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ABSTRACT

A series of numerical simulations were performed to evaluate the capability of the
Regional Atmospheric Modeling System (RAMS) to simulate the evolution of convection in a
partly deforested region of the Amazon basin during the rainy season, and to elucidate some of
the complex land-atmosphere interactions taking place in that region. Overall, we demonstrate
that RAMS can simulate properly the domain-average accumulated rainfall in Rondénia when
provided with reliable initial profiles of atmospheric relative humidity and soil moisture. It is
also capable of simulating important feedbacks involving the energy partition at the ground
surface and the formation of convection. In general, more water in the soil and/or the atmosphere
produces more rainfall. But these conditions affect the onset of rainfall in opposite ways; while
higher atmospheric relative humidity leads to early rainfall, higher soil moisture delays its
formation. As compared to stratiform clouds, which tend to cover alarge area, convective clouds
are localized and they let relatively more solar radiation reach the ground surface. As aresult, a
stronger sensible heat flux is released at the ground surface, which enhances the atmospheric
instability and reinforces convection. Simulations using horizontal grid elements 2 and 4 km in
size show a delay and decrease of rainfall as compared to simulations with high-resolution grids
whose elements are not larger than 1 km and, as a result, afflict RAMS performance. We
conclude that RAMS can be used as a reliable tool to simulate the various hydrometeorol ogical
processes involved in land-cover changes as aresult of deforestation in this region.

1. Introduction

Amazonia is a hydrographic basin of
great hydrologic importance. It covers an
area of 6 million km? of tropical forest
(Goulding et al. 2003), receiving a total
average rainfall of 2500 mm per year
(Richey et al. 1991), generating an annual

discharge of over a trillion cubic meters of
water into the Atlantic Ocean (Vital and
Stattegger 2000). Recent human activity in
the area has caused a gross rate of
deforestation on the order of 18000 km? yr™
(INPE 2002). The hydroclimatic changes
resulting from this replacement of natural
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forest by degraded vegetation has yet to be
fully understood and quantified; estimating
its impact is very important not only for the
region but also for the global water cycle
(Avissar and Nobre 2002; Avissar and
Werth 2005).

Data analysis show that most of the
moisture into the Amazon River basin
comes from the Tropical Atlantic (Rao et al.
1996). Also, long-term observations suggest
that the convergence of moisture over the
region has increased in the last 40 years,
producing more precipitation mainly during
the rainy season (Henderson-Sellers et al.
2002). Two possible reasons have been
suggested for this increase of rainfall:
greenhouse  gas-induced  hydroclimate
change or localy-induced increase of
convection (Henderson-Sellers and Pitman
2002).

Governmental projects for  the
development of the Amazon (such as the
one in Rondonia) have resulted in a patchy
landscape of forest and pasture that has a
characteristic length scale of about 4 km
(Calvet et a. 1997). Satellite observations
show an increase of cloudiness at the
boundary of these patches during the dry
season (Cutrim et al. 1995; Negri et al.
2004) and the rainy season (Durieux et al.
2003). The possible effects of land-cover
change on convective clouds during the
rainy season are still not well understood.

The impacts of land-cover change on
rainfall may evolve in different ways. A
massive deforestation is likely to reduce
rainfall due to a decrease in the transpiration
and surface roughness and an increase in
albedo as has been shown in various studies
with general circulation models (GCMs).
The current level of deforestation, however,
may create mesoscale circulations that could
enhance convection and promote a transient
increase of rainfall (Avissar et a. 2002).

To better understand the
hydrometeorological processes involved in

this region, an intensive observation
campaign was carried out in the rainy season
between January and February of 1999 as
pat of the Large Scae Biosphere-
Atmosphere Experiment in  Amazonia
(LBA) (Avissar and Nobre 2002). A large
number of meteorological observations with
radars, radiosondes, micrometeorological
towers, rain gauges, weather stations, and
airplanes were collected during this field
study in Rondbnia, which is referred to as
the “Wet Atmospheric Mesoscale Campaign
(WetAMC)”. These observations show that
the wind regime and the landscape (i.e., land
cover and topography) have important
impacts on convection and precipitation
(Halverson et al. 2002). But even when
carried out extensively, observations alone
are not sufficient to explain all the processes
involved in this complex
hydrometeorological system. Indeed, most
measurements are made only at a few
locations for limited periods, and often lack
temporal and spatial resolution. In addition,
instruments measure only a small number of
variables, which are not sufficient to explain
al the physical, biologica and chemical
mechanisms and feedbacks involved in these
processes. State-of-the-art models are useful
tools to bridge the gap in our understanding.

Severa studies have been conducted with
global and regional numerical models. But
experiments performed with GCMs use grid
size in the order of 2-5 degrees of latitude
and longitude (Nobre et al. 1991; Werth and
Avissar 2002). At such coarse resolution,
mesoscale circulations are not resolved, and
while a few attempts have been made to
develop an appropriate parameterization
(Lynn et al. 1995, Liu et al. 1999, Donner et
al. 2001) important issues remain to be
solved and no GCM yet accounts for them
through subgrid-scale parameterizations
(Avissar et a. 2002). Current GCMs
subgrid-scale parameterizations represent
convection and microphysica cloud



processes based on the large-scale mean
state of the atmosphere, which leads to
errors in rainfall modeling (Molinari and
Dudek 1992).

So far, it has not been shown that
atmospheric  models are capable of
simulating realistically precipitation during
the wet season in the Amazon. Indeed, they
tend to produce too early ranfal in
Rondbénia (Betts and Jakob 2002), and too
high precipitation east of the Andes (Horel
et a. 1994; Tangjura 1996; Chou et al. 2000;
Chou et a. 2002; Druyan et a. 2002; Misra
et a. 2002). Roads et al. (2003) performed
an inter-comparison of several models
applied to this region and concluded that
they are overly dry over much of the domain
as compared to observations. The errors
seem to be associated with the models’
convective parameterization. Currently, the
only known method to avoid this problem is
by performing high-resolution simulations.
Thus, a careful evaluation of the capability
of the models to represent weather events
associated with moist convection in the
Amazon is necessary as a first step to
achieve  better long-term  regiona
simulations (Takle et al. 1999).

Several studies have been performed with
mesoscale models to understand the effects
of land-cover change on the dynamics of
local circulations and convection in the
Amazon (Silva Dias and Regnier 1996;
Souza et al. 2000; Wang et a. 2000; Baidya
Roy and Avissar 2002; Silva Dias et al.
2002). These numerical studies provided
important preliminary understanding of the
convection dynamics in that region.
However, the majority of these studies
focused on the dry season, and/or were
limited to only afew cases. Furthermore, the
models used have not been carefully
evaluated, partly due to the scarcity of data.
But, to use confidently a model to study
precipitation in the Amazon basin a detailed
evaluation of its capability to simulate the

hydrometeorological processesin that region
during the rainy season remains to be
demonstrated. Here, we show that modeling
moist convection accurately in this region
requires. (1) areliable representation of the
current landscape heterogeneity; (2) a grid
mesh with elements not larger than 1 km to
explicitly resolve convection; (3) a grid
mesh that covers a large domain to correctly
represent relevant mesoscale dynamical
processes; (4) several case studies with
various meteorol ogical background
conditions during the wet season to have a
robust evaluation; and (5) a comparison with
reliable observations.

The goal of the study summarized in this
aticle is twofold: (1) evauate the
performance of a state-of-the-art numerical
model based on recent observations
collected during the LBA field campaign
together with vegetation characteristics
derived from modern satellites, and (2)
improve our understanding of the effects of
deforestation on the hydrometeorology of
the Amazon basin. For that purpose, the
model used here is set up to represent the
landscape heterogeneity and convection at a
very high resolution, it covers a large area,
and it is compared with state-of-art
observations collected during the LBA
WetAMC.

2. Numerical Experiments

The Regional Atmospheric Modeling
System (RAMYS) (Pielke et a. 1992; Cotton
et a. 2003) is used here together with
observations collected during the LBA
WetAMC in an area where deforestation has
generated a patchy landscape of forest and
pasture (see Fig. 1). RAMS is a three-
dimensional model consisting of a set of
prognostic equations, including dynamics,
thermodynamics, and hydrometeor
microphysics. These equations are solved
numerically using finite difference schemes
applied to a staggered Arakawa C-grid. The
model contains several interacting sub-



models that simulate soil-vegetation-
atmosphere exchange of heat and water
(Avissar and Pielke 1989; Walko et al.
2000a); surface-layer turbulent processes
(Louis 1979); boundary-layer turbulent
processes (Mellor and Yamada 1974,
Deardorff 1980); solar and thermal radiation
transfer and its interaction  with
hydrometeors (Harrington 1997); and cloud
microphysics and precipitation (Walko et al.
1995; Walko et a. 2000b). RAMS scored
quite well in various evaluation studies, such
as large-eddy simulations (Avissar et al.
1998), mesoscale systems (Silva Dias and
Regnier 1996; Weaver and Avissar 2001;
Baidya Roy and Avissar 2002; Nair et al.
2003), and regiona climate (Takle et al.
1999; Liston and Pielke 2001; Gandu et al.
2004; Hadler et al. 2005).
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FIG. 1. Physiographical characteristics of
the studied area in Rondonia (Brazil). Forest
is green and deforested areas are white. This
domain is centered at [11°22°S, 62°00°W]
and covers the region in which most of the
meteorological instruments were deployed
during the LBA WetAMC. The circle
represents the S-POL radar scanning area.
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FIG. 2. Measured relative humidity profiles
in Rondbnia at the Jaru Forest (green), Ouro
Preto D’Oeste (red) and Rolim de Moura
(blue) (See Fig. 1 for locations) at 0800 LT
(1200 UTC) on (a) 04 February, (b) 06
February, (c) 14 February, and (d) 23
February. A polynomial function was used
to extrapol ate between observation points.

The cloud microphysics package in
RAMS is based on a set of prognostic
equations for the prevailing hydrometeors
(Walko et a. 1995; Meyers et a. 1997,
Walko et a. 2000b). Water is partitioned in
up to eight forms. vapor, cloud droplets,
liquid rain, pristine ice, snow, aggregates,
graupel and hail. Cloud droplets and rain are
liguid water that may be super-cooled.
Pristine ice, snow and aggregates are
assumed to be completely frozen, while
graupel and hail are mixed-phase categories,
capable of comprising ice only or a mixture
of ice and liquid. The model calculates the
concentration of vapor in an atmospheric
column and prognoses the formation of
different  hydrometeors.  Their  size
distribution is determined using a two-
moment statistical scheme (Meyers et al.
1997). The model also follows the exchange
of water and energy as hydrometeors
interact with vapor and between themselves
(Walko et al. 2000Db).



The domain simulated here consists of
250 by 250 horizontal grid elements, each
representing a 1 km by 1 km area, centered
at 11°22’S, 62°00’'W in Ronddnia, Brazil
(Fig. 1). This domain was chosen for two
reasons. First, it possesses the major features
believed to have a significant impact on
precipitation variability in Rondbnia (i.e.,
topography and land-cover variability).
Second, it covers the region in which most
of the meteorological instruments were
deployed during the LBA WeAMC
including the S-band polarization (S-POL)
radar that is located at its center. At a
horizontal grid size of 1 km and a vertical
grid size of about 100 meters in the
boundary layer, RAMS resolves cumulus,
thus avoiding the complications encountered
in subgrid-scale parameterizations used in
coarse-resolution models. Subgrid
turbulence is parameterized with the Mellor-
Y amada (1974) scheme.

In the vertical, the grid structure has
higher resolution near the ground surface
and is stretched with height, starting 30 m
above ground and progressively increasing
the grid elements up to a size of 1.5 km near
the top of the domain, which is set a a
height of 22.5 km.

Homogeneous initial conditions are
assumed in all numerical experiments. Silva
Dias e d. (2002) found that this
initialization method is best suited for short
simulations, and it is extensively used in
convection-resolving models  (Emanuel
1994, pg 307).

Figure 2 shows observed profiles of
relative humidity (RH) at three locations in
Rondb6nia at 0800 LT (i.e.,, 1200 UTC) for
different days of the WetAMC. The model is
initialized with homogeneous conditions
using the atmospheric profiles retrieved
from the radiosondes launched at Jaru Forest
because it is available for al the studied
cases and compares well with the sounding
from Rolim de Moura. Lateral boundary

conditions are caculated following the
approach  proposed by Klemp and
Wilhelmson (1978). With this approach, a
normal velocity component is specified at
the boundary (20 m/s in our case), which
alows most disturbances to propagate
outside the simulated domain without
reflecting strongly towards the internal
domain. We also explored using the global
NCEP reanalysis data (Kalnay et al. 1996) to
force the model at its lateral boundaries.
However, probably due to its too coarse
resolution (which is 2.5 degree) for the small
domain simulated here, results were
generally less good. Note that the profiles
measured at Ouro Preto D’Oeste have a
larger humidity in the boundary layer. Betts
et a. (2002) identified and discussed this
wet bias at this measurement site. RH
profiles a Ouro Preto D’Oeste were
corrected with the measurements collected
in the atmospheric boundary layer (ABL)
with a tethered balloon (Betts et al. 2002).
At this location, the atmosphere is often
saturated. Tests using saturated profiles as
initial  conditions in RAMS produce
unrealistic immediate cloudiness over the
entire domain, which reduce the amount of
solar radiation reaching the surface and
induce a negative land-atmosphere feedback
that affects the development of the ABL.
The average relative humidity in the first
1000 m of the atmosphere for February 4, 6,
14, and 23 (hereinafter FO4, FO6, F14 and
F23) is 86%, 84%, 78%, and 90%,
respectively, indicating that FO4 and F23
were wetter than the other two days.

The integration time step of the model is
5 seconds and the simulated period is 12
hours for each case study, starting at 0800
LT. Thus, only the day-time evolution of the
convective boundary layer is simulated.

The soil numerical grid is also stretched
and consists of 12 layers, starting from the
surface down to a depth of 4 meters, with a
higher resolution near the surface. Dawson



(1993) and Nepstad et al. (1994) found that
vegetation in the Amazon basin can uptake
water from deep soil layers, thus requiring
the grid selected here. Soil moisture is
initialized homogeneously over the entire
simulated domain based on a profile
observed at Ouro Preto D’Oeste (Rondonia)
during the WetAMC (Alvala et a. 2002).
Accordingly, at the first level below the
surface, the initial soil moisture was set to
39% of saturation, increasing linearly to
45% of saturation at the deepest layer. A
sandy-clay-loam soil texture was assumed in
accordance with the predominant soil
observed in thisregion (Alvalaet a. 2002).

To redlistically represent the landscape of
the region, vegetation characteristics
estimated from Landsat satellite images by
Calvet et a. (1997) were adopted for our
simulations (Fig. 1). Two types of land
covers were defined: evergreen forest
(tropical forest) and short grass (pasture). To
model these vegetation types, severd
parameters estimated from in  Situ
measurements (Gash and Nobre 1997) and
tested in recent numerica experiments
(Gandu et a. 2004) were adopted. They are
summarized in Table 1.

The four days sdlected to evaluate the
model (FO4, FO06, F14, and F23) were
characterized by loca formation of
convection under different synoptic-scale
meteorological  conditions.  High-quality
observations were recorded for these four
days. Cases having propagation of large-
scale convective systems into the domain of
study were avoided because they would
require an even larger simulation domain
with too many grid points to be realistically
simulated with readily available computing
resources. Analysis of the S-POL radar
reflectivity (NCAR 1999) shows that storms
were propagating from the east on FO4 and
F14, from the west on F23 and were quasi-
stationary (slight westward propagation) on
F06. Corresponding tota accumulated

rainfall obtained by integrating 10-minute
rainfall rate estimates is presented in Figure
3. Light rainfall accumulated all over the
domain and high rainfall accumulated near
the western hills on FO4, FO6 and F14. On
F23, rainfall accumulated more in the
southeast region of the domain. These
accumulations seem to be associated with
the large-scale winds in the free-atmosphere
that are responsible for the storms
propagation.

TABLE 1. Vegetation parameters used in
RAMS to characterize “forest” and
“pasture” in the Amazon basin.

Parameter Forest Pasture
Albedo A3 .18
Emissivity .95 .96
Leaf Arealndex 5.0 2.0
Vegetation Fraction .98 .80
Roughness Length (m) 2.0 .02
Displacement Height (m) 20.0 2

Root Depth (m) 4.0 1.0
Maximum Stomatal 0035 .01
Conductance (ms™)

The model set-up described in this
section is assumed to be the control run for
each case study and is used to evaluate the
model performance against the observations.
Modeling convection is highly sensitive to
initial conditions (Lorenz 1963). Therefore,
in addition to the control simulations, a few
sensitivity tests are performed using various
initial conditions, especially for those
estimated with a lack of a high level of
confidence (e.g., soil moisture and relative
humidity).

Coarse-grid  simulations have the
advantage of low computational cost. While
a few numerical experiments have been
performed to simulate the rainy season in
Rondbnia at different grid resolutions
(Wang et al. 2000; Silva Dias et a. 2002), a
careful evaluation of model performance as
a function of grid resolution has not yet



conducted. Thisissue is explored here using
grid sizes of 2, 4 and 20 km in addition to
the control simulations that use a 1-km grid
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FIG. 3. Accumulated precipitation (mm)
derived from the S-POL radar between 0800
LT and 2000 LT on (a) 04 February, (b) 06
February, (¢) 14 February and (d) 23
February. The blue arrows represent the
horizontal wind used to initialize the model
above the atmospheric boundary layer (at a
height of 1642 m). Contour lines represent
topography higher than 300 m.

3. Results
a. Control simulation

Figure 4 presents the spatial distribution
of accumulated precipitation for the control
simulation of each one of the four case
studies. Only theinner 200 km domainis
displayed for a clearer comparison with the
radar estimates shown in Fig. 3. Thewind
directions at two heights emphasize the
various meteorological conditions prevailing
during the rainy season in Ronddnia. There
isno good spatial correlation between the
simulated and S-POL radar-derived rainfall

estimates but their comparison shows similar
structure during the onset stage of precipitation
caused by topographic forcing. These
differences can be partly explained by the
inaccuracy of initial and boundary
conditions in the ssimulations. But it is very
important to keep in mind that convection is
chaotic in nature and, therefore, the timing
and location of a precipitation cell cannot be
expected to be exactly similar in the model
and the observations. Only their statistical
properties are comparable. Furthermore, in
the tropics, mesoscale systems are mostly
triggered by local convection, which hasa
characteristic size of the order of 2-20 km
(i.e., meso-y scale) and a very large Rossby
radius of deformation. Therefore, their
predictability is considerably lower than at
mid-latitudes, where meso-a systems that
are more baroclinic and are shaped by
geostrophic winds, dominate.
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FIG. 4. Same as Fig. 3 but for the smulated
precipitation with RAMS. The additional
orange arrows are for the initial wind at 314
m.

Figure 5 shows the domain-average,
accumulated rainfall simulated with RAMS



as compared to corresponding estimates
from the S-POL radar. Averages are
computed for the region encircling the radar
location, with a radius of 100 km (see Fig.
1). The control smulations produce
accumulated rainfal very similar to the
radar estimates. Correlation coefficients
between model results and observations are
.98, .98, .95 and .98 for FO4, FO6, F14, and
F23, respectively. In general, the onset of
rainfall in the model is delayed as compared
to that observed with the radar. Later in the
afternoon, the simulated rainfall is stronger
than that seen by the radar, and this
compensates for the late onset of the
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FIG. 5. Domain-average accumulated
precipitation simulated with RAMS and
estimated from the S-POL radar on (a) 04
February, (b) 06 February, (c) 14 February
and (d) 23 February.

Figure 6 shows the frequency of grid
elements of accumulated rainfall obtained
from the simulations and from the radar. For
a more appropriate comparison between
them, the model results that were obtained
onalx 1kmgrid wereregrided into a 2-km
data set. Although there are discrepancies in
regions recelving light and heavy

accumulation of rainfall, the simulations and
the radar provide similar results over the
domain, when precipitation is within the 3 -
30 mm range. At several locations, the radar
does not detect any precipitation, while the
model produces light accumulation.
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FIG. 6. Frequency distribution of

accumulated rainfall between 0800 and 2000
LT on (a) 04 February, (b) 06 February, ()
14 February and (d) 23 February.

The SPOL radar is based on the
polarimetric method that is sensitive to
raindrop deformation to estimate the rainfall
rate. This method is not sensitive to small
droplets and, therefore, this radar does not
provide a reliable estimate of light rainfall.
Also, RAMS produces heavy accumulation
at severa locations that is not captured by
the radar. Comparing radar data with
raingauge  observations  during  the
WetAMC, Carey et a. (2000) showed that
the radar under-estimates events of high
rainfall rate. Furthermore, RAMS, like any
other model, is based on various
approximations and it is unlikely to simulate
perfectly the real precipitation. Table 2
indicates that, in general, RAMS simulates
well not only the mean accumulation but
also its median, tri-mean, median absolute
deviation (MAD) and inter-quartile range
(IQR). But on F14, the discrepanciesin light
rainfall are aso reflected in these other



statistical properties. In this case the model
produces high rainfall accumulations over
small areas while the radar shows weak
rainfall distributed over large aress.
Nevertheless, similar means are obtained
with both methods (Tables 2 and 3).

TABLE 2. Smulated (with RAMS) and
S-POL -radar-derived statistical moments of
rainfall total accumulation at 2000 LT.

SPOL RAMS
FO4 Mean 3.9 3.7
Median 1.2 14
Tri-mean 2.0 2.2
MAD 1.1 1.0
IQR 3.8 34
FO6 Mean 31 3.3
Median 0.5 0.5
Tri-mean 13 1.0
MAD 0.5 0.3
IQR 2.7 14
F14 Mean 4.8 4.7
Median 14 0.9
Tri-mean 2.9 1.9
MAD 14 0.7
IQR 6.0 3.0
F23 Mean 5.9 6.4
Median 2.4 1.9
Tri-mean 34 3.0
MAD 2.0 1.1
IQR 5.8 4.1

wind is from the southeast. On F14 (Fig.
7¢), in the layer between 2 and 4 km,
observed winds are from the east, while the
simulated predominant wind is from the
northeast. These discrepancies may be due to
the use of homogeneous initial conditions and
the lack of large-scale atmospheric gradients that
possibly exist over the simulated domain but are
not accounted for properly with the
homogeneous forcing used in our numerical
experiments. Furthermore, the observations
are instantaneous values at the given sites,
while the modeled winds are gspatialy
averaged over the entire domain and time
step. Thus, they are not strictly similar.

Using radar and satellite data, Laurent et
a. (2002) showed that storms propagate
along with mid-level winds. Weisman and
Klemp (1986) concluded that, in general,
weak wind shear is associated with
individual convective cells, while strong
shear induces multi-cell convective systems.
Thus, a misrepresentation of the wind shear
may affect the storm evolution and the
gpatia distribution of rainfall, as discussed
in detail in Section 3.e.

Figures 7 and 8 show the simulated
vertical profiles of predominant wind
direction and domain-average wind speed,
as compared to observations at 1700 LT.
The predominant wind is assumed to be that
wind whose direction is the most frequent at
a given atmospheric level. RAMS simulates
well this variable in most cases, but there are
a few discrepancies that may affect the
gpatial distribution of rainfall. For example,
on FO4 (Fig. 7a), the observed winds are
from the northeast in the layer between 1
and 3 km, while the model predominant
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FIG. 7. Simulated predominant wind direction as
compared to observations a 1700 LT on (a) 04
February, (b) 06 February, (c) 14 February, and (d)
23 February. The predominant wind at each
atmospheric level is defined as the most frequent
direction at that level.



TABLE 3. Simulated rainfall area (km?), domain-average rainfall (mm) for locations with
precipitation greater than 1mm, and maximum accumulated precipitation (mm) obtained at 2000

LT.
SPOL Cntrl RH+10% RH-10% WetSoil DrySoil Fog
FO4 Area 16592 18980 24776 9276 15984 12384 22764
Rainfall 7.07 5.68 5.75 3.89 8.79 3.54 5.98
Max 67.38 6755 60.10 38.57 100.2 36.56 54.47
FO6 Area 12760 9840 15740 5684 8684 6856 10632
Rainfall 6.91 9.74 7.03 8.53 14.59 4.84 8.50
Max 52.89 7823 112.7 53.36 95.33 46.39 95.28
F14 Area 17300 14320 24112 5592 13732 16712 18164
Rainfall 9.05 9.76 9.26 8.95 11.18 3.20 10.32
Max 73.94 1499 160.7 61.97 128.0 22.50 202.09
F23 Area 21708 2349 25296 9608 25204 17568 22240
Rainfall 7.23 8.18 9.13 5.80 4.01 9.10 4.72
Max 7299 7998  96.77 65.90 65.80 85.29 57.29
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FIG. 8. Simulated domain-average wind
speed profiles (black) as compared to
observations at 1700 LT on (@) 04 February,
(b) 06 February, (c) 14 February, and (d) 23
February. Observations are from Jaru Forest
(green), Rolim de Moura (blue), and Ouro
Preto D’Oeste (red). A polynomial function
was used to extrapolate between observation
points.

b. Sensitivity to Initial Atmospheric Moisture

Betts et a. (2002) emphasized that
atmospheric moisture is highly susceptible
to measurement errors, especially in the

tropics. Therefore, evaluating the potential
impact of biased initidization of
atmospheric moisture on the simulated
rainfall isimportant. Here, this was achieved
by raising the model’s initid relative
humidity profile by 10% in one case and
decreasing it by the same amount in another
case. As it can be seen in Fig. 5, higher
initial atmospheric moisture resultsin earlier
and larger accumulation of rainfall in all
cases. It isinteresting to note that this higher
atmospheric moisture produces about 50%
more rainfal on F14, and rainfall starts
about 1-2 hours earlier than in the control
case. Overdl, higher initial atmospheric
moisture results in stronger storms, with
more rainfall that covers larger areas (Table
3). By contrast, decreasing the model’s
initial relative humidity by 10% results in
reduced and delayed ranfal. Thus,
misrepresenting the initial moisture profile,
such as the possible wet bias observed in
Ouro Preto D’Oeste, leads to large errors in
modeling the amount and timing of rainfall.
Early-morning, low-level clouds (i.e,
fog) are commonly observed in the region.
Their formation is due to the cool, moist
conditions near the surface at this time of the
day. Imposing an initia profile of relative



humidity at saturation in the boundary layer
only (namely the lowest 500 meters of the
atmosphere) generates low-level clouds
amost immediately in RAMS. Such fogs
also affect the timing of precipitation and its
accumulation (Fig. 5). Interestingly, in some
cases, morning fogs increase rainfall
accumulation (F4 and F14) while in others,
they decrease it (FO6 and F23), revealing
complex interactions between the surface,
clouds, and rainfall in this wet environment.
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FIG. 9. Smulated vertical, west-east cross
section of (a) rainfal (g kg?), and (b)
downward solar radiation at the surface, Rs,
at latitude 10.8°S at 1200 LT on 23
February, resulting from the initialization of
a dry soil (continuous line) and wet soil
(dashed line).

c. Sengitivity to Initial Soil Moisture Content
Initial soil moisture is known to have a
strong effect on the modeling of
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precipitation (Chang and Wetzel 1991,
Beljaars et a. 1993; Pielke et a. 1997). Due
to its significant impact on
evapotranspiration and  soil  thermal
properties, one can speculate that it has a
significant impact on hydrometeorological
conditions in the Amazon basin as well.
Here, we check its impact by increasing it
by 15% over the entire domain in one case
and decreasing it by the same amount in
another.

Similar to the higher relative humidity
case discussed previousy, a wetter soil
produces more rainfall, except on F23 (Fig.
5d and Table 3). In that case, the
combination of high moisture in the soil and
the atmosphere creates stratiform clouds and
rain, in contrast to the convective type
obtained with the dry soil. Thisis illustrated
in Fig. 9, which depicts a vertical cross
section of cloud mixing ratio in the
atmosphere above the hilly terrain of the
northeastern part of the simulated domain.
The narrow and deep convective cell has a
rain mixing ratio greater than 0.6 g kg™,
while the shallow, widely spread stratiform
cloud only reaches a value of 0.2 g kg™
Figure 9 aso shows that, at 1200 LT, the
stratiform cloud reduces more significantly
the solar radiation reaching the ground
surface. The downward long-wave radiation
is about 460 Wm for convective clouds and
about 440 Wm? for stratiform clouds,
emphasizing a stronger effect of cloud type
on solar radiation than on long-wave
radiation. Reduced energy at the surface
inhibits the formation of strong convection
and leads to a stratiform type of cloud and
rainfall. Later in the day (around 1400 LT),
the convective rain is associated with
vertical motions greater than 3 ms*, while
those obtained in the stratiform clouds are
an order of magnitude smaller. At higher
atitude (6 km) the vertical motion is larger
than 8ms?, indicating very strong
convective activity there.
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FIG. 10. Simulated domain-average sensible
heat flux for the control and sensitivity
experiments on (a) 04 February, (b) 06
February, (c) 14 February, and (d) 23
February. Black crosses represent available
observations at (a) Jaru Forest, and (b)-(d)
Ouro Preto D’Oeste.

As compared to dry soils, wet soils delay
the onset of rainfall because the available
energy at the ground surface is used
primarily for evaporation, thus inhibiting the
sensible heat that drives convection, as was
already explained by Sud et al. (1993) and
Betts et a. (1996). Rickenbach (2004)
analyzed the diurnal formation of rain in the
Amazon and found that occurrence of
nocturnal rainfall delayed the next day
convection. Our results are also supported by
the work of Qian et a. (2004) who
demonstrated that water recycling has an
important effect on rainfall distribution. These
results emphasize the complexity of the
interactions taking place in the land-
atmosphere system of this region, where
water recycling is an important factor of its
hydrometeorology (Eltahir 1996).

d. Sensible and latent heat fluxes
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Formation of moist convection is highly
dependent on the partition of energy at the
ground surface (including vegetation) into
sensible and latent heat fluxes. While the
transfer of sensible heat between the surface
and the atmosphere promotes the
development of convective thermals, latent
heat flux supplies the atmosphere with
moisture. Figures 10 and 11 present the
domain-average sensible and latent heat
fluxes simulated with RAMS for dl the
control and senditivity  experiments
performed in our study, together with
observations.

In the first two hours of the simulations
of the high- and low-atmospheric moisture
experiments, heat fluxes are very similar to
the control case. But after 1000 LT, a
distinct pattern is noticed between the high-
and low-initial atmospheric  moisture
simulations. In the high relative humidity
case, clouds and rain cover larger areas as
compared to the control and the dry
atmospheric simulations. As a result, less
solar radiation reaches the surface and both
the sensible and latent heat fluxes are
reduced (Figs. 10 and 11). Although less
energy is avalable at the surface, large
release of latent heat of condensation is
produced during precipitation, thus
maintaining convection. In the tropics, this
release of heat is a mgjor source of energy
for the atmosphere. In the fog case, the
sensible and latent heat fluxes are reduced as
compared to the control simulations,
reflecting the impact of cloudiness on the
available radiative energy at the surface. It is
interesting to note that a drier atmospheric
profile, while producing less rainfal, alows the
surface to release more latent heat in the
atmosphere during the afternoon hours, thus
increasing the atmospheric relative humidity that
tends to increase rainfall. Thus, it has a
negative feedback on the water recycling.

Soil moisture has a strong impact on the
partition of energy absorbed at the surface
into sensible and latent heat fluxes. Dry soils



cause a strong release of sensible heat and a
weak release of latent heat (Figs. 10 and 11).
This is due to the effects of the moisture
stress on the vegetation, which close its
stomata thus reducing (or even inhibiting in
extreme cases) transpiration. The sensible
heat peaks around 1200 LT, following the
solar cycle. In this case, the low cloud-cover
fraction allows more solar radiation to reach
the surface. Wet soils result in low surface
sensible heat and high latent heat fluxes. The
lack of strong convection in that case is
probably the main reason for the delayed
rainfall, asillustrated in Figure 5.
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FIG. 11. Same as Fig. 10, but for the latent
heat flux.

Heat and moisture fluxes were difficult to
measure  during the LBA/WetAMC
campaign due to frequent rainfall. During
rainy periods the eddy-correlation system
often fails to provide reliable data. However,
limited available observations indicate that
simulations are  comparable  with
observations at the towers. This is
particularly well illustrated on the clearest
day (FO6) at Ouro Preto D’Oeste (Figs. 10b
and 11b).

e. Spatial variability
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Figures 12 and 13 depict the spatia
distribution of accumulated precipitation for
the cases of high- and low-moisture content
in the atmosphere and the soil.

The low relative humidity experiments
produce less rainfall accumulation and
precipitation tends to occur mostly on the
lee side of the mountains (Fig. 12a-d). This
is mainly visible over the hills located in the
northeastern part of the domain. High
atmospheric humidity results not only in
early and enhanced rainfall as illustrated in
Fig. 5, but it also affects the location of its
maximum accumulation (Fig. 12ef). As
compared to the rainfal obtained for the
simulations initialized and forced with low
relative humidity, precipitation is obtained
earlier and at upwind locations. In general,
the storms are advected by the predominant
wind in the free atmosphere (illustrated by
arrows in Fig. 12). Accordingly, ran
accumulates in regions where the wind is
coming from. Indeed, it rains more in the
eastern part of the domain in those cases
when easterly winds are dominant (FO04,
F06, and F14), and in the northwestern part
of the doman on F23. In addition,
precipitation spreads over larger areas as
compared to the control run and the dry
atmosphere case (Table 3).

Dry soils produce early convection and
induce rainfall in the hills where thermals
are better organized by the dynamical effects
of topography (Gopalakrishnan et a. 2000)
(Fig.13a-d). On F14, the lack of moisture in
the soil and the low atmospheric relative
humidity produce light rainfall. But on F23
the combination of high sensible heat flux
and atmospheric moisture produce strong
convective cells. High soil moisture delays
and shifts the rainfal accumulation
downwind (Fig. 13e-h). High amounts of
rainfall accumulate in the northwestern part
of the domain on FO4 and F14, and on the



lee side of the northeast mountains on FO6
and F23. This also suggests that a better
knowledge of initial soil-moisture conditions
are likely to improve the ssimulations, as was
shown in previous studies (Cheng and
Cotton 2004; Weaver 2004).
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FIG. 12. Same as Fig. 4, but for low (left)
and high (right) initial relative humidity on
(a, €) 04 February, (b, f) 06 February, (c, )
14 February, and (d, h) 23 February.
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FIG. 13. Same as Fig. 12, but for low (left)
and high (right) initial soil moisture.

f. Senditivity to grid size

Previous numerical experiments
conducted to simulate the hydrometeorology
of the Amazon basin have used grid
elements larger than 2 km (Silva Dias and
Regnier 1996; Wang et al. 2000; Silva Dias
et al. 2002). Here, we evaluate the impact of
grid size on the model performance.

Figure 14 presents the domain-average,
accumulated rainfall simulated with RAMS



set-up with different grid-element sizes as
compared to the corresponding estimates
derived from the S-POL radar. In generd,
coarser grids (i.e.,, 2 and 4 km) tend to
produce less rainfall as compared to
observations. However, on F14, high rainfall
is produced in the center of the simulated
domain (Fig. 15c), increasing the mean
accumulation. In that case two factors affect
precipitation there, the low initial relative
humidity (see Fig. 2c) and the easterly winds
in the entire atmosphere (see Fig. 7c). Early
in the morning, the dry atmosphere inhibits
cloud formation allowing solar radiation to
reach the surface and to heat it. Also, the
easterly winds transport the convective cells
away from the mountains where they are
generated towards the center of the domain.
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FIG. 14. Smulated domain-average

accumulated  rainfall  with  different
numerical grid sizes on (a) 04 February, (b)
06 February, (c) 14 February, and (d) 23
February.

The same case simulated with a 4-km
grid results in weaker and downstream
rainfall accumulation. Coarser grids delay
rainfall onset by about 3-4 hours. Additional
simulations using grid elements of 20 km do
not produce any rainfall accumulation (not
shown). Weisman et al. (1997) and Salvador
et a. (1999) aso indicated that coarse-
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resolution simulations result in slower
evolution of convective storms. They
concluded that grid elements on the order of
2-4 km would be sufficient to resolve mid-
latitude  meteorological  events. The
sensitivity analysis performed here indicates
that much better results are obtained with a
grid whose elements are not larger than
1km.

Figure 15 displays the accumulated
rainfall for the simulations using grid
elements of 2 and 4 km. These “coarse-grid”
simulations do not resolve some of the
meso-y scale (i.e, 2-20 km) features
captured with the S-POL radar and the high-
resolution (control) simulations. Also, the
sower evolution of convection produces
rainfall accumulation more downstream as
compared to the control simulation. As the
grid-element size increases, less ranfall
accumul ates near the hills.

4. Summary and conclusions

A series of numerical simulations were
performed to evaluate the capability of the
Regional Atmospheric Modeling System
(RAMS) to simulate the evolution of
convection in the Amazon basin during the
rainy season and to elucidate some of the
complex  land-atmosphere  interactions
taking place in that region. Overall, we
demonstrated that RAMS can simulate
properly the domain-average accumulated
rainfall in Rondbnia, when reliable initia
profiles of relative humidity and soil
moisture are provided. An increase
(decrease) of the initia relative humidity by
only 10% generates significantly more (less)
and earlier (delayed) rainfall. Other models,
such as the operational ECMWF Integrated
Forecast System (IFS), ssimulated too early
rainfall in the wet season in Rondonia (Betts
and Jakob 2002). In another study, Silva
Dias et al. (2002) used RAMS to simulate a
squall line that formed in February 1999 for
the same region that was simulated here and
noticed a delayed precipitation as compared



to observations. The tests performed here
elucidate some of the factors that can affect
quite significantly timing, rate and location
of rainfall.
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