f;;;{ 1 o T€-
spectively). The model is run several times with dif-
ferent combinations of the parameters above. Table I
shows, for the DC simulations, the parameter combi-
nations that provide the best adjustment of the diurnal
albedo without considering the effect of canopy wet-
ness. Next, this set of parameters is added to the WC
version of the code, and the parameters fiepnqax (Max-
imum fraction of water cover on two-sided leaf), 74
(decay time for intercepted liquid drip off) and v (ratio
of the scattering coefficients of the canopy surfaces wet

An Acad Bras Cienc (2011) 83 (4)
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Fig. 2 — Diurnal variation of the simulated and observed surface albedo in the Cuieiras Reserve for the selected days.

by water and dry canopy surfaces individually applied
to leaves and stems) are calibrated.

RESULTS AND DISCUSSION

The three IBIS versions are run for each of the three
sites. Figures 2 to 4 show the diurnal profile of the sur-
face albedo for Cuieiras, Ducke and Jaru Reserves, re-
spectively, for selected days of the year. To facilitate the
interpretation, the selected days represent either no-rain
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days — charts on the left side (a, b, c¢) of the figures —
or days with a single daytime rainfall event — right side
(d, e, f) of the figures. Figures 2 and 3 show results for
the Manaus (M) set of parameters, while Figure 4 shows
results for the Jaru (J) set of parameters, according to
Table I.

The DF99 simulations overestimate the surface
albedo, particularly when the zenith angle is high (Figs.
2 to 4). The albedo simulated by the calibrated model
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Fig. 3 — Diurnal variation of the simulated and observed surface albedo in the Ducke Reserve for the selected days.

(DCys and DC) fit better to the observed data in days
without precipitation occurrence (left side of Figs. 2 to
4), but the DC version of the model does not represent the
observed albedo drop during precipitation events (right
side of Figs. 2 to 4).

However, WC simulations show that the modified
version of IBIS is able to reproduce the considerable
decrease in surface albedo during precipitation hours

(right side of Figs. 2 to 4). This reduction in the sur-
face albedo is consistent with an increase of the absorp-
tion of the incident solar radiation by the liquid water
deposited on the leaves, increasing solar radiation ab-
sortance and reducing solar radiation reflectance.

Table II shows the statistics of observed and simu-
lated surface albedos for the precipitation hours and for
the entire time series at three sites in the Amazon rain-

An Acad Bras Cienc (2011) 83 (4)
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TABLE I

Optical parameters used by the DF99 calibration and new calibrations using the dry-canopy (DC;) and wet-canopy

(WC,) versions of the model, where i is equal to M for the Manaus-nearby sites (Ducke and Cueiras Reserves) or J for
the Jaru Reserve. xj.4f.5, and Xjeqf.yp are the upper and lower canopy leaf orientations, al‘;g?;o and allj;saf

and upper visible leaf reflectances of canopy, oz]I;,Zl{lo and oe]LV‘;‘;{_l up AT€ the lower and upper canopy NIR leaf reflectances,

are the lower

-U,

fwetmax is maximum fraction of water cover on two-sided leaf, Tarip is the decay time for intercepted liquid drip off,
and v is the ratio of the scattering coefficients of the canopy surfaces wet by water and dry canopy surfaces individually
applied to leaves and stems. All values are dimensionless, except for 7, which is in seconds.

Xleaf-up | Xleaf-lo OtIL/ff_'}fo d;ﬁ»;‘f’;p a%}z{,o aﬁ?ﬁ’;p Swetmax | Tarip T
All Reserves DF99 0.00 —-0.50 0.062 0.062 0.60 0.40 0.25 7200 s -
Manaus DCy 0.86 0.10 0.062 0.062 0.60 0.28 0.25 7200 s -
(Ducke, Cuieiras) WCy 0.86 0.10 0.062 0.062 0.60 0.28 0.80 3600 s 0.10
Jaru DC, 0.86 0.10 | 0.082 | 0.082 | 0.60 0.30 025 | 7200s -
WC, 0.86 0.10 0.082 0.082 0.60 0.30 0.80 3600 s 0.40

TABLE II

Statistics of observed and simulated surface albedos for the entire time series and for the precipitation
hours at three sites in the Amazon rainforest (Cuieiras, Ducke and Jaru reserves), for the simulations
based on the DF99 calibration, and for the new calibration using the dry-canopy (DC) and wet-canopy
(WC) versions of the model. X is the average albedo, ¢ is the mean relative error,
and RMSE is the root mean square error.

Entire time series Precipitation hours
X & (%) | RMSE X e (%) | RMSE
DF99 0.146 | 23.44 | 0.0398 | 0.139 | 41.58 | 0.0550
Ducke DCyy 0.121 | 2.14 | 0.0219 | 0.120 | 22.13 | 0.0365

Reserve WCy 0.118 | —0.03 | 0.0210 | 0.105 6.11 0.0302

Observed | 0.118 - - 0.099 - -
Using set of DF99 0.146 | 24.11 | 0.0384 | 0.142 | 40.79 | 0.0521
tropical parameters Cuieiras DCjyy 0.121 | 2.58 | 0.0169 | 0.120 | 19.16 | 0.0320
calibrated for the Reserve WCjys 0.117 | =0.73 | 0.0142 | 0.104 2.91 0.0234
sites near to Manaus Observed | 0.118 0.101 -

DF99 0.146 | 12.26 | 0.0332 | 0.145 | 19.57 | 0.0387
DCy 0.121 | =7.15 | 0.0232 | 0.121 | -0.35 | 0.0222

faru WCy | 0.117 | —9.68 | 0.0243 | 0.108 | ~10.93 | 0.0247
Observed | 0.130 - - 0.121 - -
Using set of DF99 0.146 | 12.26 | 0.0332 | 0.145 19.57 | 0.0387
optical parameters Jaru DC;, 0.133 1.98 | 0.0215 | 0.132 9.43 0.0250
calibrated for WC;, 0.129 | —-0.50 | 0.0209 | 0.121 0.40 | 0.0207
Jaru site Observed | 0.130 - - 0.121 - -

An Acad Bras Cienc (2011) 83 (4)



TROPICAL RAINFOREST ALBEDO

forest (Cuieiras, Ducke and Jaru reserves), for the simu-
lations based on the DF99 calibration, and for the new
calibration using the dry-canopy (DC) and wet-canopy
(WC) versions of the model.
Mean relative error (¢) and root mean square error
(RMSE) are defined according to Equations 5 and 6:
X5 — Xo)

1 . (i i
=al Ty Q

i=1 i

n s _ yo 2

where X* and X° are simulated and observed albedos,
and 7 is the number of data points. Given our interest
here in the effects of canopy wetness on the simulated
rainforest albedo, we analyzed the data during the “pre-
cipitation hours” apart from the entire data (Table II).
For the entire time series, for the two sites near Ma-
naus, the new calibration (DC,,) represents a consider-
able improvement over the DF99 calibration, lowering
the mean relative error by an order of magnitude, and
the RMSE by nearly half. The inclusion of the effects
of canopy wetness on the radiative transfer code further
reduces ¢ and RMSE, which is consistent with the re-
sults shown in Figures 2 to 4. The mean errors involved
in the simulations are within the acceptable range for
the studied sites, with RMSE being typically smaller
than 0.08 (Stroeve et al. 2005). Looking for a single
parameterization for Amazonia, we also tested the Ma-
naus parameters at the Jaru site. However, it turns out
that the average of the observed albedo at the Jaru site
is much higher than at the Manaus sites, and the para-
meters used for Manaus are not suitable to Jaru. We then
selected a new set of parameters for the Jaru site (DC ).
Results for the Jaru site, using a site-specific calibration,
showed an improvement similar to the one obtained at
the Manaus sites.

Although the WC simulation shows an improve-
ment in the simulation statistics for the entire time series,
its true effect is best seen in the analysis of data during
the precipitation hours. Initially, we could verify that
the DF99 and DC simulation results during the precip-
itation hours are much worse than the equivalent result
for the entire time series, which by itself indicates that a
precipitation-related process is missing in the model. In
addition, the WC simulations for the precipitation hours

1177

improve considerably the results when compared to the
control (DC), with ¢ dropping by an order of magnitude
and RMSE decreasing by about one-fifth.
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Fig. 4 — Diurnal variation of the simulated and observed surface albedo

in the Jaru Reserve for the selected days.

These results demonstrate that, at the hourly time
scale, the incorporation of canopy wetness on the ra-
diative transfer calculations substantially improves the
simulation results, in particular when the canopy is wet,
but also brings an improvement to the simulation of the
entire period.
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Fig. 5 — Monthly profile of the observed and simulated surface albedos, and monthly precipitation and frequency of rainfall events at three sites

in the Amazon rainforest: (a) Cuieiras Reserve, from June 1999 to September 2000, (b) Ducke Reserve, from January to December 1995, and (c)

Jaru Reserve, from January to December 1993.

We also compared the model results at the monthly
time scale for the three sites studied (Fig. 5). In all
cases, the WC albedo is smaller than the DC albedo,
but the changes introduced did not substantially mod-
ify the simulated albedo. As seen in Figures 2 to 4, be-
cause of evaporation and dripping, the effect of canopy
wetness on the surface albedo was restricted to the
duration of a rainfall event plus one or two hours.

An Acad Bras Cienc (2011) 83 (4)

Although Amazonia is one of the rainiest climates on
Earth, the frequency of rainfall events (7.1% at Ducke,
14.2% at Cuieiras and 17.0% at Jaru) is relatively low
for a more significative effect of canopy wetness on
albedo seasonality.

An exception is observed at the Ducke Reserve
(Fig. 5b), where a more pronounced drop in the WC-
simulated albedo was observed in April. Even in this
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extreme case, the simulated decrease in monthly albedo
accounts for less than half of the observed change, which
led us to conclude that canopy wetness alone is not suf-
ficient to represent correctly the seasonal variability of
the albedo of a tropical rainforest.

CONCLUSIONS

The goal of this work is to study the effect of canopy
wetness on the simulated albedo of a tropical rainfor-
est. Simulations were run using three versions of the
IBIS model: the standard version, the same version re-
calibrated to fit the data of albedo on tropical rainforests,
and a modified version that incorporates the effects of
canopy wetness on surface albedo, for three sites in the
Amazon forest in both hourly and monthly time scales.

The incorporation of canopy wetness on the radia-
tive transfer calculations improves the simulation results
at the hourly time scale, reproducing the observed de-
crease in surface albedo during the precipitation hours,
when the canopy is wet. Although the canopy wetness
has an important effect, this effect is restricted to when
the canopy is actually wet, which is a relatively short
period of time at monthly or longer time scales. There-
fore, the changes introduced are not sufficient to substan-
tially improve the representation of albedo seasonality.

While these results exclude the role of canopy
wetness as a main source of seasonal variability of the
albedo on tropical rainforests, this study narrows the
choice of sources of albedo seasonal variation. Follow-
ing the discussion of Culf et al. (1995) and Berbet and
Costa (2003) on the subject, we recommend that future
studies investigate the role of photoinhibition and leaf
water potential on the seasonality of the albedo on trop-
ical rainforest. The clear definition of these roles, and
their incorporation into climate models will eventually
allow us to do much more detailed studies of the cli-
matic effects of tropical deforestation.
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RESUMO

A informagdo precisa do albedo superficial é essencial para a
modelagem climatica, especialmente para regides, tais como a
Amazodnia, onde a resposta da circulagdo atmosférica regional
as mudangas do albedo superficial é forte. Estudos preliminares
tém indicado que os modelos ainda ndo sdo capazes de repro-
duzir corretamente os detalhes da variagdo sazonal do albedo
superficial. Portanto, investigou-se o papel do molhamento fo-
liar sobre o albedo simulado de uma floresta tropical por meio
da modificagdo do codigo de transferéncia radiativa no dossel
do IBIS para incorporar os efeitos do molhamento do dossel
sobre a refletancia da vegetagdo. Neste estudo, procederam-
se simulagdes usando trés versdes do modelo superficie ter-
restre/ecossistema IBIS: a versdo padrdo, a mesma versao re-
calibrada para ajustar aos dados de albedo de florestas tropi-
cais e, uma versdo modificada que incorpora os efeitos do mo-
Ihamento do dossel sobre o albedo superficial, para trés sitios
da floresta amazonica em escalas horaria e mensal. Os resul-
tados demonstraram que, em escala horaria, a incorporagdo do
molhamento do dossel sobre os calculos de transferéncia ra-
diativa melhora substancialmente os resultados simulados, en-
quanto que, em escala mensal, essas mudangas ndo modificam

substancialmente o albedo simulado.

Palavras-chave: molhamento do dossel, albedo diurno, flo-

resta tropical e simulagéo.
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