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[1] We have investigated mesoscale circulations and atmospheric CO- variations over a
heterogeneous landscape of forests, pastures, and large rivers during the Santarém
Mesoscale Campaign (SMC) of August 2001. The atmospheric CO, concentration
variations were simulated using the Colorado State University Regional Atmospheric
Modeling System with four nested grids that included a I-km finest grid centered on the
Tapajos National Forest. Surface CO, fluxes were prescribed using idealized diumnal
cveles over forest and pasture that derived from flux tower observations: while surface
waler C0; efflux was preseribed using a value suggested by in situ measurements in the
Amazon region. Qur simulation ran from | August through 15 August 2001, which was
concurrent with the SMC. Evaluation against flux tower observations and Belterra
meteorological tower measurements showed that the model captured the observed 2-m
temperatures and 10-m winds reasonably well. At 57 m the model reproduced the daytime
CO; concentration better than the nighttime concentragion but missed the observed
early mormning CO; maxima, in part because of the difficulties of simulating stable
nocturnal boundary conditions and subgrid-scale intracanopy processes. The results also
suggested that the topography, the differences in roughness length between water and
land, the *T" shape juxtaposition of Amazon and Tapajos Rivers, and the resulting
horizontal and vertical wind shears all facilitated the generation of local mesoscale
circulations. Possible mechanisms producing a low-level convergence (LLC) line near the
east bank of the Tapajoés River were explored. Under strong trade wind conditions,
mechanical forcing is more important than thermal foreing in LLC formation, Persistent
clouds near the east side of the Tapajos River may have a significant impact on observed

0s

ecosystem carbon flux and should be taken into account if tower fluxes are to be

generalized (o a larger region.
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1. Introduction

[z] The Amazon Basin plays a crucial role in glohal
cnergy, water, carbon, -and trace pas budgets [Dickinson,
1987]. Understanding and quantifying atmosphere-
biosphere ¢xchanges of heat, water, momentum, and CO»
at scales from the plot up to the entire basin, is of major
research interest to both carbon scientists and physical
meteorclogists. The Large Scale Biosphere-Atmosphere
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Expermment in Amazonia (LBA), launched as an interna-
tional research minative led by Brazil m 1997, aims o
document the Amazon's present state as a regional entity
using in situ data and analysis, and provide insight into its
possible future changes through process-based nurmerical
modeling. As part of the LBA program, the Santarém
Mesoscale field Campaign (SMC) was camed out during
the dry season of 2000 |[Sitve Dias et al, 2004; D. R.
Fitzjarrald et al., manuscript in preparation, 2005]. It pro-
vided a test bed for scientists coming from multidisciplinary
backgrounds to exercise regional integration using informa-
tion from flux tower and light aircraft measurements,
meteorological observations, and mesoscale numerical
maodeling,

[x] Dry season metcorology in the Santarém region s
characterized by persistent Teade Winds, but topographic
and surface variations in the Tapajos region produce meso-
scale circulations that have been documented from field
data and satellite imagery [Sifve Dias ef al, 2004; D, R,
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Table 1. Model Options Used in the Study

D211z

Catepory

Cipticins Selectad

Beferences

Hasic equalions
Vertical coordinates

Horrzontal conrdinates

nonhydrostatic, compressilile
terrnim-following sigma z

ablique polar-steecographic

Tripedi gl Cosen [ L980)
Claerk [1977] and
Tripadt and Coton [E5R2]

projection
Gnd stupger and structuns Amikawa C prid, multiple nested Argkawa and Lawmh [1977]
grid { fixed)
Time differcneing hvbrd
Micraphysics bulk microphysics (single moment) Walko ét af, [1995]
Convective modified-Kua for grids 1 and 2 Tremiback [1990)
pruamesleTration
Radiation Hamngton Harringion et al. [1999, 2000
Surface layer Lauis Lauiz [1979] and Lowis et af [1982)
LEAF-2, prognostic soil and Halka et al, [2000]
vegelation model
CO5 floxes preseribed divmal variation of GPP and respintion Mux tower data (Kin 67 and ¥m 77)

nver OOk efflux

Rickey of al. [1990]

Fitzjarrald et al., manuscript in preparation, 2005). These
include a shallow diurnal river breeze circulation forced by
differential heating between the forest and the Tapajés and
Amazon Rivers during trade wind breaks [Siha fdas er
al., 2004]. The trade wind break is frequently associated
with a cold air mass Intrusion into Amazonia, which is
locally known as the “friagem” event [Hamilton and
Tarifa, 1978; Marengo et al., 1997]. The typical sequence
of the event, as described by Silva Dias et al. [2004],
begins with & midlatitude upper level trough, with an
accompanying surface front and high-pressure area behind
it, the latter with a northward continental trajectory. The
south to southeasterly flow ahead of the high reaches of
weslern Amazonia, significantly slows the surface and
midleve] winds, and reduces average daily temperatures
by several degrees Celsius (D. R. Fitzjarrald et al.,
manuseript in preparation, 2005).

[4] Local mesoscale circulation patterns, which are of
great importance to regional climate [Avissar and Pielke,
1989 Liv eral, 199% Hahmann and Dickinson, 20001 Lu
and Shuttleworth, 2002; Xue et al, 2001], landscape bry-
drology [Ludwig er al, 2003], flux tower measurement
mterpretation [Buldecchi er al, 2001; Baldocchi, 2003,
regional upscaling, and inverse modeling [Swh!l er al.,
|995], are often closely linked to distinet landscape
features and land cover heterogeneity. To help interpret
abservational data collected during the LBA SMOC field
campaign, we performed mesoscale numerical experi-
ments using the Colorado State University (CSLD Re-
gional Atmosphenic Modeling Svstem (RAMS). Several
modifications were made to RAMS to include three-
dimensional CO; transport, prescribed land-cover-specific,
diumnal-varying surface CO; fluxes, and the effects of
deep convective mass transport (CO;RAMS). Our major
goals were: (1) to evaluate whether CORAMS is capable
of reproducing the observed meteorology and armospheric
CO, concentration field; (2) to identify and analyze the
mesoscale circulation patterns in the Santarém area; and
{3} to examine their influences on the surface exchanges
of energy, water, and CO, as observed at local flux
towers. - &

[5] RAMS has been widely used in studies investigating
the role of landscape variability and change in generating

mesoscale circulations [Piedle er ol 1991, 19933, 19934,

1998, 1999, 1999b:; Stohloren et af., 1998; Ly et al, 2001
Lu and Shuttleworth, 2002). It has been recognized as
suitable for regional-scale weather and climate studies,
.and for its ability 1 capture mesoscale circulations resulting
i from a variety of heterogencous land surface features [Chen
‘et al, 2001; Pielke, 2001),

[+] RAMS has also been applied to Southern Hemisphere
studies. Silva Dias et al. [2004] performed a high-resolution
(2-km grid increment) RAMS simulation aver the Santarém
area during weak trade wind episodes in July 2001, They
found that the Tapajds River breeze induces a westerly flow
contrtbuting 1o the shallow cumulus formed on the east
bank of the Tapajos River. Freitas er af. [2000, 2005], used
RAMS, coupled with University of Sao Paulo’s Trajectory
Maodel, to forecast trace gas transport for Cooperative LBA
Adrborne Experiment (CLAIRE), They included the effects
of subgrid-scale moist convective processes on tracer trans-
port, so that the air parcel can be vertically transported to the
cumulus top at the shorl timescale associated with
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Figure 1. Preseribed diumal variations of CO; fluxes for
pasture and forest.
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Figure 2. Model simulation domain and prid configuration of four nested pnds. The coarsest to the
finest grid intervals are 100 km, 25 km, 5 km, and | km, respectively. The 1-km grid mcrements of the
inner grid are omitted for clarity. The pole point for the oblique polar stereographic projection for each
grid is (—2.8%, —55.0%).
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cumulus updrafts. Their results showed that their new
transport scheme led to improved trajectory calculations
when compared with satellite images and aircrafi
observations.

[7] More recently, RAMS has been employed in regional
carbon budget studies. Denning ef all [2003] investigated
the influence of ecosysiem fluxes on atmosphenic CO; in
the vicinity of the WLEF-TV tower in Wisconsin using an
ecaphysiological model (SiB2) coupled to RAMS. They
found the medsl was able to reproduce observed diumal
cyeles of fluxes and concentration gradients, but revealed
problems during transitions at sunrise and sunset that
might be refated to the canopy radiation parameterization
in 31B2. In & similar study, Nicholls er ol. [2004] further
showed that katabatic winds, wvertical wind shear, and
circulations in the vicinity of lakes, caused wvarations in
s concentration. These studies, along with our current
study, span a range of different ecosystems and climatic
zones around the world and provide examples of extrap-
olating local field observations ol carbon Muxes and
concentrations to large scales using numerical models
and other spatial data producis.

[+] Cwur paper is organized as follows: the atmospheric
maodel, the physical parameterizations used, and the major
changes made for the current study, are introduced in
section 2. Also included in this section are the model
grid configurations and numerical experiment design. In
section 3, we desenbe the ohservational data and sites, and
summarize the synoptic situation during the numerical
experiment, In section 4, we first evaluate the modeled
meteorological variables and atmospherie CO; concenira-
tion distribution against tower observations, sccond, we
analyze the model results, focusing on the simulated
vertical and horizontal spatial distnibution of CO,; and
finally, the role of mechanical forcing versus thermal
forcing in the formation of the low-level convergence
(LLC) zone near the east bank of Tapajds River is explored.
Discussion, conclusions, and future research directions are
presented m section 5.

2. Model Description and Numerical Experiment
Design
2.1. CO;RAMS

[#] Regional Atmospheric Modeling System (RAMS)
[Piglke et al., 1992; Cotton et al, 2003] Version 4.3 was
adopted as our base model. The made!’s physical setup and
parameterization options are summarized in Table 1.

[16] Several modifications were made to the base model
to build CO-RAMS. First, we introduced CO- exchanges
between the atmosphere and land surface. To account for
the complex spatial and temporal distributions of CO,
surface fluxes, diumally varying CO; fluxes were included

as functions of local ume and land cover type. Shown in
Figure | are the diumal cycles of surface CO; fluxes for
pasture and forest. Maximum photosynthesis and respiration
rate were preseribed separately according to vegetation
type, which were derived from flux tower observations of
the net ecosystem exchange (NEE) (eddy covariance flux
towers Km 67, Km 77, and Km 83 located i Tapajds
National Forest, Pard, Brazil), Respiration was defined to be
constant in time because of the relatively small diumal soil
temperature variations in this moist study arca; photosyn-
thesis was assumed o vary sinusoidally on the basis of time
of day. A constant flux of 3 pmol m™ s~ over inland water
[Richey er al, 1990, 2002] was specified for the surface
water CO5 effluxes. In this way, the spatial and temporal
structures of surface carbon fluxes were constructed. Sec-
‘ond, we implemented three-dimensional CO; transport
associated with the surface COs flux specifications. Finally,
the Freitas et al [2000] convective transport scheme was
implemenied to account for CO, transport via traopical deep
convection. This scheme allows an air parcel associated
with a convective updrafl to reach the wp of cumulus clouds
on a much shorter timescale.
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Figure 3a. Topographic distribution and location map of
grid 4, the finest grid,
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Figure 3b. Vegetation distribulion of gnd 4, the finest
anid,

[11] At the land surface, a prognostic soil and vegetation
model, LEAF-2 [Walko et al., 2000], handles the storage
and exchange of heat and moisture associated with the
atmosphere-terrestrial interface, and provides the RAMS
lower boundary condition. Each grid cell is divided into
three fractions: open water, bare soil, -and domimam
vegetation type. The Jatent heat fluxes are caleulated
separately for evaporation from the soil and from inter-
cepted water on vegetation, and for transpiration through
the stomata on plants. The water budget includes a subgrd
representation of runoff using a version of TOPMODEL
[Band, 1993],

2.2. Grid Configuration and Experiment Design

[12] The maodel domain and grid configuration are shown
in Figure 2, It comprises four levels of nested grids with the
coarsest grid (grid 1) covering the norheastern part of Seuth
America and adjacent oceans at 100 km grid spacing, and
the finest grid (grd 4) covering an area of 97 km = 97 kmn,
focusing on the Santardm arca at | km gnd inerement, The
detatled information of each grid, including the vertical grid
increment and time step, is listed in Table 2. The pole point
far the ablique polar sterecgraphic projection used to defing
grid 4 is 2.8°5 and 55°W, The model is doven by 6-hourly
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lateral boundary conditions denved from Centro de Previ-
sd0 de Tempo ¢ Estudos Clhimdticos (CPTEC, i.e., Center for
Weather Forecasts and Climate Research in Brazil) analysis
products. Lateral boundary condition nudging is per-
formed on the three outer boundary grid columns of the
coarsest gnd. The jnformation provided at the lateral
boundary includes horizontal wind speed, relative humid-
ity. air temperature, and geopotential height on pressure
levels.

[13] Drven by CPTEC analysis, CO;RAMS was first
used for a two-month (I June through 31 July 2001)
simulation with only two outer grids (grds 1 and 2) to
allow the soil moistures and temperatures to adjust to model
equilibrium, Then, using the end of July atmospheric and
land surface states as an initial condition, we performed the
four-nested-grid simulation with the finest grid at | km grid
spacing. The experiment started on the 1 August 2001 and
ended on 15 Avgost 2001, concurrent with the Santarém
mesoscale Neld campaign.

[14] Topographic features of our finest grid are rather
distinet, as shown in Figure 3a. The Amazon and Tapajis
Rivers form a “T" shape confluence in the center of our
domain: In the east-west direction, the Tapajds River is
approximately |5 km across. The southwest quadrant is
higher than the rest of the domain, between 100 m and
200 m.

[1s] Heterogeneous vegetation tvpes, derived from the
I km International Geosphere-Biosphere Programme
(1GBP) land cover data set [Loveland et al., 2000], were
applied to the domain. Shown in Figure 3b is the vegetation
map of out finest gnd. The dominant land cover type is
pasture and mixed farming, making up 51% of the domain,
Inland water covers 27% of the area, evergreen broad leaf
trees 17%: other land use types cover 3%. The 1GBP 1 km
land cover data set, both versions 1.2 and 2.0, have some
unrealistic vegetation classes for the Amazon basin, which
need corrections for high-resolution simulations in this area.
Suaatehi et al’s [2000] data set, derived from Japancse Earth
Resources Satellite— | (JERS-1) L-band synthetic aperture
radar mosaic products (100 m resolution), adequately rep-
resents the land surface heterogeneity of the Amazon Basin
at | km, and provided us with additional land cover
information.

[t6] The mital and lateral boundary CO: concentrations
were set w0 360, ppm. In reality. the background CO:
eoncentrations should change at the lateral boundaries from
processes occurring outside the domain, However, in this
experiment, we focus on short-term variability, e, the
diumal cyele of [CO.], not the synoptic variations, Quan-
tutalively speaking, the diumal [CO;] variation signals are
about ten tmes larger than the lateral boundary [CO;)
variations. In addition, only the fourth two-way nested grid
15 used for analysis. Therefore we consider it reasonable to
use a fixed COu lateral boundary concentration on the
coarsest grid for the purposes of our study.

3. Observations, Site Deseription, and Synoptic
Situation of August 2001

[17] As part of the LBA program, the Santarém Meso-
scale Campaign was carried out during the early dry season

Sofl?
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Figure 4, CPTEC 500 mbar analysis of horizontal wind veetors al 0600, 1200, 1800, and 2400 UT on
3 August 2001,

of 2001, to study the local circulation patterns in this area  eddy covariance flux owers (including Km 67, Km 77, and
{Figure 3a), The red line s#cross the north-south dircction of  Km #3) operated by several LBA science groups, measured
the domain is Brazil Highway 163. On the east side of the  fluxes of heat, moisture, and trace gases as well as pressure,
Tapajos River and along both sides of Highway BR163, the  temperature, humidity, wind speed. and radiation profiles at
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Figure 5. Observed accumulated precipitation on 1 through 15 August 2001 from automatic weather
stations located in western Pard.
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Belterra, PA

Observed temperature at 2m AGL [C]

Modeled: Temperature at 2m AGL [C]
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Figure 6. Modcled versus observed screen height 2-m air temperature. The times in the figure are in
universal time (UT). The modeled output is at an hourly interval, while the observations are a1 8 S-min

interval.

below and above the forest canopy levels [Saleska e al,
200131 A network of automatic weather stations, micro-
meteorological towers, light aircraft, sonic radars, radio-
sonde, and pilot balloons were deploved during the same
time period. Detailed deseniptions of the field campaign and
other observational resources are given by Silva Dias et al,
[2004].

[1#8] The observational sites used for model evaluation are
as follows: the 10-m Meteorological Tower Station at
Belterra, Pard, is located at latitude 2.646°5, and longitude
S4.944°W, approximately 30 km southwest of Santarém
(Figure 3a); the eddy covariance flux tower Km 67 (primary
forest site) is located at latitude 2.855°5 and longitude
35.036°W, southwest of Bellerrs station. Both observation
sites are located near the east bank of Tapajos River, and
Highway BRI163 borders them to the east. Continuous
records of the entire simulation time period are available
from hoth sites,

[19] The synoptic situation for our simulation ime period,
| August through 15 August 2001, can be summarized as
follows: intense trade winds hlew almost constantly, with
slight variagtions in wind directions, as shown in Figure 4,
CPTEC 500 mbar analysis of horizontal wind vectors at
(6ad, 1200, 1800, and 2400 UT on 3 August 2001 show
persistent vigorous casterly flows of upper level wind fields,
Little or no precipitation fell over most of the domain during
this simulation period (Figure 5). On 4-6 August, persistent
southeasterly trade winds advected dry air from northeastermn
Brazil into the Amaron Basin, Subsidence was present
during this period, preventing measurable precipitation.
During 10 to 12 August, weak squall lines developed when

winds turned east-northeast, which favored convective
activity [Longo, 2003],

4. Results

4.1. Model Evaluation: Near-Surface Metcorology
and Cﬂz

[20] A comparison of near-surface meteorological fields
and CO; concentration was carried out between the
observations and the CORAMS simulations for the
period 1 Avgust through 15 August 2001, The first
available wvertical level from the model is at 57 m
Avallable temperature observations for this period are
from the Belterra meteorology tower at 2-m screen
height, and the observed wind speed and direction are at
1) m. The modeled screen height temperature and 10-m
wind speed are computed by the RAMS postprocessing
routings based on Lowis [1979] and Louis er ol [1982]
similarity theory formulation over bare soil and vegetated
surfaces. This scheme approximates the profile functions
of Businger et al. [1971]; the parameterization of the
hotizontal and venical diffusion coefficients is done using
K-theory based on Smagorinsky [1963], where the mixing
coefficients are related to the fluid deformation rate, and
corrections are made to account for the influence of
Brunt-Vaisala frequency [Hill, 1974] and Richardson
number [Lilly, 1962]

[21] Figure 6 shows the comparison of 2-m screen height
air temperature between the model and ohservations. The
model agrees reasonably well with the observations, but
with some cold biases, especially at midday, Over the entire
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sitnulation time period, model-simulated T, and T, are,
on average, |42°C and 0.25°C lower than pbservations,
respectively, while the daily mean sereen height air temper-
ature is 00.61°C oo low. The modeled temperature diurnal
cyele is perfectly in phase with observalions. The
muodel tends to underestimate the sereen height air temper-
atire maxima but does @ hetler job predicting minimum
lemperatures.

[z2] The observed wind speed and direction comparisons
are mare divergent than that demonstrated with temperature.
Figures 7a and 7h plot observed versus modeled values for
the entire simulation period, while Figures 7c and 7d show
the same comparison, but only for 13 and 4 August. The
wind speed companison is at 10 m, for both observation and
model; while the wind direction comparison is at different
levels: the observation is at 10-m level. and the model 15 at
37 m. The observed and modeled wind speeds average
1.78 m/s and 2.28 m/'s; and the observed and modeled wind
directions average 10647 and 109.8% respectively, for the
entire simulation time period. Both observed and modeled

winds demonstrate diumal cycles. As expected; the nights
are calm with more sporadic changes in wind directions;
during the day, a strong southeasterly wind persists, The
repeated slowdown of winds at 1300 UT (1000 local time
(LT} were simulated, and sometimes observed, as a result
of the thermally driven land-river contrast, During that hour,
the observed wind speed decreases are smaller than the
maodeled values, which indicates the model overestimated
the differential heating. Both modeled and observed wind
directions stay largely unchanged, i.e., there is no river-
breeze-induced westerly flow. Overall, the general trends
in observed wind speeds and dircetions are captured in
the simulation, bul the model overestimates the wind
speeds, and has less sowtherly components compared to
observations,

[23] Figure 8a displays the comparison of CO. concen-
tration anomaly between model and Km 67 eddy flux tower,
both at 537 m, which is above the top of the canopy. The
observed CO, concentration anomalies are computed by
subtracting the mean [CO,] from the time series. The
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Fipure 9. Satellite image obtained from LandSat 7 ETM+
scene for path 227 and row 62, on 31 July 2001, It shows
that during a clear day. the low-level cumulus clouds favor
the east bank of Tapajos River. The image is located at the
Web site of Tropical Rain Forest Information Center
(TRFIC), which is jointly hosted by LBA-ECO and
Michigan State University.

ohserved [C0;] is suppressed at night because of a stable
nocturnal surface layer and a dense canopy structure, At
night, CO; produced by soil respiration is trapped and
accurnulated below the canopy without reaching the instru-
ments. Then early in the moming, solar heating  breaks
down the stable boundary layer and the initiaily shallow
unstable surface laver starts to grow rapidly, supported by
strong verlical mixing [Spl, 1988]. Within hours, the stored
C0O, under dense canopy is released in a “burst™ and
reaches the instrument, resultng in the observed early
moming [C0;] peaks. as shown in Figure 8b daily at
1200 w 1300 UT {0900 o 1000 LT), Because the model’s
first vertical level is at 57 m, which 15 above the canopy, the
model cannot simulate these detailed intracanopy processes
[Denning et al., 2003). Davtime [CO:] agrees better with
ohservations, but daily minima are shghtly underestimated.
The better agreement of [COL] maxima during the nights
of 11 August through 15 August can be explained by
the synoptic disturbance that happened on the night of
11 August, during which a weak sguall line developed
when large-seale background winds turned from southeast
to northeast, Several mel stations registered intermittent
rainfall during those several days (as shown in Figure 3).
The stromger than usual twhbulent mixing dunng those
nights may have allowed the canopy-trapped €O to reach
the imstrument, resulting in better agreement between
observations and model.

[24] Tn general, CORAMS captures the diumal vana-
tions relatively well, and is able to reproduce many aspects
of the observed metearnlogy and COL distributions. How-
ever, because of the model's coarse vertical resolution, and
the difficulties of simulating intracanopy processes and
stable nocturnal boundary conditions, the model misses
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some imporant details of observed features, such as carly
moming OO flushing. The disparity in temperatures and
winds between ohserved and modeled values likely
involves scaling methodology applied. The model misses
some synoptic signals, in part, becavse of inadequate
representations of these features in the large-scale analysis
product.

4.2, Low-Level Convergence Line Near the East Bank
of Tapajos River
4.2.1. Satellite-Observed Cloud Band

[2s] Shown in Figure 9 is a satellite image obtained from
Landsat 7 ETM+ scene during the dry season. Low-leve

8/1/2001, noon

FEH - 1 v nE1E
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Figure 10. (2 and b) Modeled horizontal wind vectors and
surface divergences at 57 m (the model’s first vertical level),
at indicated times and days (local time).
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11 August 2001, 4pm
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Modeled honzontal wind vectors and vertical velocities {color shades) at different model

vertical levels, as indicated in the figure, on 11 Awugust 2001, at 2000 UT (1600 LT},

cumulus clouds appear persistently in the study area, and
seem 1o favor the east bank of the Tapajos River. This cloud
band is frequently observed both by local people and in
satellite imagery. The GOES satellite images of the same
time period confirm similar patterns (figures not shown),
Previous research has stressed the role of the thermally
driven “river breeze™ effect [Oliveira and Fitzjarrald,
1993, 1994; Silve Dias ef al, 2004]. This theory favors

1

light wind conditions that prevail during trade wind
breaks (“friagens™). However, the asymmetry and persis-
tence of low-level cumulus clouds under strong trade
wind conditions suggest that other mechanisms may be
invelved,
4.2.2. Simulated Low-Level Convergence Line

[25] Figures 10a and 10b show the modeled horizontal
wind vectors and the surface divergence at 37 m (the firsi
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Figure 12. (a) Model-simulated cloud water mixing ratio (g'kg) at 1600 LT on 2 August 2001, The
verical cross section is taken at —2.8% latitude. (b)Y Model-simulated surface incoming shortwave
radiation (W/m?) at 1600 LT on 2 August 2001, The cross section is taken at —2.87 latitude. The Tapajos

River is between —552% and - 5517 longitude.
£

model vertical level), on 1 August and & August 2001, at
1200 and 1800 LT, respectively. Although subsidence is
present over nearly the entire domain, a narrow convergence
ling is formed along the cast bank of the Tapajds River on
each occasion at a slightly different location and time. This
convergence line occurs twelve out of fifieen days during
the simulation time period, The orientation of the conver-

gence line steers perpendicularly against the background
trade winds. The east bank of the Tapajds River is; indeed, a
faverable place for each occurrence.

[271] Displayed in Figure 11 are the simulated horizontal
wind vectors and vertical velocities, at 37 m, 762 m, 1035 m,
and 1772 m heights, on 11 August 2001 at 1600 LT, showing
the vertical structure of the convergence zone. At the first
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Figure 13, Conceptual diagram showing the mechanisms
that lead to the low-level convergence line on the cast bank
of Tapajos River: (a) horizontal distribution and (b) vertical
cross section.

madel level, the near-surface convergence creates upward air
mation, The rising air reaches the top of the boundary layver
gt around 1.7 km, leading to an upper level divergenoe,
and this i tum, gencrates downward motion at that level.

(2] Shown in Figures 12a and 12b are model-simulared
cloud water mixing ratio and surfiace incoming shonwave
radiation at 1600 LT on 2 Auguast 2001, Comesponding to
the ¢loud formation, the model-simulated reduced incoming
shortwave radiation, where the convergence zone forms; the
model is able w eapture the radiative effect of the convee:
tive cloud through the microphysics parameterization in the
finest grid (grid 4, at 1-km grid spacing}.
4.2.3. Possible Mechanisms for LLC

[29] These results prompt the question, “why are low-
level cumulus clouds often hetter orpanized on the east bank
of the Tapajds River?” We abstract the landscape features of
our study area into two schematic diagrams illustrating this
system’s horizontal and vertical cross sections, as shown in
Figures 13aand 13b, The elevated topography (~200 m) on
the west bank of Tapajés River acts as a physical black to
the surface winds, resulting in a north-south horizontal wind
shear, The “T" shape juxtaposition of the Amazon and
Tapajos Rivers, and the contrast in surface roughness length

between the forest and the laree rivers, end w facilitate
the tuming of the lower-level winds from the Amazon o
the Tapajos River. The channelized noctherly flow along the
Tapajés Raver produce dircctional convergence with the
casterly Irades as they reach the east bank, as evidenced
in Figures 10a and 10b. The resulting convergence linc
produces upward maotion reaching to between 1.5 0 2 km
elevations, as shown in Figures 11 and 12a. These mechan-
ically forced updrafis lead to increased cumulus clouds and
sometimes precipitation,
4.2.4. Influence of LLC on Flux Tower NEE
Observation

[30] Since three eddy covarance flux lowers were buill
along the east bank of Tapajds River and Brazil Highway
BR 163, an important question is: *Are the towers affected
by the low-level convergence (LLCY™ And i so, how
does the: LLC affeet the COs flux observations?" Displayed
in Figure 14 are observed net ecosystem exchange (NEE)
and Bowen ratio at flux tower Km 67 compared with
simulated surlace divergence ar the same |ocation from
3 August through 8 Auvgost 20000 Also shown is the
ohserved net radiation from Belterra meteorological tower
for the same ume period. During the day, a midday NEE
depression is frequently observed. However, plant vapor
pressure deficit (VPD) can also lead to the increases m NEE
because of reduced photosynthetic uptake [Ghosh Hajra
and Kumear, 2002, Gueed er al, 1996; Cohen et al., 2000],
The Bowen ratio is defined as the sensible heat flux to the
latent heat flux. If the planis were under VPD stress,
increased sensible heat flux and decreased latent heat fluy
would result in a spike in observed Bowen ratio, On the
other hand, the cloud-shading effect would reduce net
radiation, in which would decrease both sensible and latent
heat fluxes, leading to a relatively constant Bowen ratio.
Figure |4 shows nearly constant Bowen ratios at midday,
This suggests that water stress is not the cause of the
midday NEE depression, The timing of the simulated
midday cloudiness in the model is related to the maximum
surface convergence. The observed net radiation from
nearby Belterra meteorological tower confimms the existence
of frequent midday eloudiness (Figure 14). To further
examing how the LLC-induced cloudiness influences the
observed CO; fluxes, photosynthetic active radiation {PAR)
is plotted against NEE for the km 67 flux tower, for a tme
period when both PAR and NEE are available. As shown in
Figure 13, davtime cloudiness often leads to dips in PAR
Mast of the time, when observed PAR decreases, NEE
increases because of reduced photosyntheue uptake, as
imdicated by the vertical lines in the figure, I the Nux
towers are located at where the LLC occurs, the observed
MNEE can be frequently affected by the midday cloudiness,
and therefore underestimate the carbon uptake when used 10
upscale o a larger region,

5. Summary and Discussion

[3t] Mesoscale circulations and atmospheric COs varia-
tions of Santarém area in Pard, Brazil, during the dry season
2001, were numerically investigated using CO-RAMS with
prescribed surface CO» fluxes according to land cover type.
Model evaluation apainst flux tower observations and the
SMC field measurements showed that, in many respects, the
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Figure 14, Observed net ecosystem exchange (NEE) and Bowen ratio at flux tower km 67 compared
with simulated surface divergence at the same location. Also shown is the observed net radiation at
Belterra metcorological tower for the same time period.
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Figure 15. Observed photosynthetic active radiation (PAR) and net ecosystem exchange (NEE} at flux
tower Km 67 during a time period when data are available.

model is doing a reasonable job simulating the observed
meteorological variables and CO; concentrations. The
model-observation discrepancies can largely be accounted
for by the fact that the model simulates conditions above
the canopy whereas the observations were taken near the
surface.

[32] The mechanisms that lead to better organized low-
level eumulus clouds on the east side of the Tapajds River

568

were explored, The most significant finding is that low-level
convergence zones cccur not only during weak trade wind
conditions, when thermally forced river breezes form, but
are also cvident on strong trade wind days. The numerical
simulations illustrate that local topographic and landscape
features, along with differences in roughness lengths be-
tween land and water, create a channeling effect that
mechanically forces the surface winds to turn from the
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Amazon to the Tapajos River, This subsequently leads fo
lower atmospheric wind to converge near the cast side of
Tapajos River. Differential heating between the land and
water cxists and has a strong divwrnal cyele. However, the
resulting river breézes are not strong enough 1o reversce
the casterlics at the surface during the dry season strong-
trade episode; it can only slow down the surface wind,
and allow more upward transport of moisture from mver
to the cumulus clouds. The observed and simulated
timings of LLC formation seem rather random. The lack
of a predetermined diumal cycle itself” suggests the lesser
importance of thermal forcing mechanism, The role of
mechanical forcing versus thermal forcing in the forma-
tion of LLC deserves a detailad investigation i itself [Lu
el al, 2004]. We also performed a vorticity budget
analysis, and found that solenocidal forcing associated
with differential heating was not significant {figures not
showm),

[23] The unique physical setting of the Tapajds National
Forest with respect to both the juxtaposition of the large
Amazon and Tapajos Rivers may produce a unigue meso-
seale and micrometeornlogical environment. The diumal
cycle of mean vertical metion. radiation, and precipitation
during the dry season along the east bank of the Tapajos
River is substantially influenced by the umique geographic
setting through a mechanically forced low-level conver-
gence Zonc. Systematic diumnal vanations in mean verlical
velocity may have implications for the calculation of
turbulent fuxes. of heal, momentum, water, and carbon
[Baldoechi, 2003]. The simultaneous enhancement of
diffuse light, humidity, and wvertical motion at midday
probably also influences the vertical distribution of atmo-
spheric CO2, and must be treated correctly in regional
inverse modeling efforts. It is also possible that the
evolution of the forest ecosystem in the region reflects
adaptation to enhanced midday cloudiness andfor precip-
itation relative 1o similar forests nearby. If so, the effects
of mesoscale circulations and associated patterns of radi-
ation, humidity, and precipitation should be accounted for
when generalizing from flux tower data or upscaling to a
larger region.

[:] A better understanding of mesoscale circulations,
advection, storage and drainage processes are impaortant in
the imerpretation of eddy flux measurements: To guantify
how CO. fluxes, the underlying vegetation, and the flux
footpring vary with meteorological conditions, plant physi-
olopical and biogeochemical processes need 1o be included.
As a next step in this research, a coupled 5iB2-RAMS
maodel, which can dynamically simulate the vegetation CO4
flux responses to meteorological vanations; such as cloud-
iness, and wind directions, will be employed, to show how
both biological controls and meteorological factors influ-
ence regional-scale CO; predicuon,

[35] Finally, our numerical study sugsests that detailed,
high-resolution, mesoscale studies need to be undertaken for
other long-term monitoring sites as well, Coarser resolution
simulations will likely misinterprel vanous signals in CO;
Nuxes and concentrations at Santarem. Mesoscale numencal
experiments can be a powerful tool to help determine the
unigue meteorological conditions - associated with each
lower, and to evaluate and identify the possible sources of
systematic bias of tower measurements,

LU ET AlL; MESOSCALE CIRCULATIONS AND ATMOSPHERIC CO; VARIATIONS

D202

[36] Acknowledgments, This research was sponsored by NASA
LBA-Ecology, grant NOUS-284, entitted “Spatial Intepeinion of Regioil
Carhon Balanee in Amazonia.™ Wi thank Steven Wolsy for his suppart in
providing Km 67 tower data for our analvsis and Ricarde Sakal and David
Fitzgarmbd for providing Km 77 tower dota, We oblamed Km B3 tower dats
from the Ameriflux Web sie. Special thanks go to Yagi Luo for his
msightlul discossion, J. . Lin For his constructive comments and G, E
Liston for his thorough edits, which, as o result, greatly imperoved our
manseript Part of this work was also funded by FAPESP and the Ministry
af Science and Technology in Brazil through the Millennium [nstitue

prograny,

References

Arakowa, A and BV Lamb (1977), Computational design of the basio
dynamical processes of the UCLA genernl cireulation model, Methody
Compeut. Plys., 17, 174-265.

Avigsar, B, -and B AL Prelke {1989) A parameterization of heterogeneous
lnnd surfaces for atmosphenc numencal models and i1 impact on -
nal meteorology, Mo, Wegther Rev, HIT10), 21132136,

Baldocehi, D, D. (2003}, Asscssing the eddy covanance technique for
gvaliating carbon diexide exchange rates of coosvsiems: Past, present
and fisture, Cilohal Change Bial, ¥, 479492

Haldocchy, By 12, etal. (2001), FLUXNET: A new toul to study the tem-
ponl and spatial vimsbility of ecosysterm-seale carbon dioxide, witer
vapor-and encrey flux densities, Bull Are Moo Soc, 83,0 2415
2434,

Band, L. E: (19%3), Effect of land surface representation on forest water and
carbon budpgets, S Fwdmal, 150, T49-772.

Businger; J.oAL T C. Wingaard, Y. lzumi, and E. T Bradley (1971, Flux-

o profibe relationshep in the atmasphere surface laver, J Afmas el 28,
I81-189

E.'hc:l.. F.. R. A. Pielke Sr., and E. Maitchell (2001), i}cwlnpmtm and

"application of fend-surface modets for mespscale atmospheric madels:
Problems and promiscs, in Cbrervation and Modefing of the Land Surfiace
Hydrelogical Processes, Warer Sci. Appl, vol. 3, edited by V. Lokshimi,
1. Alberston, and J, Schaake, pp. 107~ 135, AGL, Washington, [ C,

Clark, T L, (19773, A small-scale dypamic model using o terrain-fellowing
coardinate transformation, J, Coomput, Fhys, 24, 186-215;

Ceohen, 5, A, Grava, and E, E. Goldsehmide {20003, Citrus response to
rediation load reduction: Water use, photosynthesis, and productvily,
paper presented at Sth International Cures Congress, Umv, of Fla. Inst
of Food and Agne. Sci. Citees Bes!and Bduc, Cent., Orlands, Fla

Cotton, W, R.et al, (2003}, RAMS 2001; Current status and future divee-
tions;, Matearnl, Andoes. Phys, 82, 5-29,

Denning, 5. A, M. Nicholls, L. Pribodko, L Baker, B L. Vidale, K. Davis.
and P Bakwin (2003), Simulated vanostions i atmosphienc COy over a
Wisconsin forest using a coupled ecosvalem-ilmosphere madel, Globe!
Change Biol., 9, 1241- 1250,

Dickinsan, & E. (1987}, The Geophysinlogy of Amazania: Vegetatinon and
Climate: fntevactions, 1st od., 526 pp.. lohn Wiiey, Hoboken, M. 1.

Fremas, 5, B, M. AL F Silva Dias, P L. Siva Dias, K. M. Longo, P Artae,
M. O Andreas, and H, Frscher (20000, A convective kinematic trajectory
technigue for low-resolution atmosphieric models, S Geoplive, Res
TEF(IH9), 34,375 24,380

Freitas, 5. #, K. M. Longo, M. A F. Sifva Duas, P L. Silva Dias,
K. Chatfield, . Prons; P, Artaxe, Go Grell, and I 5. Recwero {2005)
Moniloring the transport of Bomass buming ermisstons in South Americ,
Emvirger. Fluid Meck | 500 =20, dai: 10, 100/ 10652-005-0243-7,

Cihosh Hajea, H., and R, Kumar (20023, Dismal and secasonal variations in
pas exchange property of tea leaves, £ Plonr Biaf . 2020, 160173

Gueed, B, B Massar, C. Xiloyannis, and 1. A, Flone (19%), The effect of
drought and vapour deficit on gas cxchange of young Kiwilmil (Acninidia
deficiose var, deliciosa) vines, A, Bos 77, 605013

Hahmann, &, W, and B, E, Dickinson (20013, A fine-mesh land approach
for general circulntion models and its impect on regional climate, £ Clior,
14T, 1634 1646,

Hamilten, M. G, and ). R, Tarifis (1978}, Synopiic aspects of a pelar out
bireak leading 10 frost in tropical Brazil, July, 1972, Mos Weather Rev,
[0, 15451556,

Hamngton, J. Y., T. Kemsin, W, B, Cotton, and 5. M. Kresdenweis {19997,
Cloud resolvisg simulations of Arctic stratus. Port 11 Transition-season
clowds, Atmias, Res,, 51, 45-75

Harmngton, 1Y, (5. Femgold, and W, B. Cotton (2000), Radiative impacts
on the growth of a population of drops within stimulated summertime
arctic steatus; £ Afmos. Sci, 57, Too-TRS,

Hill, G. E. (1974), Factors controlling the size and spacing of cumulus
clouds as reveated by numerical experiments, . dmwos. Sci, 34, 646 - 673,

Lilly, T KL (1962, On the numerical simulation of buoyant conveclion,
Tellus, f42), 148172,

16 ol 17



Bp2iing

Lag, ¥, . Weaver, and B, Avissar [1999), Toward & parameleniztion of
misoseale fluxes and moist convection induced by landscape heteroge-
ncity, f Geophys. Res, TID16), 19515 19.534,

Longe, M, {20037, Horzontal vorticity budget associated with 2 mesoscals
canvective system in Amazon Basin (in Poruguese), M5, disseration,
133 pp., Univ, de S3o Paulo, Brazil,

Louois, T F. (1979, A parametric medel of vertical eddy flaxes in the
atmosphere, Soundary Liyer Meteoral, 17, 187201

Lotis, J. F. M. Tiedtke, and J. E. Geleyn {1982), A short history of the PEL
paramictenization & ECMWE, in Procecdings of the 1981 Workskap an
PRI Parameterization, pp. 59- 71, Eur, £ent. for Medivm-Range Weather
Forecasts, Feading, TTK.

Loveland, T B, B. C. Reed, 1. F. Brown, D. O, Ohlen, 1. Zhu, L. Yang, and
1. Merchant (2000), Development of & Global Land Cover Characteristics
Datzbase and IGRP DISCover from [-km AVHRR data, Jst 1 Kemote
Sens., H&T), 13031310,

Lu, L., and W, 1, Shutlleworth (2002}, Incorporuting WXVE-derived LAl
into the climate version of RAMS and its impact on regional climate,
S Hudrometeorel, 3, 347362,

Lu, L. R, A. Piclke, G. E. Liston, W. L Parlon, D, Ofima, and M. Hartman
(200 ), Implementation of a two-way interactive atmospheric and ecolo-
pical madel and its application ta the ecntral United States, J. Clim,, 14,
G-919

Lo, L. A 3 Denmng, M, A Silva Dias, P2 Silv Dias, and M. Longo
(204147, Why the lower level cumuls clouds are ofien betier organized on
the east bank of Tapajos River’: A mechanistic study, puper presenicd at
AMS Annual Meeting, Am. Meteorol, Soe., Seattle, Wash., Jan,

Ludwig, R., M. Probeck, and W. Masser (2003), Mesoscate water halance
medelling in the wpper Danube watershed using sub-seale land cover
information derved from NOAA-AYHRE imsgery and GIS-technigues,
Phys, Chem. Eqrih, 23(33-30), 1351 - 1364,

Marengo, 1. A, A, Comgjo, P Satyamurty, C. Nobre, and W, Sea (1997), 7

Cold surpes in tropical and extrarropical South Amenca: The strong event
in Jume 1994, Mon. Weather Rev, 125, 275927186,

Wicholls, M, E. A. S Denning, L. Prikdodke, B L, Vidale, 1. Baker,
B Dravis, and P Bakwin (2004), A multiple-seale simuolation of variations
in amospheric carbon dioxide using a coupled hiosphere-atmespheric
madel, /. Geophys, Res, 109 DIELLT, doi 10, HO2W2003 TD004482.

Oiveira, &, P, and [3 R, Figarrald (1993), The Amazon River hreeze snd
the local boundary-luver: 1. Observations, Boundary Laver Metearil.,
G3(1-2), 141182,

Oliveira, A. P, und 1. B, Fiizjarrald {1994), The Amazon River breeze and
the local boundary layer: 2. Linsar-analysis and modeling, Bousdary
Layer Meteorol , 67(1-2), 7596,

Pielke, B A, (20013, Influence of the spatial distribulion of vepetation and
soils on the prediction of cumulus convective rinfall, Rew Geeplys., 39,
151-177.

Fielke, B A, G. Dulu, 3. 8. Snook, T. 1. Lee, dnd T, G. F. Kittel {1991),
Nonlinear infloence. of mesoscale land use on weather and elimate,
L Clim,, &, 1053-1069.

Piclke, T A, of el (1992}, A comprehensive meteorological modeling
syitem RAMS, Meteorol. Afmos, Phys, 49, 69-9].

Pielke, B. A, D8, Schimel, T, L Lee, T GLF kittel, and X, Zeng {1993a),
Atmosphers-terrestrial ecosystem inleraclions: Implications for coupled
modeling, Ecol, Modell, &7, 5- 1%

Piclke, B A, 1, H. Rodmguez, J. L Eastman, K L, Walko, and B A
Stacker (19930, Influence ol albedo varahility in complex terrsin on
mesoscale svstems, S Clinn, 6, 1798 1806,

Piclke, K. A, R Avissar, M. Raupach, H. Dolman, X Zeng, and
5. Denning (1998). Interactions between the atmosphere and  er-
regtrial ecosystems:  Influence on weather and climate,  Glabal
Change Biol, , 461-475,

Piclke, B A, B L. Walko, L, Steyaert, PY L. Vidale, G. E. Liston, and W, A
Lyons {199%a), The influence of anthropogenic lindscape chanpes on
welher in south Florida, Men, Weather Rev, 127, 1603 -1673.

LU ET AL: MESGSCALE CIRCULATIONS AND ATMOSPHERIC CO; VARIATIONS

Do

Pielke, B, A, €. E, Liston, I L. Eastwan, L. Lo, and M. Coughenour
[ 1995hY, Seasonal weather prediction as an initial value problem, £ fren-
s Res, {64, 9463 - 19479

Richey; J. E.. 1. 1 Hedges, A H. Devel, and P 00 Quay {1990), Biogeo-
chemistry of carbon in the Amazon River, Limnol Qesanogrn, FHDY,
352371,

Richey, ). E. 1 M. Melack, A, K. Aufisskampe, V. M, Ballester, and
L. Fless (2002), From water to the atmosphere: Carbon dioxide evasion
from the Amazon River systom, Metuee, 416, 617 - 620,

Santehi, 5, 5., B Melson, B, Podest, and 1. Hob (2000}, Mapping land cover
types In the Amazon Basin using 1 km JERS.1 mosaic, S Remete
ez, 21(6-T) 12011234,

Saleska, 8 R, et ol (2003), Carbon in Amazon forests: Unexpected sea-
sonal Muxes and disturbance-induced losses, Science, 302, 15541557,

Silva Digs, M, A. F., P. L. Silva Dias, M. Longo, D. R. Fitzjarrald, and A, §
Denning (20043, Biver breeze circulation n easiem Amazon: Okserva-
tions and modeling results, Theor dppl. Climatod,, 75(1-3), LLI- 121,

Smagorinsky, 1. (1963}, General circulation experiments with the primitive
equations: Past I, The hasic experiment, Mon, Weather Rew, 21, 99— 164,

Siohl, A G, Wotawa, P, Seiben, and H, Kromp-Kolb (1995}, Interpolation
errors in wind fields as o fnction of spatial and femporel resolution
arid their impact on different types of kinematic wajectonies, S Apg
Meseoral, 34, 2149 2163

Sohlgren, T 1, TN Clase, B A, Pielke 5r, T. G0 F. Kitel, and 1, Baron
[199%8), Evidence that local land use practices influence regional climate,
vegilation, and stream (ow patiems in adjecent natweral areas, Grlohal
Chapgre Riol,, 4, 495504

Stull, B, B. (1988), An Introduction to Boundary Ldver Meteorology,
Springer, New York,

Tremback, ©. 1 {1990}, Numerical similation of 3 mesoscale convective
complex; Model development and numerical resulis, PhiD. disseriation,
247 pp., Caolo, Seate Univ., Foit Callins.

" Tripoli, %, 1., and W. R. Cotion (1980}, A numerical investigulion of several

factars cantributing 16 the ohserved varable intensity of deep convection
aver south Florida, /. dppl. Metegred., 19, 10371063,

Tripoli, G. J., and W, R Cotton (1982), The Colorde State University
three-dimensional cloudmesoscale model - 1982, Part 1 General theore-
tical framewark and sensitiviny experiments, Jf, Rech. Atmas, 16, 185
220,

Walka, B L., W. B Conton, M. F. Meyers, and 1Y, Hamington (19493},
Mew BAMS clond microphysics pasameterization, Part I: The single-
moment scheme, Atmas, Res, 38, 2962

Walke, B L, ¢t al (20007, Coupled atmosphere-biosphvsios-hydrology
madel medels for sovironmental modeling, J Appl Metearal,, 39,
G31-944,

Huc, Yo B L Zeng, K. E. Mitchell, Z. Janjic, and E. Rogers (2001}, The
impact of land surface processes on simulations of the 115, hydrological
cycle: A case study of the 1993 flood using the SSiR land surface model
in the NCEP Fa regional model, Men, Feather Rev, 1200120, 2833
2860,

M, A ds Silva-Dias, P da Silva-Dias, and M. Longo, Deparment of
Atmospheric: Seiences, University of S0 Paule, Sio Paulo DSS08-904,
Brazil.

AL S, Denning and L. Lu, Department of Atmospheric Seience, Coloradi,
State University, Fort Colling, OO0 80525, USA. (lixinf@atmos.colostate,
edu)

5. R, Freitas, Ceatre for Weather Forccagting and Climute Studics,
Mational Institute for Space Research, CEP [2630-000, Cachoeim Paulista,
Braxil

5, Sastchi, NASA Jot Propulsion Loboratery, 4800 Oak Grove Drive,
Prsadena, CA 31109, LISA.

|7 of 17



