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RESUMO

YANAGI, Silvia de Nazaré Monteiro, D.Sc., Universidade Federal de Vigosa, outubro de
2006. Albedo de uma floresta tropical Amazbdnica: medi¢bes de campo,
sensoriamento remoto, modelagem, e sua influéncia no clima regional. Orientador:
Marcos Heil Costa. Co-Orientadores: Humberto Ribeiro da Rocha e Yosio Edemir
Shimabukuro.

O albedo ¢ definido como a razdo entre a radiacdo solar refletida e a radiacdo solar
incidente em uma superficie. E o principal fator que afeta o balango de radiagdo terrestre e
tem sido freqiientemente considerado em estudos do clima global e regional. A Amazonia
¢ uma das regides do planeta onde a resposta da circulacdo atmosférica regional a
mudancgas do albedo superficial ¢ mais intensa. Estudos de simulagdo utilizando diversos
modelos mostram que a conversdo da floresta tropical em pastagem causa uma redugdo na
precipitagdo local, a qual é principalmente dependente da mudanga no albedo da superficie.
O presente trabalho tem como objetivos investigar as fontes de variacao espacial e
temporal do albedo de uma floresta tropical amazonica, usando medi¢cdes de campo,
modelagem e produtos de sensoriamento remoto; e investigar o papel da mudanga do
albedo da superficie, apoés o desmatamento Amazonico, no clima regional. Neste trabalho

foram utilizados dados de albedo observados em quatro areas florestais (Reservas Florestais de
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Caxiuand, Cuieiras, Ducke e Jaru) e duas pastagens (Dimona e Nossa Senhora Aparecida)
pertencentes aos Projetos LBA (Experimento de Grande Escala da Biosfera-Atmosfera na
Amazonia) e ABRACOS (Estudos de Observagao do Clima na Amazdénia Anglo-Brasileira).
Também foram utilizados seis produtos de sensoriamento remoto: CG99, ERBE,
SRB/ISLSCP2, UMD ¢ MODIS céu-claro ¢ MODIS céu-escuro. Para a simulagdo do
albedo em floresta tropical amazonica foi utilizado o modelo IBIS (Integrated Biosphere
Simulator) em duas versdes: pontual e acoplado ao modelo climatico CCM3. Os resultados
deste trabalho mostram que: as principais fontes de variagdo do albedo em escala horaria e
mensal s3o a cobertura vegetal e transmissividade atmosférica, e que o molhamento do
dossel ¢ uma importante fonte de variacdo em escala hordria e deve ser incluida em
modelos; que o albedo simulado mostrou uma forte sensibilidade aos parametros do dossel
superior de orientagdo da folha e de refletancia no infravermelho e nenhuma sensibilidade
aos parametros do dossel inferior, consistente com a estrutura do dossel; que a
incorporagao do molhamento do dossel nos calculos de transferéncia radiativa melhora os
resultados de simulacdo em escala horaria, diminuindo o albedo durante as horas de
precipitagdo, mas nao em escala sazonal, excluindo o molhamento do dossel como uma
fonte principal da variabilidade sazonal do albedo em florestas tropicais; que os diferentes
produtos de sensoriamento remoto apresentaram uma variagao consideravel em relagdo aos
albedos observados em campo, incluindo grandes diferengas sazonais; que anomalias de
precipitacdo podem ser explicadas por uma relagdao linear entre os processos radiativos,
onde mudangas no albedo da superficie e na radiacdo liquida explicam aproximadamente
96% e 99% da variagdo anual da precipitacdo e que a substitui¢ao da floresta por soja afeta
mais o clima regional que a conversdo em pastagem, provavelmente devido ao alto valor

do albedo das areas de soja.
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ABSTRACT

YANAGI, Silvia de Nazaré Monteiro, D.Sc., Universidade Federal de Vigosa, October of
2006. Albedo of an Amazon tropical rainforest: field measurements, remote
sensing, modeling, and its influence on the regional climate. Adviser: Marcos Heil
Costa. Co-Advisers: Humberto Ribeiro da Rocha and Yosio Edemir Shimabukuro.

Albedo is defined as a ratio between reflected solar radiation and incoming solar
radiation over a surface. It is a main factor that affects the terrestrial radiation balance and
has been frequently considered in the global and regional climate studies. Amazon is one
of planet’s regions where the response of regional atmospheric circulation is more intense.

Simulation studies using several models show that a conversion of tropical rainforest in

pasturelands causes reduction in the local precipitation, which is mainly dependent of

surface albedo changes. The objective of present work is to investigate the sources of
spatial and temporal variation of an Amazon tropical rainforest surface albedo, using field
measurements, modeling and satellite products; and to investigate the role of surface

albedo changes, after Amazon tropical deforestation, in the regional climate. In this work it

was used observed data from four forests (Caxiuana, Cuieiras, Ducke and Jaru Reserves) and
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two pastures (Dimona and Nossa Senhora Aparecida) belonging to LBA (Large-Scale
Biosphere-Atmosphere Experiment in Amazonia) and ABRACOS (Anglo Brazilian
Amazonian Climate Observation Study) projects. It was also used six different satellite
systems: CG99, ERBE, SRB/ISLSCP2, UMD and MODIS white-sky and MODIS black-
sky. For the simulation of Amazon tropical rainforest surface albedo the point IBIS
(Integrated Biosphere Simulator) model and it coupled to CCM3 climate model was used.
The results of this work show that: the main sources of variation of albedo in hourly and
monthly scale are the vegetation cover and atmospheric transmissivity, and that the canopy
wetness is an important source of variation in hourly scale and should be included in the
models; that the simulated albedo show strong sensitivity to superior canopy parameters of
leaf orientation and infrared reflectance and no sensitivity was found for the lower canopy
parameters, consistent with the canopy structure; that an incorporation of canopy wetness
in the radiative transfer calculation improve the results in a hourly scale, reducing the
albedo during the hours with precipitation, but not in a seasonal scale, excluding the
canopy wetness as a main source of the seasonal variability in tropical rainforest; that the
different satellite systems present a considerable variation related to the field measured
albedos, including great seasonal differences; that the precipitation anomalies can be
explained by a linear relationship between radiative processes, where the changes in
surface albedo and net radiation explain approximately 96% and 99% of the annual
variation of precipitation and that the replacement of forest by soybean cropland affects
more the regional climate than the conversion in pasture, probably due to the high value of

soybean cropland albedo.
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GENERAL INTRODUCTION

Surface albedo, or shortwave reflection coefficient, is defined as the ratio between
the total reflected solar radiation and the total incoming solar radiation at a surface. Land
cover albedo is an important land physical parameter and has frequently been considered in
studies of global and regional climate. It controls not only the amount of net radiation
available for heating the ground and lower atmosphere and for evaporating water (Rowe,
1991), but also affects the regional climate.

In tropical areas climatic simulations have demonstrated that the climate is
sensitive to changes in the surface albedo caused by natural and anthropogenic activities,
such as desertification and tropical deforestation (Charney et al., 1977; Dorman and
Sellers, 1989; Lean and Warrilow, 1989; Xue et al., 1990; Hahmann and Dickinson, 1997;
Costa and Foley, 2000; Wei et al., 2001; Zao et al., 2001; Berbet and Costa, 2003).
Amazonia is one of the planet regions where the response of regional atmospheric
circulation to changes in surface albedo is more intense, because the rainfall in that region
is mainly of convective origin. Simulation studies for Amazonian basin using several
models show that the conversion of tropical rainforest to pasturelands causes a reduction in

local precipitation, which is mainly dependent of changes in surface albedo. Dirmeyer and



Shukla (1994) showed, through simulations with the COLA (Center for Ocean-Land
Atmosphere Studies) model, that the annual mean precipitation decreases when the
increase of albedo is greater than 0.03, being linearly proportional to the increase of
albedo. Until recently, researches have only concerned in the effects of conversion of
tropical rainforest to pasture on the annual mean climate, without considering the eventual
cropland expansions and the seasonal effects that these changes may cause on the regional
climate (Nobre et al., 1991, Hahmann and Dickinson, 1997; Zeng et al., 1996). However,
Berbet and Costa (2003) studied the effect of the seasonal variation of surface albedo
associated to the substitution of tropical rain forest by pasture in the pattern of seasonal
precipitation, observing that the seasonal variations of the reflected radiation difference are
related to the fluctuations in seasonal scale of precipitation anomalies caused by
deforestation.

A more realistic representation of albedo in climate models will significantly
improve the accuracy of climate simulation and prediction, because land surface albedo is
an important source of uncertainty related to General Circulation models (GCMs).

Some authors discussed the albedo of a tropical rainforest in the context of climatic
models (Culf et al., 1995; Wright et al., 1996; Berbet and Costa, 2003), but only the latter
discussed the spatial and seasonal variation of albedo of a tropical rainforest and a pasture.
Berbet and Costa (2003) verified that 28% of variance in the change of precipitation after
tropical rainforest deforestation is explained by the variance of the reflected radiation. The
authors also observed that the surface model used (IBIS) does not correctly represent the
surface albedo during part of rainy season, although it does during the dry season. Culf et
al. (1995) suggested that the seasonal variation of a tropical rainforest albedo is mainly
correlated to the soil moisture, but it is believed that in fact they were referring to leaf
wetness, once the presence of liquid water on the leaves considerably alters its optical
properties (the liquid water presents strong absorption in the near infrared and high

reflectance in the blue and green bands) (Asner, 1998; Asner et al., 2000).



Validation of simulated albedo can be done in two ways, against field
measurements or against satellite products. Field data have the advantage of using high
frequency data to validate simulated albedo measurements. Surface albedo has been
measured in Amazonian ecosystems at four forests and two pastures belonging to LBA
(Large-Scale Biosphere-Atmosphere Experiment in Amazonia) and ABRACOS (Anglo
Brazilian Amazonian Climate Observation Study) projects. On the other hand, satellite data
allow evaluation the spatial and temporal variability of surface characteristics. However,
the satellite systems present several problems, such as a single measurement per day, loss
of data in cloud presence, aerosols contamination and incomplete cover of the solar
spectrum. Land surface albedo has been retrieved from several space-based satellites such
as AVHRR (Advanced Very High Resolution Radiometer), ERBE (Earth Radiation
Budget Experiment), and MODIS (Moderate Resolution Imaging Spectroradiometer).

The objective of this dissertation is to investigate the sources of spatial and
temporal variation of an Amazon tropical rainforest surface albedo, using field
measurements, modeling and satellite products; and to investigate the role of surface
albedo changes, after Amazon tropical deforestation, in the regional climate. It is organized
as follows: Chapter 1 presents the investigation of the sources of variation of surface
albedo of Amazonian vegetation. In Chapter 2, the radiative transfer in tropical rainforest
canopies is modeled; analyzing the sensitivity of simulated albedo to canopy architectural
and optical parameters. In Chapter 3, the importance of canopy on the tropical rainforest
albedo is evaluated using modeling. In chapter 4, a comparison of seasonal and spatial
variations of albedos by a climate model and six different satellite products for the Amazon
tropical rainforest is presented; and in chapter 5 the radiative processes of the precipitation

change after tropical deforestation is analyzed.



CHAPTER 1

SOURCES OF VARIATION OF ALBEDO OF AMAZONIAN VEGETATION

1.1. INTRODUCTION

Surface albedo is defined as the ratio of reflected to incident radiation in the total
solar in a certain wavelength interval. It is the main factor that affects the land radiation
balance and has frequently been considered in studies of global and regional climate. The
main identified sources of variation of land surface albedo are land cover, solar elevation
angle, canopy wetness, and cloud cover (Pinker et al., 1980; Bastable et al., 1993; Culf et
al., 1995).

The albedo of different tropical land covers has been studied for over 30 years. In
one of the first studies comparing forest and non-forest albedos in Nigeria, Oguntoyinbo
(1970) found an average albedo of 12% for forest and varying from 15 to 21% for non-
forested areas. Pinker et al. (1980) compared dry evergreen forest and pasture albedos in

Thailand, finding, during the winter monsoon season, an average midday albedo of 10.6%



for the forest and 13.4% for the clearing, whereas, during the summer monsoon the authors
found albedos of 12.0% and 14.6% for the forest and clearing, respectively. In this study,
difference between forest and clearing for winter and summer were 2.8% and 2.6%,
respectively. The first measurements in Amazonia, during ARME — Amazon Region
Micrometeorological Experiment, indicated an average albedo of 12.3+0.2% for a tropical
forest near Manaus, Brazil (Shuttleworth et al., 1984). Later, during ABRACOS — Anglo
Brazilian Amazonian Climate Observation Study, Bastable et al. (1993) verified an
average albedo of 13.1% for the same site and 16.3% for a nearby pasture, a difference of
3.2%. Synthesizing the measurements at three Amazonian forest sites and three pasture
sites, Culf et al. (1996) found average albedos of 13.4% and 18%, respectively (4.6%
difference).

Solar elevation, as well as variations in cloud cover, can also cause changes in
surface albedo. Pinker et al. (1980) studied the diurnal variation of the average albedo over
a tropical dry evergreen forest and a nearby clearing, finding a strong dependence of the
albedo on the zenith angle, although this dependence is weaker during cloudy days.
Shuttleworth et al. (1984) found a quadratic dependency of the tropical rainforest surface
albedo to the solar elevation angle. Usually, surface albedo present higher values in the
morning and afternoon, and the minimum value occur at solar noon. However, Song (1998)
verified that wind may change the leaves inclination causing asymmetric variation between
morning and afternoon albedos. Giambelluca et al. (1999) observed a strong diurnal and
annual cycle of albedo associated to changes in the solar elevation angle. At high solar
angles, sunlight can penetrate to greater depths within a forest canopy. This effect is
overall considered to increase with vegetation height, giving forests the lowest albedo and

grassland the highest of any type of vegetation. Diffuse sunlight more effectively



penetrates the incident radiation has a high proportion of diffuse sunlight (i.e., cloudy
skies), the solar angle effect on albedo is less significant (Nouvellon et al., 2000).

Most of results reviewed before are derived from observations collected over a
period of a few days, and explain the sources of variation of surface albedo at the hourly
time scale. At the monthly time scale, however, the sources of variation may be different.
Culf et al. (1995), for example, presented results of the seasonal variability of Amazonian
vegetation albedo that are inconsistent with the hourly-scale results. They suggest that the
seasonal variability of the monthly mean albedo of the Amazon forest is correlated with
soil moisture and is not correlated with solar elevation angle. In addition, they did not find
a clearly defined seasonal trend of albedo for the pasture sites. It is unclear, however,
whether this seasonal variability is driven by soil moisture-correlated variables, as
discussed by Berbet and Costa (2003), or whether it is driven by other sources of variation
correlated with rainfall, like canopy wetness and fraction of direct and diffuse radiation.

Moreover, Berbet and Costa (2003) also verified that a complex, state-of-the-art,
land surface model is unable to reproduce correctly the seasonal variability of surface
albedo of forests and pastures, although it reproduces well the annual 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 albedo at both the hourly and
monthly time scale. This is also important because, in tropical areas, such as Amazon
forest, climatic simulations have demonstrated that the climate is sensitive to the surface
albedo variations due to the deforestation, desertification and anthropogenic activity. As a
small change in the surface albedo results in significant climate change, it is extremely
important that climate models represent the land surface with a very high accuracy,

especially in a seasonal basis.



Here, 1 investigate the sources of variation of surface albedo of tropical
vegetation, at both the hourly and monthly time scales, with the goal to provide the
necessary knowledge that will be, later, incorporated in land surface models. In particular,
I investigate the role of canopy wetness and cloud cover, in addition to the traditional
sources of variation (land cover and zenith angle), as well as the interactions among the
sources of variation.

This chapter is divided in three parts. The next section describes the sites,
instrumentation and data used in the analysis. Then, using statistical techniques, I analyze
and discuss the sources of variation of surface albedo of Amazonian vegetation, at both the
hourly and monthly time scales. I conclude discussing the relevance of the processes

involved to the remote sensing and modeling of surface albedo of Amazonian vegetation.

1.2. Sites, instrumentation and data

Field data used in this paper were measured in six experimental sites in the Amazon
during the ABRACOS (Anglo Brazilian Amazonian Climate Observation Study) and LBA
projects (Large-Scale Biosphere-Atmosphere Experiment in Amazonia). Four of the sites have
primary tropical rainforest as main land cover (Reserva Caxiuand, Reserva Cuieiras (K34),
Reserva Ducke, and Reserva Jaru), whereas the other two are pasture sites (Fazenda Dimona and
Fazenda Nossa Senhora Aparecida). Table 1.1 and Figure 1.1 show other (additional)

information about the sites and their location.



Table 1.1. Description of the experimental sites.

Measurement period

Experimental site Coordinates Location
(dd/mmlyy)

Reserva Caxiuana 01°42°S,51°31'W  Melgago, PA  16/04/99 to 10/02/00
Reserva K34 02°35’S,60°06' W  Manaus, AM  15/05/99 to 28/11/01
Reserva Ducke 02°57°S,59°57W  Manaus, AM  31/12/90 to 31/12/96
Reserva Jaru 10°05°S, 61° 55”W  Ji-Paranad, RO  24/10/91 to 31/12/96
Fazenda Dimona 02°19° S, 60°19°W  Manaus, AM  01/10/90 to 31/12/96
Fazenda Nossa Senhora

Aparecida 10°45°S, 62°22°W  Ji-Parana, RO 04/10/91 to 031/12/96

-
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Figure 1.1. Orientation map.



Reserva Caxiuand is an experimental area of primary tropical evergreen forest with
approximately 330 km” and is located in Para State about 400 km west of Belém. Reservas
Ducke and Cuieiras (K34) are protected primary forest areas, located 25 km and 60 km
north of Manaus, Amazonas State, respectively. These sites are surrounded by undisturbed
forest for at least 5 km. Reserva Jaru is a forest reserve owned by the Brazilian
Environmental Protection Agency (IBAMA) and is located about 80 km north of Ji-Parana,
in Rondénia State. Fazenda Dimona is cattle ranch with 10 km® of clearing, located about
100 km north of Manaus. There is little forest remaining in this area. Fazenda Nossa
Senhora Aparecida is a ranch located 50 km northeast of Ji-Parana and situated in a strip of
cleared land about 4 km wide and several tens of kilometers long. The ranch is in the
center of an area of about 50 km in radius, which has undergone large-scale clearing.

At Reserva Caxiuana, incident and reflected solar radiation were measured with a
net radiometer (Kipp & Zonen, Delft, Netherlands) mounted at 45.5 m on the top of a
tower. Radiation data were measured every 10 s and averaged half-hourly and stored on a
datalogger (21X, Campbell Scientific). At Reserva Cuieiras a piranometer (Kipp & Zonen
CM 21, Delft, Netherlands), connected to a datalogger (CR10, Campbell Scientific,
Shepshed, UK) was used to measure incident and reflected solar radiation each 30 seconds,
storing the averages every 30 minutes. For the remaining sites, the incident and reflected solar
radiation were measured using two solarimeters (Kipp and Zonen, Delft, the Netherlands). These
instruments are part of an automatic weather station (Didcot Instruments, Abingdon, UK)
connected to a datalogger (CR10, Campbell Scientific, Shepshed, UK) and hourly-averaged data
were recorded.

Data of incident and reflected global solar radiation used in this study are available on-

line through www.cptec.inpe.br/abracos/available.html and www.lba.cptec.inpe.be/beija-flor.



Data for the Reservas Jaru and Ducke, and Fazendas Dimona and Nossa Senhora Aparecida are
the same used by Culf et al. (1995, 1996). Hourly averages of surface albedos are determined
through the ratio between reflected and incident solar radiation. Hourly albedo data of six
experimental sites (Table 1.1) are used to study both the hourly and monthly sources of
variation of tropical rainforest and pasture albedo.

For the hourly-scale, I consider four possible sources of variation: type of land
cover (forest, pasture), solar zenith angle (0° to 90°), canopy wetness (dry, wet) and
atmospheric transmissivity (0 to 1), as an indicator of the partition of the incident radiation
between direct and diffuse components. To avoid the undesirable effects of aerosols,
common on this region, I considered only data collected a few days after a large storm
(rainfall greater than 10 mm), when I assumed that the atmosphere would be clean of
aerosols. With the help of hourly precipitation data, I also filtered the data to represent wet-
and dry-canopy conditions: data collected between the beginning of a rain event and up to
three hours after the end of a rain are used to represent wet-canopy conditions; data
collected at least 24 hours after the end of a rain event are used to represent dry-canopy
conditions; while data collected between three and 24 hours after a rain event are discarded
from the analysis, as I am unsure about the canopy wetness status. Hourly atmospheric
transmissivity is calculated as the ratio between incident solar radiation at the surface and
calculated incident solar radiation at an horizontal surface at the top of the atmosphere.

For the monthly time scale, I considered three possible sources of variation: type
of land cover, monthly-averaged solar zenith angle, and monthly-averaged atmospheric
transmissivity. Data were not filtered for the presence of aerosols or for the canopy

wetness conditions, except where noted.
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Other possible sources of variation of land surface albedo are not included in this
analysis, such as variation among sites that have the same land cover, and interannual

variability due to changes in soil moisture or leaf area index.

1.3. Sources of variation of hourly albedo

An analysis of covariance (ANCOVA) evaluates and analyzes the effects of land
cover, canopy wetness, atmospheric transmissivity and zenith angle on the surface albedo
in Amazon region. I chose the analysis of covariance due to the combined effects of
qualitative (vegetation and canopy wetness) and quantitative (transmissivity and solar
zenith angle) factors on the albedo. Data were analyzed using the PROC GLM (SAS,
2001) with the model including a factorial combination of two levels of land cover, L,
(forest and pasture), two levels of canopy wetness, o, (dry and wet) and the fixed effects of
two regression factors (atmospheric transmissivity, t, and zenith angle, Z) on the analysis,
as follows:

A =p+L+o,+L-w,+a1,+b-Zy+7-Z, +7-Ly+7-0,+Z-Ly+ (1)
Z-woy+t-L-oy+2-L-wy+7-Z-Ly+7-Z-0,+7-2Z-L-0, +&y

where aiji is the estimated albedo; p is the overall mean; L; is the effect of the ith level of

factor L; o; is the effect of the jth level of factor w; a is the true common slope of the

covariate 7, ; 7, is the overall average of the covariate t for the observations in the study;

b is the true common slope of the covariate Z;j; Zjjk is the overall average of the covariate
Z for the observations in the study; the products of the sources of variation represent the
effect of the interaction between them (e.g. L-wj, etc.); gjju is the random effect due to

sampling, normally and independently distributed with mean zero and variance o

|, NID (0,052 ).
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In Table 1.2, I present results of the ANCOVA based on the type I error (Cochran
and Cox, 1992). I chose the type I error because it quantifies the contribution of each factor
and its interactions for the model, adjusted to the previous factors. At the hourly-scale, land
cover (forest or pasture) explains 43.99% of the variance of the albedo. The addition of
canopy wetness (®) to the model increases the explanation of the variance by 3.42%.
Further inclusion of the factors t and Z, adjusted to the previous factors; improve the
variance explained by the model by 6.77% and 0.06%, respectively. Overall, the model
explains 57.08% of the variance of the albedo. The sources of variation L, ®, T and Z, and
the interactions 1-Z and t-® explain 56.25% of the total variance of the model, while the
rest of the interactions explain only 0.83% (Table 1.2). Below, I discuss the effect of these
main sources of variation and interactions.

As expected, tropical rainforest albedo is significantly different from pasture
albedo, P<10™'” (Table 1.2), with average values of 12.1% and 16.7%, respectively. These
results are in agreement with previous publications by Oguntoyinbo (1970), Shuttleworth

et al. (1984), Bastable et al. (1993) and Culf et al. (1996).
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Table 1.2. Covariance analysis for hourly albedo data.

Variance
o Degreesof  Mean Probability ]
Source of variation F Value explained
Freedom Square F*
(%)

Model 15 02573  490.47 <10 —
Land cover (L) 1 2.9744  5670.77 <10 43.99
Canopy wetness () 1 02313  441.07 <107 3.42
Lo 1 0.0004 0.72 0.3962 0.01
Atmospheric
transmissivity (1) 1 0.4577  872.59 <10 6.77
Zenith angle (2) 1 0.0043 8.25 0.0041 0.06
4 1 0.0279  53.26 <1071 0.41
L 1 0.0002 0.43 0.5120 0.003
T 1 0.1084  206.66 <107 1.60
ZL 1 0.0064  12.11 0.0005 0.09
Z® 1 0.0198  37.68 <10 0.29
o 1 0.0014 2.71 0.0998 0.02
ZLo 1 0.0006 1.06 0.3033 0.01
©Z-L 1 0.0208  39.60 <107 0.31
TZ® 1 0.0051 9.66 0.0019 0.07
vZL-® 1 0.0003 0.53 0.4666 0.004
Error 5533 0.0005 - - -
Total variance explained 57.08%
CV=1723

* Indicates significance at the specified level of probability.

Albedos determined for wet and dry canopies are significantly different (P<10™'%)
independent of vegetation type. The average difference between albedos for dry and wet
canopy is 0.4% (Table 1.3), while there is no significant interaction (P~0.4) between the

factors land cover and canopy wetness. Overall, reflectance of a wet canopy is smaller than
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the reflectance of a dry canopy for both ecosystems, forest and pasture, because water has
a very high absortance, especially in the near infrared band. The same difference between
pasture albedo and forest albedo (0.046) is found when only dry canopy or only wet
canopy albedos are analyzed, which confirms the non-significant interaction between land

cover (L) and canopy wetness (®).

Table 1.3. Albedo differences for forest and pasture for dry- and wet canopy condition.

_ Difference
Vegetation All Dry Wet
(Dry — Wet)
Forest 0.121 0.123 0.119 0.004
Pasture 0.167 0.169 0.165 0.004

Difference (Pasture — Forest) 0.046 0.046 0.046 -

Surface albedo is also influenced by zenith angle and by the interaction between t
and Z as verified in previous studies (Pinker et al., 1980; Shuttleworth et al., 1984;
McCaughey, 1987; Giambelluca et al., 1999). Surface albedo only depends on zenith angle
when direct solar radiation is predominant, which explains why the effect of the zenith
angle (P = 0.0041) is less significant than the effect of the interaction between t and Z
(P<10', Table 1.2).

Figure 1.2 and Figure 1.3 show the albedo of a tropical rainforest and pasture,
respectively, for four transmissivity ranges (0-25%, 25-50%, 50-75% e 75-100%) as a
function of solar zenith angle for dry- (Figure 1.2a and 1.3a) and wet-canopy (Figure 1.2b
and 1.3b) conditions. The 0-25% transmissivity interval characterizes overcast sky
condition with diffuse solar radiation predominance, whereas the 75-100% transmissivity

interval indicates clear sky condition with predominance of direct solar radiation. Overall,
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forest and pasture dry albedos under clear sky tend to increase with increasing solar zenith
angle as observed by other authors (Pinker et al., 1980; McCaughey, 1987), while albedo is
independent of solar zenith angle under overcast conditions, as also observed by Eck and

Deering (1992) and Bégué et al. (1996).
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Figure 1.2. Forest albedo as a function of solar zenith angle for four transmissivity ranges
(0-25%, 25-50%, 50-75% e 75-100%) for (a) dry forest canopy and (b) wet

forest canopy.
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Figure 1.3. Pasture albedo as a function of solar zenith angle for four transmissivity ranges

(0-25%, 25-50%, 50-75% e 75-100%) for (a) dry pasture canopy and (b) wet

pasture canopy.

Figures 1.2 and 1.3 also confirm that atmospheric transmissivity affects surface
albedo independently of land cover type (P<10', Table 1.2). For example, lower values of
albedo for wet-canopy are observed for 0-25% transmissivity interval (Figure 1.2b and
1.3b). Albedo tends to be approximately constant when diffuse irradiance predominates,

because the diffuse light beams penetrate more deeply into the vegetation canopy and is

more effectively absorbed (Nouvellon et al., 2000).
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1.4. Sources of variation of monthly albedo
I also used an analysis of covariance (ANCOVA), through PROC GLM (SAS,
2001), to analyze the monthly albedo data via a factorial design. The factors land cover

(L), atmospheric transmissivity (t), zenith angle (Z) and the interactions 1-Z, 1-L, Z-L and

1-Z-L are considered, but the canopy wetness is not included. The statistical model tested
by the ANCOVA is
Ay =u+L +a-t,+b-2Z, +Z Ly +7-Zy +7-Ly+7-Z-L

ik ik T € (2

ik

Analogously to the previous section, I also used the type I error to compose the
mean square for the monthly albedo analysis (Table 1.4). At the monthly-scale, land cover
(L) explains 69.74% of the variance of the albedo. Addition of the effect of the
atmospheric transmissivity (1) to the model increases the explanation of the variance by
3.20%, while inclusion of the zenith angle (Z) adds an explanation of 0.91% of the
variance. Overall, the model explains 76.91% of the variance of the model. The sources of
variation L, T and Z explain 73.85% of the total variance of the model, while the
interactions among them explain only 3.06%.

Similar to the hourly scale analysis, forest and pasture albedos are significantly
different (P<10'°, Table 1.4), with average values of 12.3% and 17.4%, respectively.
Atmospheric transmissivity and zenith angle also affect surface albedo (P<10™'’ and P =
0.00094, respectively) independently of land cover type.

Figure 1.4a shows the seasonal variability of albedo for forest and pasture
ecosystems, showing also that the smaller difference of albedos occur between September
and November, as also observed by Culf et al. (1995, 1996) and Wright et al. (1996). It is
fundamental to understand what causes this variability. In particular, I discuss two
possibilities raised in the introduction: seasonal changes in atmospheric transmissivity and

seasonal changes in canopy wetness.
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Table 1.4. Covariance analysis for monthly albedo data.

N Variance
o Degreesof  Mean Probability )
Source of variation F Value explained
Freedom Square
(%)
Model 7 0.0291  135.65 <10™ -
Land cover (L) 1 0.1846  860.90 <10 69.74
Atmospheric
transmissivity (1) 1 0.0085  39.57 <107 3.20
Zenith angle (Z) 1 0.0024  11.18 0.00094 0.91
Z:L 1 0.0017 7.99 0.00504 0.65
7 1 0.0019 8.79 0.00328 0.71
L 1 0.0004 2.02 0.15633 0.16
vZ'L 1 0.0041 19.07 0.00002 1.54
Error 285 0.0002 - - -
Total variance explained 76.91%

CV =10.26

* Indicates significance at the specified level of probability.

The role of atmospheric transmissivity is demonstrated by Figures 1.4b and 1.5a.
Figure 1.4b shows the variation of atmospheric transmissivity above each land cover type
throughout the year. Atmospheric transmissivity over the forest sites is slightly greater (i.e.
less cloudiness) than over the pasture sites during the dry season (June to November) and
smaller during the wet season (December to May). The lower atmospheric transmissivity
over the pasture sites during the dry season is probably related to the presence of aerosols
(dust, soot, etc.) due to the constant fires this time of the year. During the dry season in
Maraba County, Para State, Fisch et al. (1994) found mean surface albedo of 0.19 and 0.08
during the days without and with burning occurrence, respectively. In addition, Cutrim et
al. (1995) and Negri et al. (2004) verified an increase in shallow cumulus over deforested

areas during the dry season in the Amazon. Figure 1.5a shows that o' (o' = ap — O,
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difference between the pasture and forest albedos) decreases with the increase of 1. So, dry
season (1>0.45) albedos tend to be closer than rainy season (t<0.45) albedos. The residuals
between the observed albedo and the albedo estimated by the regression equations in
Figure 1.5a are shown in Figure 1.5b. The seasonal variability of the residuals for the
pasture is probably related to the seasonal variability of pasture leaf area index, as
discussed by Wright et al. (1996). So far, I do not have an explanation for the seasonal

variability of the residuals for the forest.
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0.16 1 W
o 124 W
2
< 008
Olm | _—_/—/H\_\_\__d,—,—
0.00 T T T T T T T T T T T 1
1 2 3 4 5 6 i 8 g 10 11 12
(a) Months
0.55 +
)
=
3 0.50 4
£ )
wy
=
®
= 0.45 -
©
©
=
@ 0.40 4
g —C— Forest —8— Pasture
0.35 T T T T T T T T T T T 7
1 2 3 4 5 6 7 8 9 10 11 12
(b) Months

Figure 1.4. Average monthly variability of (a) surface albedo and (b) atmospheric

transmissivity for tropical rainforest and pasture.
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Figure 1.5. (a) Average monthly albedo for the forest and pasture ecosystems as a function
of atmospheric transmissivity (1), and regression equations; (b) residuals

between the observed albedo and the albedo estimated by the regression

equations in Figure 1.5a.

Using the dataset of the previous section, I also analyzed the effect of canopy
wetness on the monthly variability of the surface albedo (Figure 1.6). At the monthly time
scale, although the canopy wetness causes a small reduction in the albedo of both forest

and pasture, its effect on the difference of albedo (a') is independent of the canopy wetness

status.
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Figure 1.6. Average monthly variability of surface albedo for tropical rainforest and
pasture and its difference, considering the canopy wetness, where o we and
OF dry are the wet and dry forest albedos, respectively; op wer and ap gy are the
wet and dry pasture albedos; and a'p.r wet and o'p.r ary are the difference

between surface albedos for wet and dry pasture and forest canopy,

respectively.

1.5. CONCLUSIONS

Data from six experimental sites were used to analyze the sources of variation of
hourly and monthly tropical vegetation albedo. At the hourly-scale data, land cover,
atmospheric transmissivity and canopy wetness are the most important sources of
variation; the effect of canopy wetness on the albedo is independent of land cover and
reduces the albedo in 0.004 for both the forest and pasture ecosystems. The interactions t-Z
and 1-Z-L are more important as drivers of variations on the albedo than the zenith angle by
itself.

At the monthly time scale, land cover and atmospheric transmissivity are the major

sources of variation. The results presented here let me conclude that, although the
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difference in surface albedo (a') is partially dependent on t (a consequence of the
interaction L-1), it is independent of the canopy wetness.

The classical paper of Sellers (1985), which provided the theoretical basis for most
of the land surface models that simulate land surface albedo, assumes that the canopy
reflectance is dependent mainly on land cover parameters, zenith angle, and fraction of
direct and diffuse radiation. Such models usually incorporate only the reflectance effects of
canopy snow, neglecting canopy wetness. The results of this study indicate that the canopy
wetness is the third most important source of variation of hourly surface albedo, and can be
included in such models. In addition, although the effect of direct and diffuse radiation is
represented separately in such models, the partition between them from the incident solar
radiation is usually poorly represented, and may be one of the main reasons why state-of-
the-art land surface models are still unable to reproduce correctly most of existing
variability in the data (Berbet and Costa, 2003).

It has been demonstrated that even a 0.03 change in tropical land surface albedo is
sufficient to drive important large-scale changes in the regional atmospheric circulation
(Dirmeyer and Shukla, 1994) and, hence, provoke climate change. This very small signal
introduces a significant problem to our ability to correctly simulate the climate change
after a tropical deforestation, because a hypothetical uncertainty of 0.01 in the simulated
albedo would represent 1/3 of the climate change signal. In this context, considerable
efforts are needed to improve the parameterizations for the tropical rainforest albedo and
the land surface radiation balance, and reduce the uncertainty in the forcing of climate
models. A rigorous incorporation of additional sources of variation in land surface models
would improve the accuracy of land surface albedo simulations and would allow for more

consistent experiments to evaluate the climate change after a tropical deforestation.
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1.6. NOMENCLATURE

L Land cover (pasture and forest)

Z solar zenith angle (0° to 90°)

® canopy wetness (dry, wet)

T atmospheric transmissivity (0 to 1)
o estimated albedo

u overall mean

L; effect of the ith level of factor L

O; effect of the jth level of factor ®

a true common slope of the covariate 7,
Tt overall average of the covariate t

b true common slope of the covariate Zjj
Zijx overall average of the covariate Z

gj  random effect due to sampling, normally and independently distributed with
mean zero and variance ¢~

c Variance
o’ difference between the pasture and forest albedos
p pasture albedos

ot forest albedos
opwet Wet forest albedos
arday  dry forest albedos
Opwet Wet pasture albedos
apary  dry pasture albedos
o'prwer  difference between surface albedos for wet pasture and forest canopy
a'pray difference between surface albedos for dry pasture and forest canopy
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CHAPTER 2

MODELING RADIATIVE TRANSFER IN TROPICAL RAINFOREST
CANORPIES: SENSITIVITY OF SIMULATED ALBEDO

TO CANOPY ARCHITECTURAL AND OPTICAL PARAMETERS

2.1. INTRODUCTION

Global climate models (GCMs) simulate the evolution of climate based on
physical principles as well as initial and boundary conditions. To do so, these models must
represent the exchanges of radiation, heat, momentum and mass between the atmosphere
and the underlying surface, in particular terrestrial environments. Practical considerations,
however, require that small scale processes be parameterized in terms of larger scale
variables.

The parameterization of terrestrial surface processes in climate models is
confined to modules implementing vertical exchange models. The radiation component of

these modules relies on solutions derived from two-stream approaches (Dickinson, 1983;
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Sellers, 1985), which follow developments made in the field of atmospheric physics
(Coakley and Chylek, 1975; Meador and Weaver, 1980). Compared to the atmosphere
analogue, the radiation transfer in plant canopies is rendered complex because the
elementary scatterers — leaves and stems — are large compared to the typical wavelength of
solar radiation, they can be oriented and clumped and they exhibit complex variable optical
properties. The two-stream formulations thus have to be adapted to represent, at least in
simplified forms, the effects of these complexities. Solutions have been developed for
multiple possibilities of leaves and stems orientations, from strictly vertical (eroctophile) to
strictly horizontal (planophile), including spherical and any other orientation in between,
allowing a more realistic representation of vegetation canopies (Pinty et al., 2006).

Despite the several solutions available, model exercises usually do not take full
advantage of the theoretical developments in canopy radiative transfer. For example, leaf
orientation, an important architectural parameter, has usually been assumed to have a
spherical orientation for broadleaf trees, and upright orientation for grasses, but the actual
average orientation or its probability density function are generally not determined.

GCM-grade radiation transfer schemes are constrained by several limitations:
they must be computer efficient and numerically stable, must use measurable or retrievable
variables or parameters, must provide sufficiently accurate estimations of the radiant
fluxes; and must respect energy conservation principles, which require that reflected,
transmitted and absorbed fluxes sum up to the incident radiation, independent of the
assumed canopy structure inside the domain. Radiation schemes should therefore be able
to simulate accurately both the flux reflected from the top of the canopy, that is its albedo,
and the flux transmitted to the ground underneath the vegetation layer. In this modeling

context, the albedo is a prime candidate for validation exercises.
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Here in this study I use the above canopy albedo as the main indicator of model
performance, and evaluate the sensitivity of the simulated albedo of a tropical rainforest to
a set of canopy architectural and optical parameters, with the goals of (a) understanding the
response of the model to the several canopy optical parameters, and (b) obtaining the best
set of parameters to be used in climate models, in particular leaf and stem orientation. I
modeled the radiative transfer using the radiative transfer module of the Integrated
Biosphere Simulator (IBIS), and I validate the simulations against albedo measurements

taken at the tropical rainforest site at the Cuieiras Biological Reserve (K34).

2.2. MATERIALS AND METHODS
2.2.1. IBIS description

In this study a 0-D version of the Integrated Biosphere Simulator-IBIS (Foley et
al., 1996) is used to model the radiative transfer in a tropical rainforest canopy. Although
the model includes representations of several land surface processes (energy, water and
momentum exchange between the soil-vegetation-atmosphere system, canopy physiology,
vegetation phenology, vegetation dynamics, and terrestrial carbon balance), this study
concerns only the solar radiation balance.

The albedo of a vegetation canopy layer (o) is defined as the ratio of the upwelling
to the downwelling solar radiant fluxes at the top of the canopy, both depending on the
location of the source, i.e., the cosine of the Sun zenith angle (1) and type of illumination
(normally both direct and diffuse). Representation of the albedo of such system requires
the adoption of assumptions or simplifications. IBIS assumes that the surface albedo is
approximated by a simple weighting of two distinct surface albedo types, each associated

with an incident irradiance field: the directional hemispherical reflectance (o), associated

with an incident irradiance field that is purely collimated (/) and the indirect
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hemispherical reflectance (oci), associated with an incident irradiance field that is purely
isotropic (7;,). Both albedo types can be combined to approximate the surface albedo as
follows (Kondratyev, 1972):

Ial 4+ 1 g (1)
)

In IBIS the exchange of solar radiation between the soil-vegetation-atmosphere
system is calculated following the standard two-stream approximation, with separate
calculations for direct and diffuse radiation in both visible and near-infrared bands. It
solves the canonical radiative transfer problem of two-stream vegetation layer plus
underlying surface of known albedo. Starting from the known soil albedo (a.,), the method
is to first calculate the albedo of the combined lower canopy-ground system (a.10), then
the albedo of the combined upper canopy-lower canopy-soil system (Ctio-up)-

As shown in Figure 2.1, effects of clumping and partial vegetation cover are also
treated. When fluxes are passed between the upper and lower story, or between the lower
story and the ground, the two-stream fluxes passing through the canopy are merged with
the unmodified fluxes passing through the gaps (weighting with respect to the appropriate

fractional cover f,, or fi,). Assuming that there is no snow in the canopy, the albedo of each

spectral band A is given by:

Ay on = gy - (1= f,)+ ion £ )
Ay on = Uy (1= £, )+ @ln [, (3)
=0l (1= 1))+ @i, )
alio—up/\ = a;—loA : (1 - fup )+ a;p/\ up &)
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Figure 2.1. Schematic representation of the radiative transfer model in IBIS.

The two-stream algorithm uses several canopy architectural and optical parameters.
The canopy architectural parameters include the upper and lower canopy element
orientation (., and 7,); fraction of ground area covered by lower and upper canopy (i,
and f,,), leaf area index (L) and stem area index (S). The canopy optical parameters include
the upper and lower canopy leaf reflectance by visible (VIS) and near-infrared (NIR)
spectral band A (pa: pvis,up.PVISs,lo» PNIR,up a0d PNiIR.10), and the upper and lower canopy leaf
transmittance by visible (VIS) and near-infrared (NIR) spectral band A (ta: Tvisup,Tvis,los

TNIR,up aNd TR 10)- The procedure below describes the major theoretical aspects of the two-

stream approximation, and must be repeated for each vegetation layer.

28



Within each vegetation layer, the upward and downward diffuse fluxes obey

_ ‘ j - nd _—K(L+S (6)
_'ud(L—+S+[1 (—,Bl)a)][T—a)ﬂlI¢ZWﬂKﬂ e (£+5)

d i d -K(L+S 7
S A AU AL B @

where I" and I' are the upward and downward diffuse radiative fluxes per unit incident
flux, K= G(n)/u is the optical depth of direct beam per unit leaf and stem area, G() is the
relative projected area of leaf and stem elements in the direction cos™ u, & is the average
inverse diffuse optical depth per unit leaf and stem area, o is a scattering coefficient, 4’ and
J are upscatter parameters for indirect (diffuse) and direct beam radiation, respectively, L
is the single-sided leaf area index, and S is the single-sided stem area index. Given the

direct beam ground albedo a;’, , and diffuse ground albedo a;’ 4 for each spectral band A,

these equations are solved to calculate the fluxes, per unit incident flux, absorbed by the
vegetation, reflected by the vegetation, and transmitted through the vegetation for direct
and diffuse radiation, for visible (A < 0.7 um) and near-infrared (A > 0.7 um) spectral
bands.

Equations (6) and (7) are then solved analytically for a two-stream layer underlain
by a non-specular surface of known albedo (i.e., the ground), with prescribed incoming
downward direct and diffuse fluxes. This canonical solution (Equations 8 and 9) is applied
first to the lower story underlain by soil to obtain the effective albedo of that system, then

to the upper story underlain by the lower story and soil system, yielding the overall canopy

albedo. The analytical solutions for the single scattering albedo of direct (¢ ) and indirect

(a} ) fluxes are
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The remaining issue to be described concerns the relevant expressions for G(u), o,
A, B, and 7. In the specific case of structurally homogeneous vegetation canopy layers,
the elementary scatterers are modeled as oriented plates of finite small size. Depending on
the vegetation type and environmental conditions, the orientation probability of the
normals to these plates may follow various distributions including planophile, erectophile,

or even heliotropic. Once the leaf angle probability distribution function is given, it
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becomes feasible to express the extinction coefficient of any elementary volume and thus
the total extinction of the vertically homogeneous vegetation layer (e.g., Ross, 1981;
Dickinson, 1983; Verstraete, 1987). This extinction coefficient, traditionally expressed
with Ross (1981) G function, modulates the optical thickness of the homogeneous
vegetation layer. The generic expression (Equation 10) for leaves with an orientation

parameter y is

2 10
G(ﬂ)%{ﬁ#}c” +(?th 1o
where the leaf orientation Y, also defined as the departure of leaf angles from a random
distribution, equals +1 for horizontal leaves, 0 for random leaves, and —1 for vertical
leaves. " and " are the positive and negative parts of y, respectively.

The o B' and o B¢ parameters should thus be expressed via the G function and the
leaf orientation probability distribution. The ® 3 parameter is the integral over the
appropriate leaf orientation probability distribution, performed between 0 and w/2, of the

scatter parameter of an individual scattering element, leaf or stem (Norman and Jarvis,

1975). Solving the integral, the upscatter parameter for diffuse radiation is (Equation 11)

; , +7 -7 2p, +7 (11)
C’)A/BA:Z(IOA6 Aj+lh(pA3 Aj+( p/\3 Aj

and the upscatter parameter for direct beam radiation is (Equation 12)

e 2e(p)-1 (12)

a)/\ﬂz =X T(p/\ _TA)+ZhC(/U)'(pA _TA)+pA [1—0(/1)]+Z’Ac(y)

where c(u) is a transmittance coefficient that varies between 0.5 for z= 0 and 0.1667 for
u=1.
By definition, the scattering coefficient is the sum of the reflectance and

transmittance of the scattering element (Equation 13):
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W, = p+T, (13)

where p,is a weighted combination of the leaf and stem reflectances (pff”f, p“j"’)

(Equation 14):
Pr= p/lfaf Wleaf + p;tem Wtem (14)

where w,,,, =L/ (L+S) and w,,, =S/(L+S); r, is a weighted combination of the leaf

Stem

and stem transmittances (r,’f“f ,r“’f\’”) (Equation 15)

T, = z',lf“fw,eaf +70"w (15)

Finally, the average inverse diffuse optical depth per unit leaf and stem area () is
given by Equation 16

, (16)

after Dickinson (1983). z varies between 0.90 and 1.04 for the planophile and erectophile

cases, and 1.00 for the spherical cases.

2.2.2. Experimental site and data

Field data used in this study were measured at K34 site in the Cuieiras Biological
Reserve (2° 35°S, 60° 07°W, 90 m above sea level), during the LBA project (Large-Scale
Biosphere-Atmosphere Experiment in Amazonia). The Cuieiras Biological Reserve is an
INPA (Instituto Nacional de Pesquisas da Amazonia) protected forest reserve, about 60 km
north of Manaus, embedded in a vast area of pristine rainforest. The 50 m tall K34 tower,
erected in 1999, is located on a medium sized plateau (2°36°32. 67°’S, 60°12°33. 48°W,
130 m) (Aragjo et al., 2002). The natural vegetation and topography of this site are

representative of much of Central Amazonia.
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I used incident and reflected solar radiation data, collected from June 1999 to
September 2000 by a piranometer (Kipp & Zonen CM 21, Delft, Netherlands), installed at
a height of 44.6 m above the forest ground surface, connected to a datalogger (CR10,
Campbell Scientific, Shepshed, UK). The data were measured every 30 seconds, and the

averages stored every 30 minutes.

2.2.3. Model sensitivity to canopy architectural and optical parameters

I carried out a sensitivity analysis of the albedo simulated by the model to six
canopy architectural and optical parameters: the upper canopy leaf and stem orientation
(Xup), the lower canopy leaf orientation (,), upper and lower canopy leaf reflectance on
visible (VIS) and near-infrared (NIR) spectral band A (pa: pvis,up,PVIS o PNIR,up ANd PNIR 1o,
respectively). Other canopy architectural and optical parameters are set to the values in
Table 2.1. The model was then run several times with different combinations of the

parameters above, to determine in detail the sensitivity of the model to these parameters.
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Table 2.1. Parameters used by the model.

Architectural parameters Value
single-sided leaf area index (L) 6.175
single-sided stem area index (5) 0.025
fraction of overall area covered by lower canopy (f1,) 0.500
fraction of overall area covered by upper canopy () 0.975

Optical parameters

direct and diffuse beam ground albedo on visible (VIS) spectral band (ag,yss ) 0.10

direct and diffuse beam ground albedo on near-infrared (NIR) spectral 0.40
band(ag iz )

lower canopy leaf transmittance on visible (VIS) spectral band (oys.1,) 0.07
upper canopy leaf transmittance on visible (VIS) spectral band (oyzs,.,) 0.05

lower canopy leaf transmittance on near-infrared (NIR) spectral band (owiz i0) 0.25

upper canopy leaf transmittance on near-infrared (NIR) spectral band (onryy) — 0.20

2.3. RESULTS AND DISCUSSION

Initial tests (not shown) demonstrated that the above canopy albedo is not sensitive
to the lower canopy parameters. This is because of the high leaf and stem area indices of
the upper canopy. I use pvisio = 0.062, pnirjo = 0.60 and 71, = 0.10 and concentrate the
discussion on the sensitivity of simulated albedo to the model upper canopy architectural
and optical parameters ., and,pvis.up and pnir up, respectively.

Several combinations of yyp, Pvisup.PNiRu Were tested looking for the best mean
simulated value of surface albedo for the study period. A strong sensitivity of simulated
albedo to these parameters was observed, resulting in optimal values of simulated albedo
for pyis between 0.05 and 0.07, for pnir.up between 0.27 and 0.28, and for y,, between 0.6
and 0.9 (Figure 2.2). This range of y,, characterizes a predominance of upper canopy

elements (leaves and stems) with low inclination angle with respect to the horizontal.
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Figure 2.2. Simulated albedo as a function of pyr., and yp, for the Cuieiras Biological

Reserve (K34).

Figure 2.3 shows the temporal variation of the observed and simulated albedos
considering different values of the optical parameter ., for five selected days. In these
simulations, pnirw = 0.275 and pyisuyp = 0.062. The model best represents the diurnal

cycle with y,, = 0.86.
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Figure 2.3. Temporal variation of the albedo observed in the Cuieiras Biological Reserve
(K34) and the albedo simulated by the IBIS model, according to the upper

canopy element orientation parameter.

The sensitivity of the root mean square error (RMSE) between simulated and
observed albedos as a function of the variation of the canopy optical parameters is shown
in Figure 2.4. This analysis indicates that the combination of the canopy optical parameters
that minimize the RMSE are yu, = 0.86, pvisup = 0.062, and pnir,up = 0.275, confirming the
results obtained in Figures 2.2 and 2.3. Again, these parameters were obtained assuming
that pyis o = 0.062, pnir.lo = 0.60 and ¥, = 0.10, L = 6.175, S = 0.025, f,, = 0.975 and fi, =

0.5.
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Figure 2.4. Root Mean Square Error (RMSE) between the observed and simulated albedo
as a function of the canopy optical parameters pyr ., and y,,, for the Cuieiras

Biological Reserve (K34).

The results indicate that the albedo simulated by IBIS is mostly sensitive to the
parameters Y and pnir.up- Although Bonan (1996) and Oleson et al. (2004) reported that
the good fit is obtained for 7y, in the range -0.4 to 0.6, in this study, the minimization of
the mean relative error and the RMSE is achieved for y,, = 0.86. This parameter reduces
significantly the effect of the zenith angle on the albedo during sunrise and sunset (Figure
2.3). Lower daily amplitudes of surface albedo are expected when the canopy architectural

parameter, y.,, describes the upper canopy elements as mainly horizontally distributed, as
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shown in Figure 2.3. For y., = 0.6, the daily amplitude of the surface albedo is

overestimated, while for y,, = 1.0 it has a flat daily profile.

2.4. SUMMARY AND CONCLUSIONS

This study evaluated the sensitivity of the surface albedo simulated by IBIS to a set
of tropical rainforest canopy optical parameters. The results are evaluated against albedo
measurements taken above the K34 site at the Cuieiras Biological Reserve. Sensitivity

analysis indicates a strong response to the parameters yu, and p, ,,, @ smaller sensitivity
to pvisup and no sensitivity at all to the lower canopy parameters Xio, Py5,, and Py,

which is consistent with the canopy structure. The combination of parameters that
minimize the RMSE and mean relative error RMSE are yu, = 0.86, pvisyy = 0.062, and
pnir,up = 0.275. From the analysis of Figures 2.2, 2.3 and 2.4, however, it seems reasonable
to conclude that values of y,, in the range of 0.8 to 0.9, of pvisp 1n the range of 0.05 to
0.07 and pnir up in the range of 0.26 to 0.28 all yield results that provide the better values of
RMSE, with little variation among them.

The successful simulations of tropical rainforest albedo by IBIS indicate its
potential to simulate the canopy radiative transfer for narrow spectral bands, for close
comparison with remote sensing products. Additional parameterizations of the canopy
architectural and optical parameters according to the plant species, soil types, plant
phenology, leaf water content, and soil surface wetness may improve considerably the
scope of such modeling exercises, building a solid basis for stronger interactions among

field observations, climate models and remote sensing products.
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2.5. NOMENCLATURE

Alo-up
Xup
Alo
Jio
Jup
[S7

pVIS,up
PvIs,lo
PNIR,up

PNIR,lo
leaf

Pa

stem
A

TA

TVIS,up
TVIS,lo
TNIR,up
TNIR,lo

albedo of a vegetation canopy layer

cosine of the Sun zenith angle

directional hemispherical reflectance

incident irradiance field that is purely collimated

indirect hemispherical reflectance
incident irradiance field that is purely isotropic

soil albedo

albedo of the combined lower canopy-ground system

albedo of the combined upper canopy-lower canopy-soil system
upper canopy element orientation

lower canopy element orientation

fraction of ground area covered by lower canopy

fraction of ground area covered by upper canopy

upper and lower canopy leaf reflectance by visible (VIS) and near-infrared
(NIR) spectral band A

upper canopy leaf reflectance by visible (VIS) spectral band A

lower canopy leaf reflectance by visible (VIS) spectral band A

upper canopy leaf reflectance by near-infrared (NIR) spectral band A
lower canopy leaf reflectance by near-infrared (NIR) spectral band A
leaf reflectances

stem reflectances

upper and lower canopy leaf transmittance by visible (VIS) and near-infrared
(NIR) spectral band A

upper canopy leaf transmittance by visible (VIS) spectral band A

lower canopy leaf transmittance by visible (VIS) spectral band A

upper canopy leaf transmittance by near-infrared (NIR) spectral band A
lower canopy leaf transmittance by near-infrared (NIR) spectral band A

leaf transmittances

stem transmittances

upward diffuse radiative fluxes per unit incident flux
downward diffuse radiative fluxes per unit incident flux

optical depth of direct beam per unit leaf and stem area

relative projected area of leaf and stem elements in the direction cos™ u
average inverse diffuse optical depth per unit leaf and stem area
scattering coefficient

upscatter parameters for indirect (diffuse) beam radiation
upscatter parameters for direct beam radiation

single-sided leaf area index

single-sided stem area index

direct beam ground albedo for each spectral band A

diffuse ground albedo for each spectral band A

single scattering albedo of direct fluxes

single scattering albedo of indirect fluxes
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S 2o X

leaf orientation for horizontal leaves
leaf orientation for vertical leaves
work variable

work variable

work variable

work variable
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CHAPTER 3

SIMULATIONS OF TROPICAL RAINFOREST ALBEDO: IS CANOPY

WETNESS IMPORTANT?

3.1. 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 balance is
stronger, changes in surface albedo have been found to influence the regional climate, as
tropical deforestation studies 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) demonstrated that an uncertainty of 10 W
- m™ in the seasonal solar radiation balance translates into an uncertainty of 30 mm/month

in the simulated rainfall, a very significant uncertainty, especially in the dry season in that
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region. In this context, a good representation of albedo by climate models is essential to
correctly address the tropical deforestation climate change problem.

Berbet and Costa (2003), however, also verified that even a complex, state-of-the-
art; land surface scheme coupled to a climate model is unable to correctly reproduce details
of seasonal variability of albedo of tropical rainforests, although it reproduces well the
annual 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
albedo at both hourly and monthly time scales.

At the monthly time scale, Culf et al. (1995) analyzed the surface albedo at forest
sites in Amazonia. The authors reported that albedo seasonality at these sites is not related
to the variation of solar elevation angle or to cloudiness, but suggested a relationship to soil
moisture. Although soil moisture affects ground albedo, most likely the changes in forest
albedo are related to soil moisture-correlated variables: smaller soil exposure, darker leaves
(associated with the leaf water potential) and higher canopy wetness (Berbet and Costa,
2003). Canopy wetness, in particular, is a strong candidate for changing canopy albedo,
because reflectance of liquid water varies, depending on the wavelength, between 0 and
5%, much lower than the 12-13% usually measured above tropical rainforest canopies.
Hence the presence of liquid water on the canopy increases the absorption of solar
radiation, reducing the canopy overall albedo.

Here, I investigated the role of canopy wetness in the simulated albedo of a
tropical rainforest. In this study, I run simulations using three versions of the land
surface/ecosystem model IBIS: the standard version using the original calibration used by
Delire and Foley (1999), the same version recalibrated to fit the tropical rainforests albedo
data, 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
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albedo data used here to validate the model simulations. Sections 3 and 4 describe the IBIS
model, the modifications to incorporate canopy wetness and the experiment design, while

Section 5 presents and discusses the simulation results.

3.2. MATERIALS AND METHODS

3.2.1. Sites, instrumentation and data

Field data used in this study were measured at three sites in the Amazon during the
ABRACOS (Anglo Brazilian Amazonian Climate Observation Study) and LBA (Large-
Scale Biosphere-Atmosphere Experiment in Amazonia) projects. Ducke Reserve (02° 57°S,
59° 57" W, 80 m above sea level) is an area of protected primary forest with mean height
forest canopy of 35 m, with some trees reaching up 40 m. The forest in Reserva Ducke is
composed by a large variety of tree species. The tallest species in the area around the tower
are Piptadenia suaveolens Miq., Licania micrantha Miq., Bocoa viridiflora (Ducke) Cowan
and so on, with more details in Shuttleworth et al. (1984) and in Roberts et al. (1990).
Cuieiras Biological Reserve (2° 35°S, 60° 07°W, 90 m above sea level) (K34) is an INPA
(Instituto Nacional de Pesquisas da Amazonia) protected forest reserve, about 60 km north
of Manaus, embedded in a vast area of pristine rainforest. The natural vegetation and
topography of this site are representative of much of central Amazonia. These sites are
surrounded by undisturbed forest for at least 5 km. Jaru Reserve (10° 05'S, 61° 55'W, at
120 m above sea level) is an IBAMA (Instituto Brasileiro do Meio Ambiente e dos
Recursos Naturais Renovaveis) forest reserve and is located about 80 km north of Ji-
Parana. The mean height of the forest canopy is 33 m. The tallest tree species in the area
immediately surrounding the tower are Cedrella odorata, Dioclea cf bicolor Bth.,

Strychnos amazonicus Krukoff (McWilliam et al., 1996; Roberts et al., 1996) (Figure 3.1).
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Figure 3.1. Orientation map.

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

I used incident and reflected solar radiation and precipitation data, collected from
June 1999 to September 2000 at Cuieiras Reserve, from January to December of 1995 at
Ducke Reserve and from January to December of 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.
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3.2.2. Description of the IBIS model

To simulate the diurnal albedo of an Amazon tropical forest, I used the Integrated
Biosphere Simulator-IBIS (Foley et al., 1996). It includes representations of land surface
processes, like energy, water and momentum exchange between the soil-vegetation-
atmosphere system, canopy physiology, vegetation phenology, vegetation dynamics, 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 used in several studies
of the biosphere-atmosphere interactions 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, of main interest here, is the exchange of
solar radiation between the soil-vegetation-atmosphere system. Solar radiation transfer is
calculated following the two-stream approximation, with separated calculations for direct
and diffuse radiation 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 — Appendix A; Bonan, 1996; Oleson et al.,
2004). A detailed description of the radiation transfer and albedo algorithms and model
sensitivity to several parameters is presented by Yanagi and Costa (2006). In this study, I
modified the IBIS canopy radiation transfer code to incorporate the effects of canopy
wetness on the vegetation reflectance. Although IBIS already calculates the canopy
wetness, in this work the parameters o (scattering 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) were modified to include the radiative effects of

canopy wetness, according to Equations 1 to 4:
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w = a)dry.(] _fwel) + a)waterfwater + o™ snow (1)

ﬂ = o™ ry(l _fwet) + a)water.ﬁ;waler fWater + " _benovvﬁnow/a) (2)
ﬂo _ dry'ﬂodry(] —fwet) + a)water. Owater fwater + @ osnow'ﬁnow/ ) (3)
a)water: v a)d"y (4)

where f,,.; s the total wet (water and snow) fraction of the canopy (fie:= fuwatertfsnow)s fwater 1
the fraction of the canopy wet by liquid water and f;,,. 1s the fraction of the canopy wet by
snow. The superscripts 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, applied individually to leaves and stems.

3.2.3. Experiment design
In this study, I conducted three simulations of the diurnal 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 simulation 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. It uses a set of leaf optical
parameters chosen to better fit the simulated results to the experimental data of the sites
studied, minimizing the RMSE between the observed and simulated albedos. The
subscript i may be equal to M for the Manaus-nearby sites (Ducke and Cuieiras
Reserves), or J for Jaru Reserve.

3) WC,, the wet-canopy simulations: similar to DC,;, but including the modifications
described in Equations (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 calculations. It
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should be noted that both versions simulate the interception of water by the canopy, and
the evaporation and dripping of the canopy-stored water.

To calibrate the DC simulations, initially I do a sensitivity analysis of the simulated
albedo to several canopy optical parameters. The most sensitive parameters are the upper
and lower canopy leaf orientation (¥iearuy and Fieario, respectively), and upper and lower

Leaf Leaf Leaf d

canopy visible and near-infrared (NIR) leaf reflectance (a4, oy',, @yg.,, an

a’ . respectively). The model is run several times with different combinations of the

parameters above. Table 3.1 shows, for the DC simulations, the parameter combinations
that provide the best adjustment of the diurnal albedo without considering the effect of
canopy wetness. Next, this set of parameters is added to the WC version of the code, and
the parameters fiema (maximum fraction of water cover on two-sided leaf), 7., (decay
time for intercepted liquid drip off) and v (ratio of the scattering coefficients of the canopy

surfaces wet by water and dry canopy surfaces, applied individually to leaves and stems)

are calibrated.

47



Table 3.1. Optical parameters used by the DF99 calibration, and by the 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 Cuieiras Reserves) or J for the Jaru Reserve. yeqzyp 1s the

upper canopy leaf orientation, gz, is the lower canopy leaf orientation, o}, is the lower canopy visible leaf reflectance, o< ,» 18 the upper

canopy visible leaf reflectance, o’/ is the lower canopy NIR leaf reflectance, i . 18 the upper canopy NIR leaf reflectance, fuemax 18

maximum fraction of water cover on two-sided leaf, z;., 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, applied individually to leaves and stems. All values are dimensionless,

except for 7., which is in seconds.

Z leaf —up X leaf —lo a é;;{lo a;[i‘a{up a f\l‘el;l{;lo all\};g/—‘up f wetmax Tdrip \%

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

DC; 0.86 0.10 0.082 0.082 0.60 0.30 0.25 7200 s -
Jaru

WC, 0.86 0.10 0.082 0.082 0.60 0.30 0.80 3600 s 0.40
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3.3. RESULTS AND DISCUSSION

The three IBIS versions are run for each of the three study sites. Figures from 3.2
to 3.4 show the diurnal profile of the surface albedo for Cuieiras, Ducke and Jaru Reserves,
respectively, for selected days of the year. To facilitate the interpretation, the days selected
represent either no-rain 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 from 3.2 and 3.3
show results for the Manaus (M) set of parameters, while Figure 3.4 shows results for the
Jaru (J) set of parameters, according to Table 3.1.

The DF99 simulations overestimate the surface albedo, particularly when zenith
angle is high (Figures 3.2 to 3.4). The albedo simulated by the calibrated model (DC,, and
DC,)) fit better to the observed data in days without precipitation occurrence (left side of
Figures 3.2 to 3.4), but the DC version of the model does not represent the observed albedo
drop during precipitation events (right side of Figures 3.2 to 3.4).

WC simulations, however, show that the modified version of IBIS is able to
reproduce the considerable decrease in surface albedo during precipitation hours (right side
of Figures 3.2 to 3.4). This reduction in the surface albedo is consistent with an increase of
the absorption of the incident solar radiation by the liquid water deposited on the leaves,
increasing solar radiation absortance and reducing solar radiation reflectance.

Table 3.2 shows the statistics of observed and simulated surface albedo for the
precipitation hours and for the entire time series at three Amazon rainforest sites (Cuieiras,
Ducke and Jaru reserves), for the simulations based on the DF99 calibration, for the new

calibration using the dry-canopy (DC) and wet-canopy (WC) versions of the model.
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Table 3.2. Statistics of observed and simulated surface albedo for the entire time series and

for precipitation hours at three Amazon rainforest sites (Cuieiras, Ducke and Jaru

reserves), for the simulations based on the DF99 calibration, 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 €(%) RMSE
DF99  0.146 23.44 0.0398 0.139 41.58 0.0550
Ducke DCy  0.121 2.14 0.0219 0.120 22.13 0.0365
Reserve WC, 0.118 -0.03 0.0210 0.105 6.11 0.0302
Observed 0.118 — — 0.099 — —
Using DF99  0.146 24.11 0.0384  0.142 40.79 0.0521
set of optical Cuiciras
parameters DC,  0.121 258 0.0169 0.120 19.16 0.0320
librated for Reserve
calibl WCy 0.117 -0.73 0.0142 0.104 291 0.0234
the sites near
to Manaus Observed 0.118 — — 0.101 — —
DF99  0.146 1226 0.0332 0.145 19.57 0.0387
DC,  0.121  -7.15 0.0232  0.121 -0.35 0.0222
Jaru
WCy  0.117 -9.68 0.0243  0.108 -10.93 0.0247
Observed 0.130 — — 0.121 — —
Usi DF99  0.146 1226 0.0332 0.145 19.57 0.0387
sing
set of optical DC, 0.133 198 0.0215 0.132 943 0.0250
parameters  Jaru
calibrated for WC,  0.129 -0.50 0.0209 0.121 0.40 0.0207
Jaru site Observed 0.130  — - 0121 - _

Mean relative error (¢) and root mean square error (RMSE) are defined according to

Equations 5 and 6:
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(6)

where X° and X are simulated and observed albedo and # is the number of data points.
Given my interest here in the effects of canopy wetness on the simulated rainforest albedo,
I analyzed the “precipitation hours” data separately from the entire data (Table 3.2). For
the entire time series, for the two sites near Manaus, the new calibration (DC,,) represents
a considerable 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, consistent with
the results shown in Figures 3.2 to 3.4. Looking for a single parameterization for
Amazonia, I also tested the Manaus parameters at the Jaru site. However, it turns out that
the average observed albedo of the Jaru site is much higher than at the Manaus sites, and
the parameters used for Manaus are not suitable to Jaru. I then selected a new set of
parameters for the Jaru site (DC,). Results for Jaru site, using a site-specific calibration,
show an improvement similar to the one obtained at the Manaus sites.

Although the WC simulation shows an improvement in the simulation statistics for
the entire time series, the true effect of it is best seen in the analysis of data during the
precipitation hours. Initially, I can verify that the DF99 and DC simulation results during
precipitation 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 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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Figure 3.2. Diurnal variation of the simulated and observed surface albedo in the Cuieiras

Reserve for selected days.
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Figure 3.3. Diurnal variation of the simulated and observed surface albedo in the Ducke

Reserve for selected days.
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These results demonstrate that, at the hourly time scale, the incorporation of canopy
wetness on the radiative transfer calculations improves substantially the simulation results,
in particular for the times when the canopy is wet, but also brings an improvement to the
simulation of the entire period.

I also compare the model results at the monthly time scale for the three sites studied
(Figure 3.5). In all cases, the WC albedo is smaller than the DC albedo, but the changes
introduced do not substantially modify the simulated albedo. As seen in Figures 3.2 to 3.4,
because of evaporation and dripping, the effect of canopy wetness on the surface albedo is
restricted to the duration of a rainfall event plus one or two hours. Although Amazonia is
one of the rainiest climates on the 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 significant effect of
canopy wetness on albedo seasonality.

An exception is observed at the Ducke Reserve (Figure 3.5b), where a more
pronounced drop in the WC-simulated albedo is observed in April. Even in this extreme
case, the simulated decrease in monthly albedo accounts for less than half of the observed
change, which let me conclude that canopy wetness alone is not sufficient to represent

correctly the seasonal variability of the albedo for a tropical rainforest.
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Figure 3.5. Monthly profile of the observed and simulated surface albedo, monthly
precipitation and frequency of rainfall events, at three Amazon rainforest
sites: (a) Cuieiras Reserve, from June 1999 to September 2000, (b) Ducke
Reserve, from January to December of 1995 and (c) Jaru Reserve, from

January to December of 1993.
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3.4. SUMMARY AND CONCLUSIONS

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

The incorporation of canopy wetness on the radiative transfer calculations improves
the simulation results at the hourly time scale, reproducing the observed decrease in
surface albedo during precipitation hours, when the canopy is wet. Although the canopy
wetness has an important effect, this effect is restricted to the times when the canopy is
actually wet, a relatively short period of time at the monthly or longer time scales.
Therefore, the changes introduced are not sufficient to substantially improve the
representation of albedo seasonality.

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

deforestation.
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3.5. NOMENCLATURE

® scattering coefficient

B upscatter parameter for diffuse radiation

Bo upscatter parameter for direct radiation
Jrvet total wet (water and snow) fraction of the canopy
Svater fraction of the canopy wet by liquid water
Ssnow fraction of the canopy wet by snow

% ratio of the scattering coefficients of the canopy surfaces wet by water and dry

the canopy surfaces
Xieatup ~ UPPET canopy leaf orientation
Jieatlo  lOWer canopy leaf orientation

a If]g”[up upper canopy visible leaf reflectance
Leaf
a VIS—lo

avd ,, Upper canopy near-infrared (NIR) leaf reflectance

lower canopy visible leaf reflectance

a’e  lower canopy near-infrared (NIR) leaf reflectance

fwermax  maximum fraction of water cover on two-sided leaf

Tarip decay time for intercepted liquid drip off
X simulated albedo

X’ observed albedo

€ mean relative error
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CHAPTER 4

COMPARISON OF SEASONAL AND SPATIAL VARIATIONS OF ALBEDO
ESTIMATED BY A CLIMATE MODEL AND ALBEDO DERIVED FROM

REMOTE SENSING DATA FOR THE AMAZON TROPICAL RAINFOREST

4.1. INTRODUCTION

Albedo is the ratio of upwelling radiant energy relative to the downwelling
irradiance incident upon a surface. Land surface albedo is a key land physical parameter in
characterizing the surface energy budget and has frequently been considered in studies of
global and regional climate. General Circulation Model (GCM) studies have demonstrated
that the climate presents a strong sensitivity to surface albedo changes, originated by
natural action and anthropogenic land use changes, such as desertification (Charney et al.,
1977; Xue et al., 1990) and tropical deforestation (Dickinson and Henderson-Sellers, 1988;

Hahmann and Dickinson, 1997; Berbet and Costa, 2003). Thus, the better representation of
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surface albedo in climate models will enhance the accuracy of climate simulation and
prediction.

Albedo simulated by climate models has been evaluated with field observations and
satellite measurements. Field data are fundamental to validate model results, mainly
because they represent more realistically a specific site studied. However, they present
operational difficulties, are expensive to obtain, and only provide sparse and eventual
measurements.

On the other hand, remote sensing is an important tool to obtain coherent temporal
and spatial variations of surface characteristics such as albedo (Lewis et al., 1999), thus
aiding the validation and improvement of model parameterization. A number of land
surface albedo products have been produced based on several remote sensing devices,
including the polar orbiting NOAA (National Oceanic and Atmospheric Administration)
with AVHRR (Advanced Very High Resolution Radiometer) sensor, ERBE (Earth
Radiation = Budget  Experiment), =~ MODIS (Moderate  Resolution  Imaging
Spectroradiometer), and the geostationary satellites GOES and METEOSAT. In many
cases, data from different remote sensors were combined to generate a single product.

This chapter presents a comparison of simulated albedo computed by the NCAR
Community Climate Model (CCM3) coupled to the Integrated Biosphere Simulator (IBIS)
with derived albedo measurements from six remote sensing products. A comparison against
field data collected at three study sites is also performed. Section 2 describes the albedo
datasets analyzed. Section 3 presents and discusses the results and conclusions are

summarized in Section 4.
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4.2. ALBEDO DATA
4.2.1. Land surface albedo simulations

The land surface albedo simulations were produced by the National Center for
Atmospheric Research (NCAR) Community Climate Model version 3 (CCM3, Kiehl et al.,
1998) coupled with an updated version of the Integrated Biosphere Simulator (IBIS) of
Foley et al. (1996) and Kucharik et al. (2000). I refer to this coupled model as CCM3-IBIS
(Delire et al., 2002). CCM3 is a spectral atmosphere model with spatial resolution of T42
(the spectral representation of the horizontal fields is truncated at the 42™ wavenumber
using a triangular truncation; horizontal fields are converted to a 2.81° x 2.81° grid) and
has 18 vertical levels and operates with a 20-min time step (Kiehl et al., 1998). IBIS is an
integrated model of land surface processes, vegetation dynamics and carbon cycle. IBIS
has two vegetation layers (i.e., trees and short vegetation) and a variable number of soil
layers. In IBIS, the exchange of solar radiation between the soil-vegetation-atmosphere
system is calculated following the standard two-stream approximation, with separate
calculations for direct and diffuse radiation in both visible (VIS) and near-infrared (NIR)
bands. A detailed description of the albedo algorithm and model sensitivity to several
parameters is presented by Yanagi and Costa (2006). In these simulations, IBIS operates

on the same T42 spatial grid as the CCM3 atmospheric model.

4.2.2. Remote sensing albedo
In this work, I used land surface albedo from six remote sensing products: Csiszar
and Gutman (1999) — CG99, ERBE, SRB-ISLSCP2, UMD (GOES/METEOSAT/AVHRR),

MODIS white-sky, and MODIS black-sky (Table 4.1).
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Table 4.1. Main characteristics of the remote sensing albedo products.

Remote sensing product ) Spatial  Temporal Used Sky Average
) Spectral resolution ) ) ) - Source
and sensors involved resolution resolution  period condition albedo
Channel 1
CG99 (AVHRR — Advanced
' ‘ (0.58-0.68 um, VIS)  0.5°x0.5° 11.0%  Csiszar and
Very High-Resolution monthly  1985-1991  Clear-sky
i and Channel 2 1.1 km Gutman, 1999
Radiometer)
(0.72-1.1um, NIR)
ERBE (Earth Radiation Shortwave channel 1 1°x1° 15.5%
. monthly  1986-1990 Clear-sky Barkstrom, 1984
Budget Experiment) (0.2-5.0 um) 35-50km
Shortwave channel Stackhouse et al., 2000;
SRB-ISLSCP2 1°x1° monthly  1986-1995  All-sky 15.0 %
(0.3-5.0 um) Stackhouse et al., 2003
UMD (GOES-METEOSAT- Shortwave channel 0.5°x0.5°
monthly  1990-1992  All-sky 15.0 %  Pinker, 2002
AVHRR) (0.3-5.0 um) 30 km
MODIS (Moderate White-sky ~ 15.3 %
Resolution Imaging bb3 brodband 0.5°x0.5° Lucht et al.,2000a;
. 16-day  2000-2001
Spectroradiometer). Albedo (0.3-5.0 um) (1 km) Black-sky  13.5 % Schaaf et al., 2002

product (MOD43B)
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AVHRR visible (0.58-0.68 um, channel 1) and near-infrared (0.72-1.1 um, channel 2)
reflectances at 0.5°x0.5° of spatial resolution were used to calculate the Amazon surface
albedo. AVHRR is flown onboard the polar orbiter “NOAA” operational environmental
satellites series. AVHRR has no on-board calibration capability for the VIS and near-IR
channels used for generating the albedo product. Pre-launch calibration coefficients should
not be used because of the degradation of the instrument sensitivity. The channel 1 and 2
digital counts were converted to reflectance values using post-launch calibration coefficients,
using the formulae derived by Rao and Chen (1995, 1996). AVHRR uses top-of-the
atmosphere (TOA) narrow-to-broadband conversion equation developed by Hucek and
Jacobowitz (1995), and ERBE (Suttles et al., 1988) model to account for the bi-directional
effects. The atmospheric correction was done using the model by Li and Garand (1994) and
the normalization to overhead Sun illumination angle was done by the formula proposed by
Briegleb et al. (1986).

I uses the ERBE shortwave (0.2-5.0 um) channel reflectance at 1°x1° spatial
resolution obtained from re-gridded of original 2.5° x 2.5° resolution. ERBE sensor was
launched on the ERBS (Earth Radiation Budget Satellite). Ground calibration sources consist
of a reference black-body and an integrating sphere in a vacuum chamber. In flight, an
internal black-body, evacuated tungsten lamps, and observation of the Sun are used to check
the stability and precision of instruments. Hourly clear-sky radiative fluxes in a grid box are
calculated as the averaged fluxes of the clear pixels, which are then converted from radiance
through the ERBE angular-directional models (Suttles et al., 1988). Cloud-free scenes are
identified through an algorithm that adopts a maximum likelihood estimation technique
(Wielicki and Green, 1989).

Surface Radiative Budget (SRB) data for all-sky condition albedo, based on

ISLSCP2 (The International Satellite Land Surface Climatology Project) observations, were
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calculated from shortwave (0.3-5.0 um) reflectances at 1°x1° spatial resolution. No
instruments were directly used in the generation of this NASA/GEWEX SRB dataset. All
inputs used were higher level products provided by other institutions, as example, all satellite
derived radiance and cloud data are from the ISCCP DX data set. Calibration information for
ISCCP is available in Brest et al. (1997). Conversion of both narrowband visible cloud and
clear radiances into broadband radiances is computed by the Pinker/Laszlo algorithm (Pinker
and Laszlo, 1992) and then an angular distribution model (ADM) is applied to convert this
radiance to a top-of-atmosphere (TOA) albedo. The TOA albedos for the all-sky conditions
are then matched using a radiative transfer model with the meteorological inputs. The
advantage of this technique is that the resulting surface fluxes are consistent with the TOA
albedos.

Albedos derived from the product GOES/METEOSAT/AVHRR (UMD) and
ancillary data, as available from the Global Energy and Water Cycle Experiment (GEWEX)
ISCCP DX, were calculated through the shortwave reflectance (0.3-5.0 pum) at 0.5°x0.5°
spatial resolution. These data are also available from the NASA/GEWEX/ISCCP DX
observations, as produced in the Department of Meteorology, University of Maryland (UMD)
(Pinker, 2002) as part of the LBA (Large-Scale Biosphere-Atmosphere Experiment in
Amazonia) Project. Since the ISCCP cloud analysis uses only radiances from the spectral
channels common to all radiometers, namely ‘‘visible’’ (wavelength approximately 0.6 pum,
called VIS) and ‘‘window’’ infrared (wavelength approximately 1.1 pum, called IR), only
these radiances have been calibrated and normalized by ISCCP (Brest and Rossow 1992;
Rossow et al. 1992; Desormeaux et al. 1993; Rossow et al. 1996). Data are corrected for
Rayleigh scattering and daily variations of solar irradiance and ozone absorption as a function

of illumination and viewing geometry (Brest et al., 1997). Indeed, the ISCCP calibration
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procedure differs from most in that instead of using one small selected site (e.g., a desert
target), it is used a wide variety of targets and the entire globe itself as a target.

MODIS MOD43B albedo product, white-sky (diffuse) and black-sky (direct at solar
noon), were determined from shortwave reflectance (0.3-5.0 um, bb3 broadband) at 0.5°x0.5°
spatial resolution. The MODIS instrument was launched on board NASA’s Terra platform.
MODIS have four main On-Board Calibrators (Blackbody - BB, Solar Diffuser - SD, Solar
Diffuser Stability Monitor - SDSM, and the Spectroradiometric Calibration Assembly - SRCA)
that generate various stimuli to provide radiometric, spectral and spatial calibration of the
MODIS instrument. The BB is the prime calibration source for the thermal bands located from
3.5 um to 14.4 um, while the SD provides a diffuse, solar-illuminated calibration source or the
visible, near infrared, and shortwave infrared bands (0.4 um <A <2.2 pm). The SDSM tracks
changes in the reflectance of the SD via reference to the Sun so that potential instrument
changes are not incorrectly attributed to changes in this calibration source. The SRCA is a
multifunction calibration instrument that provides in-flight spectral, radiometric and spatial
calibration. Two additional calibration techniques that MODIS uses are views of the moon and
deep space. The MODIS albedo algorithm adopts a semi-empirical, kernel-driven linear
Bidirectional Reflectance Distribution Function (BRDF) to characterize the anisotropy of the
global surface (Lucht et al., 2000a; Schaaf et al., 2002). The BRDF model relies on the
weighted sum of three parameters that are retrieved from the multi-spectral, multi-date, cloud-
free atmospherically-connected surface reflectances associated.

To plot the anomaly maps, I aggregated the half-degree and one-degree products to a
2.8° x 2.8° grid, compatible with the CCM3 output. When necessary, a linear interpolation
was used to fill the missing values for the ERBE, MODIS white-sky and MODIS black-sky

products.
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4.2.3. Field albedo measurements

Field data used in this study were measured at three sites in the Amazon region during
the ABRACOS (Anglo Brazilian Amazonian Climate Observation Study) and LBA (Large-
Scale Biosphere-Atmosphere Experiment in Amazonia) projects. Ducke and Cuieiras (K34)
Reserves (02° 57°S, 59° 57" W and 02° 35°S, 60° 06' W) are INPA (Instituto Nacional de
Pesquisas da Amazdnia) protected forest reserves, about 25 km north-east and 60 km north of
Manaus, respectively. Jaru Reserve (10° 05°S, 61° 55”W) is an IBAMA (Instituto Brasileiro
do Meio Ambiente e dos Recursos Naturais Renovaveis) Forest Reserve and is located about
80 km north of Ji-Parand in Rondonia State. At the Cuieiras Reserve a piranometer (Kipp &
Zonen, Delft, Netherlands), connected to a datalogger model (CR10, Campbell Scientific)
measured incident and reflected solar radiation each 30 minutes. For the remaining sites, the
incident and reflected solar radiation were measured using two solarimeters (Kipp and Zonen,
Delft, the Netherlands). These instruments are part of an automatic weather station (Didcot
Instruments, Abingdon, UK) connected to a datalogger (CR10, Campbell Scientific,
Shepshed, UK) and hourly-averaged data were recorded. I used incident and reflected solar
radiation data, collected from June 1999 to September 2000 at Cuieiras Reserve, from January
to December of 1995 at Ducke Reserve and from January to December of 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.

4.3. RESULTS AND DISCUSSION
Initially, IBIS was calibrated against data measured at Jaru Biological Reserve, with an
absolute error of - 0.002 and a root mean square error of 0.007.

Figure 4.1 shows, for the Amazon region, the spatial variability of the average annual

albedo (a) simulated by IBIS, and derived remotely sensed products: (b) CG99, (¢) ERBE, (d)

66



SRB/ISLSCP2, (e¢) UMD, (f) MODIS Black-sky and (g) MODIS white-sky and the respective
differences: (h) IBIS-CG99, (i) IBIS-ERBE, (j) IBIS-SRB/ISLSCP2, (k) IBIS-UMD, (1)
IBIS-MODIS Black-sky and (m) IBIS-MODIS white-sky.

It can be seen through the anomaly maps (Figures 4.1h to 4.1n) that the remote sensing
albedo products that present best agreements related to CCM3 were MODIS-bsa (difference -
1) and the CG99 (difference +1.5), as showed in the Figures 1b and 1e, respectively. The other
products SRB/ISLSCP2, UMD, MODIS-wsa and ERBE present average anomalies of -2.5, -
2.5, -2.8 and -3.0, respectively. The smallest differences between CCM3 model and MODIS-
bsa that calculate wholly direct radiation probably occur because CCM3 may be giving higher
weighting to direct radiation rather than to diffuse radiation in the algorithm used to calculate
the albedo. In addition, the worst simulation of MODIS white- compared to black-sky albedos
may be explained by the overestimation the increase of albedo with solar zenith angle (Oleson
et al., 2003). The authors found 1% to 5% to VIS and 1% to 15% in the NIR, while in this
work MODIS white-sky albedo overestimated the black-sky albedo in 13% approximately.
Differences among the remotely sensed albedos from several products studied may be
attributed by the different spectral distribution of incoming radiation and the capacity of the
algorithms of each product to filter the confounding effects such as atmospheric scattering and
absorption anisotropy, inadequate spatial sampling and narrowband to broadband conversions
(Oleson et al., 2003). In addition, although all of these instruments have been carefully
calibrated, some differences among them are expected (Smith et al., 2006), including the
continuous degradation while they are in orbit (eg. degradation of spectral response of each

channel).
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Figure 4.1. Spatial variability of the surface albedo simulated by the (a) CCM3 model and
albedo products derived from six remote sensing for Amazon basin: (b) CG99, (c)
ERBE, (d) SRB/ISLSCP2, (e) UMD, (f) MODIS Black-sky and (g) MODIS white-
sky and it respective anomalies: (h) CCM3-CG99, (i) CCM3-ERBE, (j) CCM3-
SRB/ISLSCP2, (k) CCM3-UMD, (I) CCM3-MODIS Black-sky and (m) CCM3-
MODIS white-sky.
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Figure 4.2 shows the seasonal profile of the CCM3 simulated albedo and albedo
products derived from six remote sensing (CG99, ERBE, SRB-ISLSCP2, UMD, MODIS
White-sky and black-sky) for the Amazon basin and also representation of field albedo data at
the Biological Reserves of Cuieiras (K34), Ducke and Jaru. Overall, an overestimation of the
albedo derived from the satellites products in relation to the CCM3 model was observed,
except for CG99 product that underestimated it. Brest et al. (1997) examining a complete 8-
year record of cloud and surface properties obtained with the first calibration reveals a
systematic “step-down” in monthly global mean VIS reflectance at each transition of polar
orbit from NOAA-7 to NOAA-9 between January and February 1985, and from NOAA-9 to
NOAA-11 between October and November 1988 (Klein and Hartman, 1993; Rossow and
Cairns, 1995). On the other hand, Csiszar and Gutman (1999) affirm that heavy aerosol
loading introduces errors for extremely low or high albedos. It can be observed during the end
of the dry-season, because the biomass burning aerosols. In addition, the initial monthly
product showed obvious aerosol signal in tropical evergreen regions; hence monthly values
were replaced by yearly minima in those areas. The amplitudes among the simulated albedo
(CCM3) and those generated by the satellite products as well those measured punctually at the
field by meteorological tower were smaller under the less rainy period (from June to August),
except for ERBE product. The better agreement for this period is probably due to best chance

for obtaining cloud- and smoke-free background values.
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Figure 4.2. Seasonal variability of the surface albedo simulated by the CCM3 model and

albedo products derived from six remote sensing for Amazon basin, and measured

at three study sites.
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Figure 4.3 shows the seasonal profile of the albedo simulated by the CCM3 model and
the albedo derived by the six remote sensing products for the representative pixels which
include the micrometeorological towers of the Biological Reserves of (a) Cuieiras (K34) and
Ducke and (b) Jaru. Observing the isolated pixel, a good adjustment of the field measured data
at the three sites: Cuieiras and Ducke, located at Amazonas State (Figura 4.4a); and at Jaru
(Figura 4.4b), located at Rondonia State. Overall, MODIS-bsa presented the smallest
amplitude when compared to field measurements and CCM3 simulation data, again. The
smallest albedo differences among the satellite products and simulated by the CCM3 model
were observed from June to August (less rainy period), probably because there are less
cloudiness as confirmed by amount of pixels contaminated by cloud (Durieux et al., 2003),
reducing the number of pixels contaminated by clouds, except for ERBE product (Figure 4.3b).
Highest albedo differences were found for the Biological Reserves of Cuieiras and Ducke,
probably due to both are located nearby urban-areas, causing higher vegetation cover
variability (Figure 4.3a).

As can be seen in Figures 4.2 and 4.3, the greatest differences between the albedos
computed by CCM3 and ERBE, from June to August, probably are due to aerosol effects not
included in the calculation and some due to the fact that ERBE may designate scenes as clear
when they have a small amount of sub-pixel cloudiness in their view. For the other months,
higher amplitude values may be attributed by the cloud contamination of the scenes (especially
during the rainy season, from December to May), the instruments errors, the sampling errors,
and the uncertainties in models used in the data processing. Indeed, the increase of biomass
burning aerosols in the atmosphere, with peak in September, contributes to the increase of the
amplitude among the satellite albedo products and CCM3 albedo model, especially for the

pixel comprising the Jaru Reserve (Ji-Parand, RO), which is located in the Amazon arc of
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Figure 4.3.
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Seasonal variability of the surface albedo simulated by the CCM3 model and
albedo products derived from six remote sensing for the pixels comprising the

three study sites, and albedo measured at the (a) Manaus (Cuieiras and Ducke)

and (b) Jaru sites.

72



deforestation. In this specific site, UMD and SRB/ISLSCP2 products presented greatest
variation in relation to the CCM3 model and the field-observed albedos.

In spite of field measurement albedo data is adequate to characterize a specific site;
some differences are foreseen when compared to remotely sensed data, because some spatial
variability is expected in the vicinity of any tower even in relatively homogenous locations
(Lucht et al., 2000b).

Although validation of a satellite derived albedo is almost impossible, once aircraft
measurements cover large areas, ground truth albedo can be used as a procedure to assess the
uncertainty of the estimated product (Lucht et al., 2000b; Justice et al., 2000; Jin et al. 2003).

In spite of some improvements of the remote sensing albedo products have been
observed during the last years, it is important to point out that incorporation of more accurate
models and atmospheric information at different steps of the retrieval procedure may improve

the quality of albedo products.

4.4. SUMMARY AND CONCLUSIONS

In this work, simulated albedo is computed by CCM3 coupled with IBIS and compared
against six different albedo products derived from remote sensing: CG99, ERBE, SRB-
ISLSCP2, UMD, MODIS white-sky and MODIS black-sky), including also representation of
field albedo data at three study sites (Cuieiras, Ducke, and Jaru Reserves). A considerable
variation among the albedo estimated by the different remote sensing products was observed,
including great seasonal differences. MODIS black-sky albedo product presents the smallest
amplitude in relation to the CCM3 simulated and field observed albedos. Biomass burning
aerosols released to atmosphere, especially during the end of dry season, introduces increased errors
to the surface albedo retrieved from UMD, SRB-ISLSCP2 and ERBE. These results suggest that

some caution be exercised when using satellite albedo products over the Amazon basin and
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more accurate sensors and algorithms need to be developed for reducing the uncertainties

involved in the data processing.
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CHAPTER 5

RADIATIVE PROCESSES OF PRECIPITATION CHANGE AFTER TROPICAL

DEFORESTATION

5.1. INTRODUCTION

Amazon is one of the regions where the regional climate response to the underneath
vegetation is most intense. According to several studies, that studied slightly different
scenarios using different climate models, a large-scale conversion of tropical rainforest to
pastureland leads to a decrease in local precipitation, which is linearly related to surface
albedo changes (Figure 5.1).

Despite this general agreement, there are still many unanswered questions
regarding the effects of tropical deforestation on the regional climate. For example, it has
not been explained why some experiments, like Nobre et al. (1991), show a consistent
decrease in precipitation over all the deforested area, while others (eg. Lean and Rowntree,

1997; Costa and Foley, 2000) show different spatial patterns of decrease/increase of
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precipitation, with a predominance of decrease. In addition, there is a contradiction
between large-scale numerical deforestation studies, which predict a decrease in cloudiness
and precipitation, and the observations of the current climate above deforested areas, which
show increased cloudiness (Cutrim et al., 1995; Negri et al., 2004). The answer to these
questions may lie on the competing effects that non-radiative and radiative processes have
on the determination of precipitation change after a tropical deforestation, as well as on the
linear response of precipitation to surface albedo (Dirmeyer and Shukla, 1994; Berbet and

Costa, 2003, among others).
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Figure 5.1. Annual mean precipitation profile as a function of albedo changes for different

climatic experiments.

In this context, I run eleven simulations using the NCAR Community Climate
Model (CCM3) coupled to the Integrated Biosphere Simulator (IBIS) to carefully
investigate these processes. This chapter concentrates on the radiative processes of the
precipitation change after tropical deforestation, while a companion paper will investigate

the effects of non-radiative processes on the Amazon precipitation changes. The numerical
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experiment is designed to cover a wide range of changes in land surface albedo and in
surface net radiation, so that reliable relationships between precipitation change and
radiative budget could be obtained.

This chapter is organized in 8 sections: Sections 2 and 3 describe the models used
and the experiment design, Sections 4 to 6 present the results of the numerical climate

experiment and Sections 7 and 8 present a discussion and conclusions.

5.2. MATERIALS AND METHODS
5.2.1. Description of the CCM3-1BIS model

The NCAR Community Climate Model — CCM3 (Kiehl et al., 1998) is a spectral
atmosphere model of the horizontal fields. The model operates at a resolution of T42, at
about 2.81° x 2.81° and has 18 vertical levels and operates with a 20-min step. The
diagnosis of cloud fraction represents a generalization of the scheme introduced by Slingo
(1987) and depends on relative humidity, vertical pressure velocity, ®; atmospheric
stability; and the convective mass flux associated with parameterized moist convection.
Three types of cloud are diagnosed by the scheme: convective cloud, layered cloud, and
low-level marine stratus (Kiehl et al., 1998). Precipitation occurs in two forms: stable and
convective. When the column is stable to moist convection, only stable precipitation occurs
whenever saturated conditions exist. The phase of precipitation for surface accumulation
depends on low-level temperature. Convective precipitation occurs when the column is
unstable to moist convection and this precipitation process is monthly independent of the
cloud prediction scheme and of the radiative properties of clouds (Kiehl et al., 1998).

The land surface radiation budget is computed by the Integrated Biosphere
Simulator — IBIS (Foley et al., 1996). IBIS has two vegetation layers (i.e., trees and short

vegetation), a variable number of soil layers, and includes representations of land surface
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processes, like energy, water and momentum exchange between the soil-vegetation-
atmosphere system, and also includes vegetation dynamics component that, in this study is
disabled (use only static vegetation). In IBIS, the exchange of solar radiation between the
soil-vegetation-atmosphere system 1is calculated following the standard two-stream
approximation, with separate calculations for direct and diffuse radiation in both visible
(VIS) and near-infrared (NIR) bands. In these simulations, IBIS operated on the same T42
spatial resolution as the CCM3 atmospheric model. I also modified the IBIS model to
introduce a new land cover type, a soybean cropland. This new land cover type is based on
the physiology of a C3 grass, but has specific phenology parameterizations that emulate a

soybean crop that grow in Amazonia.

5.2.2. Experiment design

A climate experiment is designed to elucidate the radiative effects of precipitation
change after tropical deforestation on regional climate in Amazon. All of the simulations
are run for 12 years, using the same initial conditions, but only the last 10 years are
averaged to analyze the results. The first two years of simulation are discarded, and are
used to let the model reaches an equilibrium state, specifically with respect to soil
moisture. In all simulations, sea surface temperature and atmospheric composition are set
to the average of 1990 decade.

In this study, I conducted eleven simulations, described below:
(a) Control runs (Rainforest land cover): We run two repetitions (F*, F"), where the only
difference between them is the albedo of the rainforest, which is set to 0.125 (F*) and

0.129 (F"), respectively (Culf et al., 1995). LAI and biomass of the rainforest are set

t0 5.94 m* m” and 10.36 kg C m’ (Roberts et al., 1996; Medina and Cuevas, 1996);
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(b) Pasture land expansion. It is divided in three different simulations, where pastureland
partially replaces the original rainforest in each Amazonia grid cell, increasing

gradually from 0% (control run) to 25%, 50% and 75%. For each level of

a

deforestation, I run two repetitions (P3s,,, Phs,» P> Pooi» Pisy» Phey, ) Where the
unique difference between them is the albedo of the pasture, which is set to 0.177 and
0.182, respectively (Culf et al., 1995). Average LAI of the pastureland is set to 3.18
m’ m™ (Roberts et al., 1996; Medina and Cuevas, 1996);

(¢) Soybean land expansion. It is divided in three simulations, where each Amazonia grid
cell partially replaces the original rainforest by pastureland, increasing gradually from
0% (control run) to 25% (S25%), 50% (Sso%)and 75% (S7s%).

In this climate experiment, I assumed a planting date of January 5™ as most
representative for the region, representing an increasing of albedo and LAI during harvest
with maximum peak of 0.26 and 5.98 m*> m™, respectively, in March 19", decreasing after
the harvest in May when the leaves fall and dry, completing, this way, the seasonal cycle
of soybean crop. In our model representation of soybean albedo, I chose to represent the
values of albedo according to the literature that suggest a peak of 0.26 (Blad and Baker,

1972; André and Viswanadhan, 1983; Fontana et al., 1991).

5.3. RESULTS
5.3.1. Precipitation dependence on surface radiation balance

In this study, I evaluated the radiative processes of precipitation change after
tropical deforestation through the analysis of the anomaly fields of precipitation (P’),
surface reflected radiation (Sr’), surface net radiation (Rn’), total cloud cover (C’) and
vertical wind velocity (®’) between deforested (pasture and soybean) and forested

conditions, considering the deforestation levels of 25%, 50% and 75% for both pasture and
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soybean cropland. The use of pasture and soybean land covers for the deforested cases, as

well as the use of different deforestation levels, allows the study of a wider range of

surface radiation anomalies, helping to establish the relationships between the variables.
Figure 5.2 shows the linear relationship between the precipitation anomalies, P’

(difference between P52, , PS, , PS5, and F ) against the annual mean albedo anomalies,

o’ (Figure 5.2a) and against the annual mean net radiation, Rn’ (Figure 5.2b) for the

(a) Annual mean
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Figure 5.2. Annual mean precipitation anomaly as a function of albedo anomaly (a) and

net radiation anomaly (b), for different levels of pastureland and soybean

cropland expansions.
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different types of land cover (pasture and soybeans) and different levels of deforestation
(25%, 50% and 75%). Changes in land surface albedo and in surface net radiation explain
about 96% (P<10™") and 99% (P<10™'") of the precipitation anomaly variance. These
results are similar to those presented in Figure 5.1, although they have less dispersion, due
to the use of a single climate model.

To represent the seasonal variability in both incoming radiation (S;j,) and surface
albedo, I studied the changes in the precipitation after deforestation against changes in the
reflected radiation after deforestation (Sr’, Sr = S;, «.) and surface net radiation (Rn’) at
the semester and trimester time scales. In these analyses, each point represents an average
of each band of latitude, totaling eight bands throughout the studied area.

In a semester basis (Figure 5.3), it is observed a linear decrease of precipitation
anomaly with the increase of Sr’ variance (R? varies from 42 to 47%) and with the
decrease of Rn’ (R? varies from 56 to 73%). The same profile is observed at a trimester
basis (Figure 5.4). Overall, 26% (P<10™") of variance in P’ is explained by the variance in
Sr’ when all trimesters are analyzed (Figure 5.4e), agreeing with the 28% found by Berbet
and Costa (2003). For each 10 W m™ increase in Sr’, the precipitation is reduced by
approximately 0.63 mm day™', while a reduction of 10 W-m™ in Rn’ induces a decrease in

the range of 0.31- 0.38 mm day .
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Figure 5.3. Semester mean precipitation anomaly as a function of albedo anomaly for the

dry semester (a), rainy semester (b), and both (c), and as a function of net

radiation anomaly for the dry semester (d), rainy semester and both (f). White

squares represent pastureland and gray squares represent soybean cropland.
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Figure 5.4. Trimester mean precipitation anomaly as a function of albedo anomaly for the
January to March trimester (a), April to June trimester (b), July to September
trimester (c), October to December trimester (d) and all trimesters (e), and as a
function of net radiation anomaly for the January to March trimester (f), April
to June trimester (g), July to September trimester (h), October to December
trimester (i) and all trimesters (j). White squares represent pastureland and gray

squares represent soybean cropland.
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5.3.2. Clouds dependence on surface radiation balance and feedbacks on the incoming

solar radiance

Figure 5.5 shows the annual mean cloudiness anomalies (C’) as a function of

albedo and net radiation anomalies. Changes in land surface albedo and in annual mean net

radiation explain about 97% (P<10"®) and 88% (P<10"'") of the cloudiness variance,

respectively, when different types of land cover and levels of deforestation were

considered. An increase in o’ or a decrease in Rn’ induces a decrease in C’.
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Figure 5.5. Annual mean total cloud anomaly as a function of albedo anomaly (a) and net

radiation anomaly (b), for different levels of pastureland and soybean cropland

expansions.
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Similar results are found at the semester (Figure 5.6) and trimester (Figure 5.7)
basis. Variations in C’ are better explained by Sr’ and Rn’ during the rainy season than
during the dry season (Figures 5.6b, 5.6¢, 5.7a, 5.7f and 5.71). Note that positive values of
C’ are common for low levels of pastureland expansion (low Sr’). This is consistent with
the results found by several authors. Initially, Chu et al. (1994) analyzed outgoing
longwave radiation (OLR) from 1974 to 1990 and monthly rainfall totals at Belém and
Manaus. Both analyses showed increasing trends in cloudiness and precipitation (related to
an increase in convection) associated with deforestation over almost the entire Amazon
basin. The most significant increase in convection was found in the western equatorial part
of Amazonia, along the eastern slope of the Andes, where rainfall is most abundant. In
addition, Cutrim et al. (1995) using the GOES (Geostationary Operational Environmental
Satellite) visible imagery, demonstrated that an enhanced frequency of shallow cumulus
cloudiness is formed primarily over deforested regions and over topographic elevations
during the dry season in the Amazon.

Furthermore, Negri et al. (2004) observed that in the dry season, when the effects of
the surface are not overwhelmed by large-scale weather disturbances, cumulus cloudiness,
deep convective cloudiness, and rainfall occurrence are larger over the deforested and
savanna regions than over areas of dense forest. This can be in response to a local
circulation initiated by the differential heating of the region’s varying forestation. Finally,
Durieux et al. (2003) verified during the wet season that convective cloudiness is stronger
over deforested areas, while a significant decrease in convective cloudiness is seen during
the dry season, together with an increase in low-level clouds, mainly made up of shallow
cumulus clouds, that with subsequent expansion of deforestation these clouds tend to

stabilize.
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Figure 5.6. Semester mean total cloud anomaly as a function of albedo anomaly for the

dry semester (a), rainy semester (b), and both (c), and as a function of net

radiation anomaly for the dry semester (d), rainy semester and both (f). White

squares represent pastureland and gray squares represent soybean cropland.
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Figure 5.7. Trimester mean total cloud anomaly as a function of albedo anomaly for the
January to March trimester (a), April to June trimester (b), July to September
trimester (c), October to December trimester (d) and all trimesters (e), and as a
function of net radiation anomaly for the January to March trimester (f), April
to June trimester (g), July to September trimester (h), October to December

trimester (i) and all trimesters (j). White squares represent pastureland and gray

squares represent soybean cropland.
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Figure 5.8. Annual mean incoming solar radiation anomaly as a function of total cloud
anomaly (a) for different levels of pastureland and soybean cropland
expansions. Semester mean incoming solar radiation anomaly as a function of
total cloud anomaly for the dry semester (a), rainy semester (b), and both (c).
Trimester mean incoming solar radiation anomaly as a function of total cloud
anomaly for the January to March trimester (a), April to June trimester (b), July
to September trimester (c), October to December trimester (d) and all
trimesters (e). White squares represent pastureland and gray squares represent
soybean cropland.
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The incoming radiation cloud feedbacks are shown in Figure 5.8. Changes in
annual mean cloudiness explain about 80% (P<107) of the annual mean incoming solar
radiation variance. A linear relationship is observed for all studied cases, presenting a
positive anomaly that decreases with the increase of cloudiness anomaly. The higher
dispersion of the data, compared to the previous analyses, is probably due to the several

types of clouds and optical properties present in the region

5.3.3. Convection dependence on surface radiation balance

Figure 5.9 shows the relationship between vertical wind velocity anomaly at 500
hPa (®’) and albedo and net radiation anomalies for different types of land cover and
different levels of deforestation. A positive anomaly indicates a stronger subsidence over
the studied area. Changes in land surface albedo and in net radiation explain about 89%
(P<10'") and 97% (P<10""") of the vertical wind variance, respectively.

Similar results are found at the semester (Figure 5.10) and trimester basis (Figure
5.11). Following the results for the cloudiness, ®’ is more dependent on Sr’ and Rn’ during
the rainy season than during the dry season (Figure 5.10), in particular during Oct-Dec
(Figure 5.11d and 5.111).

Figure 5.12 shows the linear relationship of the precipitation anomalies as a
function of ®’ in an annual, semester and trimester basis. At the annual basis, 98% (P<10
') of variation of the precipitation anomaly is explained by the changes in ®’. The
precipitation anomaly reduces with the increase of the ®’ anomaly. Changes in Rn’ and o’
due to the replacement of forest in different types of land cover (pasture and soybean crop),
cause changes on precipitation and vertical wind velocity. Similar profile is verified at the

semester and trimester analysis (Figures 5.12b to 5.121).
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Figure 5.9. Annual mean vertical velocity anomaly as a function of albedo anomaly (a)

and net radiation anomaly (b), for different levels of pastureland and soybean

cropland expansions.
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Figure 5.10. Semester mean vertical velocity anomaly as a function of albedo anomaly for
the dry semester (a), rainy semester (b), and both (c), and as a function of net
radiation anomaly for the dry semester (d), rainy semester and both (f). White

squares represent pastureland and gray squares represent soybean cropland.
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Figure 5.11. Trimester mean vertical velocity anomaly as a function of albedo anomaly for
the January to March trimester (a), April to June trimester (b), July to
September trimester (c), October to December trimester (d) and all trimesters
(e), and as a function of net radiation anomaly for the January to March
trimester (f), April to June trimester (g), July to September trimester (h),
October to December trimester (i) and all trimesters (j). White squares

represent pastureland and gray squares represent soybean cropland.
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Figure 5.12. Annual mean precipitation anomaly as a function of vertical velocity anomaly
(a) for different levels of pastureland and soybean cropland expansions.
Semester mean precipitation anomaly as a function of vertical velocity
anomaly for the dry semester (a), rainy semester (b), and both (c). Trimester
mean precipitation anomaly as a function of vertical velocity anomaly for the
January to March trimester (a), April to June trimester (b), July to September
trimester (c), October to December trimester (d) and all trimesters (¢). White
squares represent pastureland and gray squares represent soybean cropland.
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Figures 5.13 and 5.14 show the seasonal profile of vertical wind velocity at 500

hPa, o, for forest (F*) (Figures 5.13a, 5.13b, 5.14a and 5.14b) and for their anomalies
() over different types of land cover and different levels of deforestation (P, - F®:
Figures 5.13c and 5.13d, PS5, - F** : Figures 5.13¢ and 5.13f, P2, - F**: Figures 5.13g and

5.13h, Sysy, - F* : Figures 5.14c and 5.14d, Ssoe, - F* : Figures 5.14e and 5.14f, Sys0, - F*

Figures 5.14g and 5.14h). The left column represents the rainy season (February to April),
and for the right column represents the dry season (July to August). A strong convection is
observed in the tropical forest throughout of the rainy season, decreasing in dry season. On
the other hand, Amazon land surface deforestation result in a reduction in convection and
precipitation, generating stronger subsidence motions over the region (®»’>0), once the
albedo values increase and cause reduction in Rn’ as a response to the reduction of land
cover, as verified for the soybean cropland analyzed in this study (Figures 5.13c to 5.13h

and 5.14c to 5.14h).
Seasonal precipitation profile is also observed in the Forest (F*) and in the

anomalies for different types of land cover (P%,, P¥, P2, Sasu, Ssow, S7s) and in

different levels of deforestation at 500 hPa, considering the three rainiest months (February
to April) and driest months (June to August) (Figures 5.15 and 5.16). In the Amazon region
the rainfall is mainly of convective origin. In the forest the evapotranspiration is
continuous throughout the year, presenting deep roots and also more available radiation,
associated mainly to the smaller value of albedo. This profile can be evidenced in the rainy
season (Figures 5.15a and 5.16a) and a little less in the dry season, where a subsidence
motions begins to be evidenced. That motion expands with the increase of deforestation
from 25% to 75%, modifying the rainfall pattern. The combined effects of changes in o’,

o’ and C’ results changes in the rainfall. Figures 5.15c to 5.15h and 5.16¢ to 5.16h show a
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Figure 5.13. Seasonal profile of vertical velocity at 500 hPa, in forest (F°) for the

February to April trimester (rainy season) (a) for the June to August trimester
(dry season) (b) for the vertical velocity anomalies in different levels of

pastureland expansions: P52, - F* (¢), P&, -F® (d) and PS5, - F°° (e) for the
February to April trimester, respectively, and for the anomalies P55, - F* (c),
P&, -F* (g) and P, - F°° (h) for the June to August trimester, respectively.

Positive values are represented by solid line and indicate decrease in vertical
motion and negative values are represented by dashed line and indicate
increase in vertical motion.
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Figure 5.14. Seasonal profile of vertical velocity at 500 hPa, in forest (F®) for the

February to April trimester (rainy season) (a) for the June to August trimester
(dry season) (b) for the vertical velocity anomalies in different levels of
soybean cropland expansions: Syso, - F* (c), Ss% - F* (d) and S50, - F° (e)
for the February to April trimester, respectively, and for the anomalies S,sv, -
F® (c), Sso - F*° (g) and S7s0, - F*°(h) for the June to August trimester,
respectively. Positive values are represented by solid line and indicate

decrease in vertical motion and negative values are represented by dashed line
and indicate increase in vertical motion.
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Seasonal profile of precipitation at 500 hPa, in forest (F ) for the February

to April trimester (rainy season) (a) for the June to August trimester (dry
season) (b) for the precipitation anomalies in different levels of pastureland

expansions: P55, - F* (¢), P%,, -F* (d) and PS5, - F° (e) for the February to
April trimester, respectively, and for the anomalies P55, - F* (c), P%,, -F<°
(g) and P2, - F*° (h) for the June to August trimester, respectively. Negative

values are represented by dashed line and indicate decrease in pasture
precipitation and positive values are represented by solid line and indicate
increase in pasture precipitation.
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Figure 5.16. Seasonal profile of precipitation at 500 hPa, in forest (F*) for the February

to April trimester (rainy season) (a) for the June to August trimester (dry
season) (b) for the precipitation anomalies in different levels of soybean

cropland expansions: Ssse, - F° (c), Ssov - F* (d) and S7sv, - F° (e) for the
February to April trimester, respectively, and for the anomalies S»so, - F* (c),
Sso% - F* (g) and S;s0, - F®(h) for the June to August trimester,

respectively. Negative values are represented by dashed line and indicate
decrease in pasture precipitation and positive values are represented by solid
line and indicate increase in pasture precipitation.
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fairly significant decrease in rainfall over the deforested region, implicating in reduced
ascent at 500 hPa. This decrease is statistically significant at 95% level of confidence

(Table 5.2).

Table 5.2. Coefficient of determination (R?) of the linear regression analysis between Rn’
(surface net radiation), @’ (wind vertical velocity), C’ (total cloud) and P’ (precipitation)

versus the variables in the left bar.

Rn’ ®’ C’ P’
Sr’ 0.93 0.85 0.98 0.93
Rn’ - 0.97 0.88 0.97
®’ - - 0.82 0.98
C - - - 0.91

5.4. DISCUSSION

This climate experiment was designed to cover a wide range of variation in land
surface albedo and in the surface net radiation, by replacing a low-albedo rainforest by two
land cover types, a mid-albedo pastureland and a high-albedo soybean cropland,
considering different levels of deforestation (25%, 50% and 75%). The choice of low
deforestation levels also allows a closer comparison to the (current) observed variations.

A summary of all experiments is presented in Table 5.1. Simulated mean values of
precipitation and evaporation for tropical rainforest are 5.44 and 3.85 mm day™. Several
authors, reviewed by Costa and Foley (1998), found mean precipitation values from 5.19 to
6.36 mm day”', with an average of 5.84 mm day”'. Annual mean evapotranspiration from

LBA towers values range from 3.30 to 3.68 mm day™ (Biajoli, 2006). Deforestation had a
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Table 5.1. Annual mean of the variables and of some parameters: Rn (net radiation), Sin (downward solar radiation), Sout (upward solar

radiation), Lin-Lout (longwave balance), P (precipitation), E (evaporation), LE (latent heat flux) and H (sensible heat flux) for the simulations
F ®* (Forest, control run), P52, (75% forest and 25% pasture), P &, (50% forest and 50% pasture), P55, (25% forest and 75% pasture), S25% (75%
forest and 25% soybean), S50% (50% forest and 50% soybean), S75% (25% forest and 75% soybean), P (extrapolating to 100% of forest
replaced by pasture), Sl (extrapolating to 100% of forest replaced by soybean), Py - F ° ( difference between pasture and forest) and S -

F °* (difference between soybean and forest).

Experiment
F P s Py P oy Sas% Ss0% S75% Piotal Swoal | Piota1 - F* Sigtar - F*
Rn (W m?) 139.0 143.0 141.0 139.2 133.3 127.0 122.0 137.5 116.0 -1.4 -23.0
LE (W m™) 112.8 107.7 101.7 95.7 100.8 91.6 82.8 89.7 73.8 -23.1 -39.0
H (W m™) 27.9 36.3 40.2 44.6 33.7 36.4 39.7 48.7 42.7 -20.8 -14.8
Sin (W m™) 2162 | 229.2 2334 2378 | 2319 236.8 242.0 | 242.0 247.1 +25.8 +30.9
Sout (W m'2) 27.5 34.0 37.2 40.2 40.2 46.3 52.1 43.3 58.1 +15.8 +30.6
Lin-Lout (W m'2) 49.8 52.7 55.6 57.1 58.4 63.4 68.2 59.3 73.1 +9.5 +23.5
P (mm day'l) 5.44 5.52 5.38 5.28 5.01 4.66 4.42 5.16 4.13 -0.28 -1.31
E (mm day'l) 3.85 3.67 3.48 3.28 3.43 3.13 2.83 3.09 2.53 -0.76 -1.31
o 0.127 | 0.148 0.159  0.169 | 0.174  0.196  0.216 | 0.179  0.237 +0.052 +0.110
C 0.729 | 0.725 0.716 ~ 0.707 | 0.710  0.691 0.676 | 0.698 0.658 -0.032 -0.071
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substantial effect on the climate of the tropical forest region examined as a reduction in
precipitation of -0.3 mm day ™ and in evaporation of -0.8 mm day™.

The radiative mechanism for precipitation reduction after tropical deforestation
goes as follows: The increased albedo reduces the surface net radiation. In a region where
convection is strong, this weakens the convective activity, reducing cloudiness and
precipitation. The cloud reduction, however, increases the incoming radiation, introducing
a negative feedback on the process. The final precipitation decrease is smaller in the

presence of the cloud feedback than it would be in their absence (Figures 5.17 and 5.18).

Radiative Processes

I

v
IRER
Rn' =12.82 - 1.2234Sr’
Cloud v R2=0.93, P<1012
Feedbacks ﬂ Rn’ ﬁ
'=-0.001 - 0.0004Rn’
Il R2=0.97, P<107
o]l
C' =-0.02 - 4.3364w’
y R2=0.82, P<10®
H el
Sin’ = 13.32 - 234.25C’ P'= 0.20 - 22.976C’
R2=0.80, P<10”’ ﬂ y R2=0.91, P<1011
Pl

Figure 5.17. Diagram of anomalies of radiative processes.
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with cloud feedbacks

~ U} negative feedbacks
without cloud feedbacks ~~_

(0

Figure 5.18. Schematic representation of the precipitation changes with and without cloud

feedbacks.

The results of this study not only agree with previous observational, modeling and
theoretical studies on the subject, but also help explain the dichotomy between the
decreasing precipitation results from full large-scale deforestation climate experiments, and
the observed increase in cloudiness and precipitation over mesoscale deforested regions.
The next paragraphs discuss each of these points.

Results of incoming solar radiation and surface net radiation from this experiment
diverge of the results observed from the ABRACOS experiment, which was especially
designed to contrast the microclimatology of forested and deforested conditions. In this
study incoming solar radiation assumed the values of 216.2 and 242.0 W m™ for forest and
pasture, respectively and, surface net radiation assumed the values of 139.0 and 137.5 W
m? (Table 5.1). On the other hand, Culf et al. (1996) analyzing results from ABRACOS
experiment found 193.63 and 192.59 W m™ for incoming solar radiation and 131.25 and
116.67 W m? for surface net radiation for forest and pasture in the Ji-Parana region,
respectively; while Nobre et al. (1996) encountered 228.01 and 218.75 W m™ for incoming

solar radiation and, 138.89 and 122.69 W m™ for surface net radiation, respectively. These
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divergences probably occur due to the scale which the observations were made. Incoming
solar radiation and surface net radiation increase over deforested area in the model in study
because the cloudy feedbacks. On the other hand, contiguous area of pasture in the
ABRACOS experiment probably was very little so that these feedbacks occurred.

The results also help explain several inconsistencies among previous published
modeling results. I will separate the discussion in two: climate sensitivity to increased
albedo, and the role of albedo in determining spatial patterns of increase/decrease in
precipitation.

Most Amazon deforestation climate experiments show an average decrease in
precipitation over the deforested area. Some experiments, however, like Nobre et al.
(1991), show a consistent decrease in precipitation over all the deforested area, while
others (eg. Lean and Rowntree, 1997; Costa and Foley, 2000; Voldoire and Royer, 2004)
show different spatial patterns of decrease/increase of precipitation, but with a
predominance of decrease. This different behavior is easily explained by Figures 5.3 and
5.4. In these figures, the mid-albedo pastureland is represented by gray boxes, while the
high-albedo soybean cropland is represented by the white boxes. Each box represents the
average state for a group of deforested Amazon grid cells over a band of latitude. From
these figures, it is clear that, the higher the increase in Sr (o), the lower the likelihood of a
group of grid cells to show a positive anomaly of precipitation. Thus, the low values of
land surface albedo anomaly in Costa and Foley (2000) — 0.035 — and in Lean and
Rowntree (1997) — 0.05 — are consistent with a spatial patterns of mixed decrease and
increase of precipitation, while the high land surface albedo anomaly in Nobre et al. (1991)
— 0.09 — is consistent with a regular pattern of precipitation decrease. Thus, the
discrepancies in the regional precipitation patterns in the literature are mainly radiatively

controlled, and are, in fact, a consequence of the land surface albedo choice of the modeler.
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Our results are also consistent with the theoretical studies published. The theoretical
background about the precipitation changes after a tropical deforestation can be traced to
three main articles. Charney (1975) hypothesized that the subsidence over the Sahara
desert, at that time explained only by the descendent branch of the Hadley cell, might be
strengthened by its high albedo. Charney theory considered a dry atmosphere, and could
not be applied to humid tropical regions like the Amazon rainforest. Later, Eltahir (1996)
proposed a similar theory that considered a moist atmosphere. According to the author, the
increase of surface albedo after deforestation cause a reduction in the net surface radiation,
which cools the upper atmosphere over the deforested area, inducing a direct thermal
circulation causing a descendent motion over the deforested region, which results in
subsidence. Zeng and Neelin (1999) completed Eltahir’s theory, using linear assumptions
to describe the radiative processes, and the energy, water balance and cloud-radiative
feedback mechanisms in the atmospheric column. His final formulation proposes a linear
relationship between P’ and (Siya)’, or Sr’, similar to the statistically significant regression
equations in Figures 5.3 and 5.4.

The anomaly in precipitation is explained by radiative and non-radiative processes.
The precipitation change after a tropical deforestation may be explained by the simplified
equation 1

P’ =ang + br R’ (1)
where P’ is the anomaly in precipitation, Rn’ is the increase in surface net radiation, ayg is
a linear coefficient, related to non-radiative processes, and by is an angular coefficient,
related to radiative processes (Figure 5.1). From our analysis, usually the non-radiative
term (anr) 1s small (< 0.3 mm.day'l), while the radiative term dominates (br'Rn’ may be as
high as -2 mm-day™). To facilitate comparisons among the experiments, I may choose to

write P’ as a function of the land surface albedo (a”) using the simplified equation 2
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P’ =angr + bsr &’ 2)
where ansg is a linear coefficient related to non-solar radiation processes (includes non-
radiative processes and long wave radiation feedbacks), and bgr is an angular coefficient
related to the solar radiation processes only, which may also be defined as the Amazon
climate sensitivity to increased land surface albedo. From Figure 5.2, the precipitation
sensitivity from this experiment is -0.17 mm.day™ per 0.01 increase in land surface albedo.
This is consistent with the sensitivity calculated using the results found by Dirmeyer and
Shukla (1994) — about -0.19 mm.day™ per 0.01 increase in land surface albedo (using the
COLA/SSiB GCM), and with the slope of Figure 5.1 regression line (-0.16 mm.day™ per
0.01 increase in land surface albedo). Note that Equation (2) may only be used at the
annual mean scale. The linear coefficient axsg may also be estimated using the results
above. From my analysis, axsg ~ 0.47 mm day™'; from Dirmeyer and Shukla (1994) data, I
calculate that it is 0.27 mm day .

Considering only the non-radiative effects of deforestation (equivalent to assume
Rn’=0), the decrease in roughness length, leaf area index, and rooting depth cause a
decrease in the latent heat flux, and an increase in surface temperature, sensible heat flux,
atmospheric instability, cloudiness, and precipitation. On the other hand, the radiative
effects, caused primarily by increases in surface albedo, but also by long-wave and cloud-
radiative feedbacks, cause a decrease in both surface heat fluxes (due to reduced radiation
absorbed by the surface), resulting in a loss of radiative energy from the Amazon land
surface, cooling off the atmospheric column over the deforestation which induces a
thermally driven circulation that results in subsidence, with subsequent reduction in
convection, cloudiness, and precipitation.

This competitive effect explains why, although most Amazon deforestation climate

experiments show an average decrease in precipitation over the deforested area, it is
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possible to find experiments that actually show an average increase. Depending on the
parameterizations used, precipitation may increase or decrease. For the coefficients
obtained not only by this study, but also by Dirmeyer and Shukla (1994), an increase in
land surface albedo of about 0.03 is necessary in order to offset the non-radiative processes
that tend to increase precipitation. For most of the cases in the literature, consistent with a
full deforestation, the choices of parameters were so that it resulted in a decrease in
average precipitation. In partial deforestation scenarios, the average increase in land

surface albedo over a large grid cell is small, leading to a very small precipitation change.

5.5. CONCLUSIONS

This study evaluated the radiative processes of the precipitation change after
tropical deforestation and its effects on regional climate in Amazon, considering different
levels of deforestation (25%, 50% and 75%), and different types of land cover
replacements for the original rainforest land cover. The results showed that the changes in
precipitation are linearly related to the anomaly in net surface radiation, and the change in
precipitation due to radiative mechanisms may be an order of magnitude higher than those
due to non-radiative mechanisms. The basic mechanism proposed for precipitation
reduction after tropical deforestation starts with the decrease in surface net radiation due to
the increased albedo after deforestation. In a region where convection is strong, this
weakens the convective activity, reducing cloudiness and precipitation. The cloud
reduction, however, increases the incoming radiation, introducing a negative feedback on
the process. The final precipitation decrease is smaller in the presence of the cloud
feedback than it would be in their absence. Competitive non-radiative mechanisms tend to
increase precipitation. The non-radiative processes of the precipitation change after

tropical deforestation will be analyzed in a companion paper.
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This study explains, for the first time, why it is consistent to observe increased
cloudiness and precipitation under partial deforestation scenarios, and to still believe that
large-scale deforestation might lead to a decrease in precipitation. Furthermore, if the
large-scale deforestation is related to the expansion of croplands, the precipitation change
may be much higher than if caused by the expansion of pasturelands. This contrast will

also be explored by a further study.

5.6. NOMENCLATURE

F*  control run (Rainforest land cover)-1* repetition
F®  control run (Rainforest land cover)-2™ repetition
pi,, rainforest partially replaces pastureland (level of deforestation 25%) Nk
repetition
P}, rainforest partially replaces pastureland (level of deforestation 25%)-2"
repetition
p:, rainforest partially replaces pastureland (level of deforestation 50%)-1* repetition

p?, rainforest partially replaces pastureland (level of deforestation 50%)-2nd
repetition
p:, rainforest partially replaces pastureland (level of deforestation 75%)-1% repetition

pb, ~ rainforest partially replaces pastureland (level of deforestation 75%)-2nd
repetition
P> anomaly fields of precipitation between deforested (pasture and soybean) and
forested conditions
Sase,  rainforest partially replaces soybean (level of deforestation 25%)
Ssoe,  rainforest partially replaces soybean (level of deforestation 50%)
S7s0, rainforest partially replaces soybean (level of deforestation 75%)
Sr’  anomaly surface reflected radiation between deforested (pasture and soybean) and
forested conditions
Rn’ anomaly surface net radiation between deforested (pasture and soybean) and
forested conditions
C’  anomaly total cloud cover between deforested (pasture and soybean) and forested
conditions
o’ anomaly vertical wind velocity between deforested (pasture and soybean) and
forested conditions
Sin>  anomaly incoming radiation between deforested (pasture and soybean) and
forested conditions
Sin  incoming radiation
ayg linear coefficient, related to non-radiative processes
br  an angular coefficient, related to radiative processes
ansr  linear coefficient related to non-solar radiation processes (includes non-radiative
processes and long wave radiation feedbacks)
bsr  an angular coefficient related to the solar radiation processes only
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CHAPTER 6

GENERAL CONCLUSIONS

6.1. OVERVIEW

It is known that a more realistic representation of the land surface is important to
improve the climate simulated by General Circulation Models (GCMs). In particular, the
surface albedo is an important source of uncertainties related to the surface radiative
budgets. In the tropics, such as in Amazon tropical rainforest, where the solar radiation
balance is stronger, changes in surface albedo caused by deforestation have been
demonstrated to influence the regional climate (Nobre et al., 1991; Dirmeyer and Shukla,
1994; Hahmann and Dickinson, 1997; Costa and Foley, 2000; Berbet and Costa, 2003).
Hence, a more realistic representation of albedo in GCMs will significantly improve the
accuracy of climate simulation and prediction.

In this Dissertation, It is used measured field data, state-of-art numerical models

and remote sensing products to investigate the sources of spatial and temporal variation of
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surface albedo of an Amazon tropical rainforest and the role of changes in surface albedo,
after deforestation, on the regional climate. To study this challenging subject, this
dissertation was divided in five chapters, where the conclusion of each chapter is
summarized below.

In chapter 1, it was studied the main sources of variation of surface albedo of
Amazonian tropical vegetation, at both the hourly and monthly time scales. In addition to
the traditional sources of variation (land cover and zenith angle) it was examined the role
of canopy wetness and atmospheric transmissivity on the surface albedo and the respective
interactions. Field data used in this analysis were collected at six micrometeorological sites
(four forests and two pasturelands) during ABRACOS (Anglo Brazilian Amazonian
Climate Observation Study) and LBA projects (Large-Scale Biosphere-Atmosphere
Experiment in Amazonia). At the hourly-scale, land cover variation (L) (forest, pasture),
atmospheric transmissivity (1) and canopy wetness () are the most important sources of
variation, while at monthly scale, only land cover and atmospheric transmissivity are
important. Reduction of 0.004 in the surface albedo due to canopy wetness is observed for
both ecosystems, forest and pastureland. The results presented here let me to conclude
that, although the difference in surface albedo (a') is partially dependent on t (a
consequence of the interaction L-7), it is independent of the canopy wetness. It is also
noted that, when simulating the land surface albedo, neither the role of atmospheric
transmissivity nor the role of canopy wetness is well represented in land surface models
today.

In chapter 2, it was evaluated the sensitivity of the surface albedo simulated by the
Integrated Biosphere Simulator (IBIS) to a set of tropical rainforest canopy architectural
and optical parameters. The parameters tested in this study are the orientation and

reflectance of the leaves of upper and lower canopies in the visible (VIS) and near-infrared
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(NIR) spectral bands. The results were evaluated against albedo measurements taken above
the K34 site at the INPA (Instituto Nacional de Pesquisas da Amazonia) Cuieiras
Biological Reserve. The sensitivity analysis indicates a strong response to the upper
canopy leaves orientation (y,) and to the reflectivity in the near-infrared spectral band
(Pnir.up), @ smaller sensitivity to the reflectivity in the visible spectral band (pyisup) and no
sensitivity at all to the lower canopy parameters, which is consistent with the canopy
structure. The combination of parameters that minimized the RMSE and mean relative
error are Yy = 0.86, pyvisup = 0.062, and pnir,up = 0.275. These parameterizations allow the
improvement of the accuracy of the land surface albedo simulations obtained by IBIS
model, indicating its potential to simulate the canopy radiative transfer for narrow spectral
bands, allowing in the future, a close comparison with remote sensing products.

In chapter 3, the role of canopy wetness on the simulated albedo of Amazon
tropical rainforest was investigated, once it is the third most important source of variation
at hourly scale. Simulations were run using three versions (0-D) of the land
surface/ecosystem IBIS model. The results demonstrated that, while the incorporation of
canopy wetness on the radiative transfer calculation improves the simulated surface
albedos at hourly time scale, no substantial improvement was verified at monthly or longer
time scales, because radiative effect of the canopy wetness is restricted to very short times,
when the canopy is actually wet. However, these results exclude the role canopy wetness
as a main source of seasonal variability of tropical rainforest albedo

In chapter 4, six different products of land surface albedo derived from different
remote sensors are compared with the albedo simulated by the Community Climate Model
(CCM3) coupled to the Integrated Biosphere Simulator (IBIS). Field measurements
collected at three sites in Amazon are also included as reference data. The results presented

in this chapter let me to conclude that the albedos estimated from different remote sensing
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systems data vary considerably in the range between 0.10 and 0.20, and there are
substantial differences in seasonality. Field measurements and modeled albedo vary
seasonally from 0.11 to 0.14, and only the black-sky product albedo from MODIS matched
to the field-observed albedo seasonality.

In chapter 5, eleven simulations using the CCM3-IBIS were run to investigate the
radiative processes of the precipitation change after deforestation and its effects on the
regional climate in Amazon, considering different levels of deforestation (25%, 50% and
75%), and different types of land cover replacements (pasture and soybean) for the original
rainforest land cover. Results show that the changes in precipitation are linearly related to
the anomaly in net surface radiation, and the change in precipitation due to radiative
mechanisms may be an order of magnitude higher than those due to non-radiative
mechanisms. Radiative processes dominate because precipitation in the region is largely
convective. A reduction in net radiation weakens the convective activity, reducing
cloudiness and precipitation. While cloud-radiative negative feedbacks inhibit a larger
climate change* (precipitation decrease), competitive non-radiative mechanisms tend to

increase precipitation.

6.2. CONCLUSIONS

An overview on the results and individual conclusions of each chapter lead me to
argue that the regional climate of Amazon is strongly controlled by the radiative processes
changes in surface albedo and net radiation — caused by changes in land cover due to the
replacement of forest in pasturelands and croplands — are fundamental, explaining over

90% of the variance in the precipitation change.

* The term climate change refers only to the precipitation change.
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The degree of importance of each source of variation of surface albedo found in
Chapter 1 and the parameterization of the model obtained from the sensitivity analyses in
Chapter 2 are important to define priority improvements in the representation of albedo in
GCMs, once the state-of-the-art land surface models are still unable to reproduce
realistically the seasonal variability of surface albedo of forested and deforested areas
(Bebert and Costa, 2003). The results found in this dissertation, show that land cover and
atmospheric transmissivity are the two most important sources of surface albedo variance
and are in agreement with the significantly differences between surface albedos of forest
and pasture found by several authors (Oguntoyinbo, 1970; Shuttleworth et al., 1984;
Bastable et al., 1983 and Culf et al., 1996) and with the influence of zenith angle and
interaction between atmospheric transmissivity and zenith angle on surface albedo found
by Pinker et al. (1980), Shuttleworth et al. (1984), McCaughey (1987) and Giambelluca et
al. (1999).

A third source of variation of surface albedo found in this dissertation is the canopy
wetness. Although Culf et al. (1995) suggested that surface albedo seasonality is related to
soil moisture, Berbet and Costa (2003) suggested that most likely the changes in forest
albedo are related to soil moisture-correlated variables: smaller soil exposure, darker leaves
(associated with the leaf water potential) and higher canopy wetness. Simulations using the
IBIS model with changes in the radiative transfer code to incorporate the radiative effects
of the canopy wetness show that canopy wetness is not evidenced as a possible source of
variation of surface albedo at seasonal-scale time, excluding the role canopy wetness as a
main source of seasonal variability of tropical rainforest albedo as evidenced in the
Chapter 3. However, these modifications in the IBIS code reproduced well the significant
decrease in surface albedo during the precipitation hours, confirming the results found in

Chapter 1.
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Land surface parameterizations have been poorly represented because of limited
observations (Zhou et al., 2003), and the only practical and economical approach to large-
scale characterization of land surface parameters is remote sensing (Hu et al., 2000).
Although the unquestionable importance of remote sensing as key tool to study the global
environment and its evolution throughout the last decades, in Chapter 4 of this dissertation
it is found that satellite products for the Amazon tropical rainforests present severe
limitations, due to the significant difference among the six different remote sensing
systems studied. For the Amazon region, the albedos estimated vary considerable in the
range between 0.10 and 0.20, and there are substantial differences in seasonality.

Numerous studies with GCMs suggest that tropical deforestation can result in
regional-scale climate change, increasing particularly reducing precipitation. Simulation
results from the CCM3 GCM (Chapter 5) show that an increase in the surface albedo
(caused by the replacement of forest by pastureland and soybean cropland) reduces energy
balance, convection and cloud formation generating an anomalous subsidence motion
resulting in the reduction of rainfall over the Amazon. These results agree with most of
investigations about the effect of deforestation over Amazon basin (Nobre et al., 1991;
Eltahir, 1996; Werth and Avissar, 2002; Hoffmann et al., 2003). The cloud reduction,
however, increases the incoming radiation, introducing a negative feedback on the
radiative process. The final precipitation decrease is smaller in the presence of the cloud

feedback than it would be in their absence.
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6.3. RECOMMENDATIONS FOR FUTURE RESEARCH

The results presented in this dissertation elucidated some points related to the
sources of spatial and temporal variation of an Amazon tropical rainforest surface albedo,
and to the role of surface albedo changes, after Amazon tropical deforestation, in the
regional climate. It, however, provoked several new lines of research:

e Following the discussion in Chapter 1 and by Culf et al. (1995) and by Berbet and Costa
(2003), I recommend that future work should investigate the role of senescence, leaf age
and leaf water potential on the seasonality of the tropical rainforest albedo. It is
expected with the inclusion of these factors and other additional sources of variation in
the land surface models, further improvements in accuracy providing more detailed
studies of the climatic effects of tropical deforestation. A specific field experiment setup
is needed, though.

e Future additional parameterizations of the canopy architectural (e.g., single-sided leaf
and stem area indexes, fraction of overall area covered by lower and upper canopies)
and optical (e.g., direct and diffuse beams ground albedo on visible and near-infrared
spectral bands, lower and upper canopies leaf transmittances on visible and near-
infrared spectral bands) parameters according to the plant species, soil types, plant
phenology, leaf water content, and soil surface wetness may improve considerably the
scope of such modeling exercises, building a solid basis for stronger interactions
between field observations, climate models and remote sensing products.

e More robust algorithms to retrieve the surface albedos from remote sensing products
should be developed and tested to reduce the uncertainties related to the effects of
atmospheric scattering and absorption, anisotropy, inadequate temporal, spatial and

spectral sampling, and narrowband to broadband conversion.
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e Further simulations involving more realistic climate change should be performed
considering realistic scenarios of agriculture expansion in Amazonia.

e [t is also important to investigate the non-radiative climate processes due to
deforestation. It is also important to built new datasets for soybean cropland
parameterizations, which nowadays have been the crop with more expansion in Amazon

region.
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