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Abstract An effort towards a more accurate representa-
tion of soil moisture and its impact on the modeling of
weather systems is presented. Sensitivity tests of precipi-
tation to soil type and soil moisture changes are carried out
using the atmospheric Eta model for the numerical simu-
lation of the development of a mesoscale convective sys-
tem over northern Argentina. Modified initial soil moisture
conditions were obtained from a hydrological balance
model developed and running operationally at INPE. A
new soil map was elaborated using the available soil profile
information from Brazil, Paraguay, Uruguay, and Argen-
tina and depicts 18 different soil types. Results indicate that
more accurate initial soil moisture conditions and incor-
porating a new soil map with hydraulic parameters, more
representative of South American soils, improve daily total
precipitation forecasts both in quantitative and spatial
representations.
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1 Introduction

Soil moisture initial conditions in regional models are
sometimes based on simulations of global atmospheric
models with low spatial resolution which have been ini-
tialized with global data sets of soil moisture (e.g. Mintz
and Serafini 1992; Schemm et al. 1992; Liston et al.
1993). These simulations are forced with monthly average
or daily temperature and precipitation observations. There
are large discrepancies between these values and obser-
vations, particularly in the tropics, due to limitations in
the parameterization of hydrological processes, which
dampens soil moisture interannual variability (Robock
et al. 2000). However, the latest generation of numerical
weather prediction models aims to accurately predict soil
moisture.

Based on observations, Entekhabi et al. (1996) showed
that the strong interactions between soil moisture and the
atmospheric processes take place in all spatial and temporal
scales. Reen et al. (2006) investigated the potential benefits
on simulated atmospheric boundary layer structure of a
better specification of soil moisture and related parameters
within a mesoscale model with different land-surface
physics options. During the Southern Great Plains
Hydrology Experiment in 1997 an L-band passive micro-
wave radiometer was flown on a P-3 aircraft and used to
derive surface (0—50 mm) soil moisture (Jackson et al.
1995, 1999). The authors showed that the addition of more
detailed soil moisture produced noticeable improvements
in the model’s representation of surface air temperature and
mixing ratio gradients.

Soil moisture interacts with the overlaying atmosphere
through surface energy and water balances, and the amount
of soil moisture strongly influences the degree of heat and
moisture exchange between the land and the atmosphere
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(Qu et al. 1998; Dirmeyer et al. 2000; Zhu and Liang
2005). As pointed out by Dirmeyer et al. (1999), soil
moisture also determines the partitioning of land surface
heat flux between sensible and latent components, thus
affecting both heat and water balances. The soil moisture
also influences the conditions of the overlaying vegetation
through transpiration and radiative properties. An increase
in soil moisture damps any increase in land surface tem-
perature caused by solar radiation; on the other hand,
increase in soil moisture may lead to increase in evapora-
tion, which in turn strongly influences atmospheric con-
vection and precipitation. The release of latent heat
associated with the cumulus convection enhances low-level
moisture convergence and thus further intensifies precipi-
tation (Lau and Bua 1998).

Entekhabi and Brubaker (1995), Brubaker and Entek-
habi (1996) also performed an in-depth quantitative anal-
ysis of land—atmosphere interactions that focused on the
impacts of near-surface soil moisture and temperature
variability on fluxes and planetary boundary layer (PBL)
evolution. They found evidence that PBL growth can
enhance surface sensible heat flux through a complex set of
processes that lead to rapid soil drying and, hence, higher
surface Bowen ratio (Kim and Entekhabi 1998). Santanello
et al. (2007) further examined the interactions that deter-
mine PBL evolution and land surface energy balance, in
particular, the relationships among land surface properties
and fluxes, the PBL structure, atmospheric stability, and
soil moisture. Their results showed that the first-order
effects of land—atmosphere coupling are manifested in the
control of soil moisture and stability on atmospheric
demand for evapotranspiration and on the surface energy
balance. Moreover, day-to-day changes in the spatial var-
iability of soil moisture can have significant impact on the
surface energy budget, on the convective available poten-
tial energy, and on the convective inhibition. Differential
heating due to horizontal gradients in the soil moisture may
be important in the convective development (Gallus and
Segal 2000; Chang and Wetzel 1991).

Pielke (2001) showed that the effects of soil moisture
on rainfall can be associated with dynamical modifica-
tions of atmospheric systems as well as the generation of
mesoscale circulations through the formation of spatial
sensible heat flux gradients. Analyses of convective
events have shown that surface moisture can influence
cloud formation (Ek and Holtslag 2004), the evolution of
the convection and precipitation. Lanicci et al. (1987)
showed that variability in soil moisture conditions is
important for generating differential surface heating and
low-level thermodynamic instability through strong sur-
face evaporation.

Sutton et al. (2006) showed that warm season rainfall
forecasts are dependent on the soil moisture initial
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condition uncertainty. Following this idea Aligo et al.
(2007) analyzed the summer rainfall forecast spread in
weakly forced and strongly forced events from an ensem-
ble with different soil moisture analyses. They concluded
that the precipitation amount within convective systems
can be strongly sensitive to soil moisture perturbations, but
the perturbations, if only applied to soil moisture, might not
add enough variability to rainfall forecasts over the entire
domain.

Soil moisture can have a noticeable impact upon situa-
tions with stronger forcing such as frontal passages (Fast
and McCorcle 1991). Koch et al. (1997) found that a
reduction of soil wetness in the warm sector ahead of a cold
front increased the precipitation due to a corresponding
intensification of the frontal dynamic effects (i.e., conver-
gence). According to Gallus and Segal (2000) modification
of soil moisture has the following impacts on cold fronts
accompanied by convection: (1) increasing soil moisture
causes evapotranspiration to enhance thermodynamically
the potential convection, (2) persisting cloud cover in the
cold sector behind the front intensifies the cross-front
temperature gradient as the soil in the warm frontal sector
becomes drier (Segal et al. 1993) and (3) increasing soil
moisture results in a less developed convective boundary
layer and reduced cross-isobaric flow.

Employing the NCEP Eta Regional Climate Model,
Yang et al. (2007) investigated the response of the
model’s seasonal simulations of summer precipitation to
high-frequency variability of soil moisture. They focused
on the response of model precipitation and temperature
over the U.S. Midwest and Southeast due to imposed
changes in the diurnal and synoptic variability of soil
moisture during the warm and dry summer of 1988 and a
summer with devastating floods of 1993. Their results
showed that high-frequency variability of soil moisture
increased the precipitation in 1988 but decreased the
precipitation in 1993, with major signals in the southern
Midwest and the Southeast. Moreover, diurnal variability
and synoptic variability of soil moisture caused similar
changes in precipitation, indicating the importance of
including the diurnal cycle of land surface process in
climate modeling.

By analyzing a dozen of AGCM highly controlled
numerical experiments, Koster et al. (2004) highlighted hot
spots where precipitation and soil moisture anomalies were
highly coupled. Notably, they have identified locations
where precipitation prediction skills during NH summer
could be enhanced by soil moisture initialization.

Temporal and spatial representation of soil moisture in
atmospheric models is an issue of constant study since
numerical weather prediction models and climate models
require an accurate representation of initial land surface
conditions to partition properly the sensible and latent
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heat fluxes. Furthermore, the determination of soil mois-
ture at each grid point is highly dependent of the soil
profile and the hydrologic parameters corresponding to
each soil type. Most numerical weather prediction models
employ global scale soil classifications grouping in a few
categories all the different world-wide soil types and fail
to correctly represent the spatial variability of soil types at
smaller scales.

In this paper an effort towards a more accurate repre-
sentation of soil moisture and its impact on the modeling of
weather systems is presented. The Eta model is chosen to
perform numerical simulations over South America and to
test the sensitivity of precipitation to soil and soil moisture
changes. The meteorological situation analyzed is a cold
front crossing southeastern South America which is fol-
lowed by the development of a mesoscale convective
system over northern Argentina in October 2006.

The structure of the paper is as follows: initial soil
moisture conditions are estimated through a hydrological
balance model, which is described in Sect. 2; the new soil
map derived for the eastern sector of South America
covering Brazil, Paraguay, Uruguay, and Argentina north
of 40°S is discussed in Sect. 3. The Eta model and the
experiments performed are presented in Sect. 4, while the
synoptic situation is described in Sect. 5. Results are
shown in Sect. 6 and the main conclusions are discussed
in Sect. 7.

2 Soil hydrological balance model

Initial soil moisture conditions for the Eta simulations were
obtained from a hydrological balance model developed and
running operationally at INPE. The model uses integrated
daily precipitation (P) derived from TRMM product 3B42
version 6 (http://daac.gsfc.nasa.gov/precipitation/TRMM_
README/TRMM_3B42_readme.shtml) on a 0.25° x
0.25° grid, and rain gauge observed precipitation collected
by different institutions in Brazil and by the National
Weather Services of Argentina, Uruguay, and Paraguay
(Rozante et al. 2010).

Time variation of soil water storage above wilting point,
S (mm), is estimated using the balance equation (1):
oS
E_P_RET—DD (1)
where P indicates the rainfall rate (mm/day), RET actual
evapotranspiration (mm/day), and DD the deep drainage
rate (mm/day).

Actual evapotranspiration (RET) is linearly derived
from the potential evapotranspiration (PET), soil water
storage above permanent wilting point (S), and a critical
moisture content (CMC) as described by Eq. (2):

S
RET = — PET M
ENC S<CMC 2

RET =PET §>CMC

CMC is a soil parameter that defines the soil water storage
threshold above which plant roots can take soil water
without stress. This parameter is defined through soil
characteristic curves as the amount of water at a —60 kPa
matrix potential.

The deep drainage rate is calculated assuming gravity
drainage according to

DD:KS(SS )n (3)

max

where K is the saturated soil hydraulic conductivity, Syax
the maximum soil moisture content, and n is Brooks—Co-
rey parameter.

By adding both variations the total soil moisture content
variation is obtained. When the resulting storage is greater
than the maximum soil moisture content (S;,.x), the model
considers this an excess (EXCsat) and sets the soil moisture
content equal to the maximum soil moisture content
(Eq. 4).

S > Smax = EXCsat = § — Spax

(4)
S = Siax

The resultant soil moisture fields correspond to values
above the wilting point.

3 Soil map

One of the weaknesses of numerical models is their low
precipitation forecast skill which is highly dependent on
the correct parameterization of the different processes
including soil moisture balance. One of the crucial com-
ponents of this balance is the soil type as it determines
important parameters such as wilting point and field
capacity (e.g. Wilson et al. 1987). In order to explore to
what degree the development of weather systems is
determined by accurate soil type definition, a new soil map
was developed to replace the existing Eta soil map.

The new soil map was elaborated using the available
soil profile information in the INPE soil data base. It
includes information on soil profiles from Brazil, Paraguay,
Uruguay, and Argentina. Each profile includes basic
information such as soil types, texture classes, horizon
depths, amount of organic carbon, etc. The different
hydrological parameters defining each soil were obtained
applying pedotransfer functions (Tomasella and Hodnett
2005).

Soil properties in the Eta model are defined by different
parameters including soil quartz content (Q7Z), wilting
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Table 1 Thresholds used to establish soil types of the new soil map

I i I
®, (mm) <75 75-150 >150
®, (mm) <200 200-350 >350
®,, (mm) <150 150250 =250

point soil moisture contents (®y,), saturated soil diffusivity
(D), saturated soil hydraulic conductivity (K;), saturated
soil potential (‘F;), reference soil moisture for the onset of
soil moisture stress in transpiration (©.), maximum soil
moisture content (), diffusivity/conductivity rate (F), air
dry soil moisture content limits (®p), and the B parameter
for each soil type (B).

The criterion adopted to delimit the groups and classify
the soil data base was, in first place, to select three
hydrologic parameters: O, ®,. and O,,. For each of these
variables, three thresholds were defined (Table 1).

The combination of these three variables and three
categories would result in 27 different soil types. How-
ever, in some cases no soil from the data base met the
requirements; in other cases the group was composed of
only a few profiles and in these cases it was decided to
include them in similar class. The new soil classification,
from the 27 potential types was reduced to 18 soil types
identified over the area. The necessary soil and hydro-
logic Eta parameters were recalculated using the infor-
mation in the soil data base. In particular, those
parameters that were used in the INPE soil hydrological
balance model as well as in the Eta land-surface model
were taken from the former and converted to match the
Eta land-surface unit system. Values of soil and hydro-
logic parameters are presented in Table 2. However, the
vertical structure of the Eta land-surface model is kept
unchanged.

Figure 1 presents the area where the new soil map was
defined based on the INPE soil data base and gridded onto
0.25° mesh. The area extending over Brazil, Paraguay,
Uruguay, and Argentina north of 40°S was covered by the
data base; the rest of the continent was completed using the
FAO (2007) soil map. The resolution of this map is 5" over
South America and uses 16 texture categories following
Zobler (1986) and including some special soil types. This
map was regridded to 0.25° and correlated with INPE soil
map to unify categories and complete the latter for the
whole South America. The final map incorporated into the
Eta model is shown in Fig. 2.

Also, this soil map and the hydraulic parameters were
applied in the hydrological balance model to obtain initial
soil moisture conditions for Eta model integrations, as
described below.
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4 Eta model and sensitivity experiments
4.1 Eta model

The Eta model (Mesinger et al. 1988; Black 1994) is a
limited area model which utilizes the eta vertical coor-
dinate (Mesinger 1984). The prognostic variables are
temperature, horizontal wind components, specific
humidity, surface pressure, turbulent kinetic energy, and
cloud hydrometeors. The convective scheme used is the
Betts-Miller-Janjic scheme (Betts and Miller 1986; Janjic
1994) while the radiation package was developed by the
Geophysical Fluid Dynamics Laboratory in Princeton.
Shortwave radiation in the model is treated using the
Lacis and Hansen (1974) scheme, whereas longwave
radiation is estimated by the Fels and Schwarzkopf (1975)
scheme. Initial conditions used to force the Eta model
experiments are taken from the NCEP global model
forecasts, whereas the lateral boundary conditions are
taken from the INPE global model forecasts (Bonatti
1996) which are updated every 6 h. The Eta model is
used operationally at INPE since 1996 to produce weather
forecasts over South America where it has been subject to
evaluations (Bustamante et al. 1999; Seluchi and Chou
2001).

The land-surface physics are resolved by a land surface
model (LSM) known as Noah (Ek et al. 2003). The Noah
LSM is a model of intermediate complexity for use in
operational weather and seasonal prediction models, which
can also be executed in an uncoupled mode. Noah simu-
lates soil moisture (both liquid and frozen), soil tempera-
ture, snow depth, snow water equivalent, canopy water
content, and the land surface energy and water fluxes.
Originally, the soil model uses four layers and nine dif-
ferent types of soil based on the 1° x 1° database created
by Zobler (1986) with soil parameters taken from Cosby
et al. (1984).

4.2 Sensitivity experiments

The model was configured to run on a 40-km grid reso-
lution with 38 unevenly distributed vertical levels, with
almost half of them below 700 hPa. The model top is set
to 25 hPa. Figure 1 shows the domain which includes all
of South America north of 40°S and portions of the
adjacent oceans. Although incompatibilities between the
Eta model physics and the boundary conditions provided
by the INPE global model could be expected, they have
not affected our integrations because of the large domain
used in our experiments. To reduce model spinup effects,
initialization time was taken 48 h before the major heavy
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Table 2 New values of the soil parameters in the Eta model
Soil Type O (%)* ¥, (m) K (m/dia)* B OTZ (%) O, (%)* 8, (%)* Bp (%)* D m?/dia F
1 0.16 0.27 4.28E—07 2.03 0.60 0.03 0.08 0.08 1.48E—06 —-0.21
2 0.19 0.10 8.22E—07 2.78 0.25 0.04 0.16 0.16 1.21E-06 —1.00
3 0.19 0.25 1.69E—06 3.03 0.25 0.07 0.32 0.32 6.68E—06 -0.77
4 0.29 0.11 1.40E—-05 2.25 0.60 0.05 0.11 0.11 1.16E—-05 —0.17
5 0.29 0.09 9.45E—06 2.62 0.45 0.06 0.19 0.19 7.60E—06 —0.47
6 0.30 0.05 9.18E—06 3.02 0.25 0.06 0.27 0.27 4.90E—06 —0.88
7 0.37 0.09 7.70E—-05 1.97 0.82 0.04 0.07 0.07 3.85E-05 0.13
8 0.38 0.04 3.43E-05 2.53 0.25 0.05 0.18 0.18 9.35E—06 —0.45
9 0.36 0.02 5.02E—05 2.98 0.25 0.05 0.27 0.27 7.32E—06 —1.05
10 0.32 0.43 1.71E-05 2.13 0.60 0.09 0.12 0.12 4.85E—05 0.58
11 0.32 0.4 5.28E—06 2.44 0.35 0.10 0.20 0.20 1.61E—-05 0.40
12 0.30 0.22 3.46E—06 2.90 0.25 0.10 0.26 0.26 7.22E—06 -0.17
13 0.37 0.6 2.05E—05 2.01 0.60 0.12 0.11 0.11 6.77E—05 0.91
14 0.37 0.5 6.96E—06 242 0.10 0.13 0.20 0.20 2.30E-05 0.65
15 0.40 0.13 4.95E—-05 2.97 0.10 0.11 0.28 0.28 4.95E-05 —0.05
16 0.31 0.93 3.64E—06 2.81 0.10 0.16 0.20 0.20 3.06E—05 0.54
17 0.42 1.29 1.06E—05 1.84 0.25 0.18 0.12 0.12 6.05SE—05 1.41
18 0.39 0.84 6.55E—06 2.30 0.10 0.16 0.19 0.19 3.28E—05 0.98

# Parameters used in both the Eta model and in the soil hydrological balance model; values from the latter are taken and transformed to match
units in Eta land-surface model

Fig. 1 Area covered by the

INPE soil data base

10

-25

rainfall event. Integrations continued for 48 h to capture
the total lifetime of the mesoscale convective systems,
MCS. Under these conditions a first control run (CTRL)
is performed.

-40 -35

— R B tn g~ 0o W

One experiment which incorporated both the new soil
moisture initial conditions and the new soil map in the
model run was designated as M&M. In this experiment the
soil classification and parameters incorporated into Eta
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Fig. 2 New soil map included
in the Eta model

60 —
-90

model coincided with those in the INPE soil hydrological
balance model which was in equilibrium. Results were
compared with the CTRL run evaluating sensitivity of soil
moisture on precipitation.

4.3 Quantitative precipitation verification

In order to verify the rain forecasts of each experiment
against the observed precipitation produced by the meso-
scale convective system the Ebert-McBride technique
(EMT) is applied (Ebert and McBride 2000). It employs the
concept of matching individual forecast and observed areas
utilizing contiguous rain areas (CRAs), defined as the areas
of contiguous observed and forecast rainfall enclosed
within a specific isohyets. The aim of the CRA approach is
to verify to what extent the forecast rain entity has the same
location, shape, and magnitude as observed. A displace-
ment is performed using an objective pattern-matching
technique to optimally align the forecast with the obser-
vations. For 24-h quantitative precipitation forecast verifi-
cation, the authors used a CRA critical rainfall threshold of
5 mm per day for the minimum accumulation required for
a grid point to be considered part of a CRA. Grams et al.
(2006) found that 0.25 inches for 6 h worked reasonably
well at identifying an MCS in the central United States.
Here, 30 and 50 mm per day thresholds were used to
identify the convective system.
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5 Synoptic situation

On October 10th 2006, a Mesoscale Convective System
(MCS) developed over northern Argentina and moved
towards the southern states of Brazil. This system caused
heavy rainfall, strong winds, hail, and floods in both
countries. On October 8th a baroclinic trough was situ-
ated to the north of Argentina and was started to move
eastwards in direction to the state of Rio Grande do Sul
in Brazil. A cold front is positioned over the southern-
most part of the province of Buenos Aires at 0000 UTC
on October 10th moving northeastward and reaching the
northern part of the province 12 h later (Fig. 3a). At this
point the frontal cloud band extended northwards cov-
ering the province of Santa Fe, in eastern Argentina. At
1800 UTC October 10th, a low pressure center devel-
oped in northern Argentina and caused strong uplifting in
the region and in southern Brazil (Fig. 3b). The high
values of dew point temperatures over central Paraguay,
central-east Argentina, and northern Uruguay exceeded
21 °C, and indicated the presence of very moist and
warm air provided by northerly winds from the Amazon
region. The strong gradient of the dew point temperature
over the province of Buenos Aires, Argentina, was
related to the presence of the cold front, while in
southern Brazil the weaker dew point temperature gra-
dient was associated with the formation of a surface
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Fig. 3 Mean Sea level pressure, a
surface dew-point temperature 2
(K) and wind (m/s) for the
synoptic situation at a 0000
UTC, and b 1800 UTC on 225 Lloa
October 10th 2006, ¢ 200 hPa
geopotential height (m) and —21
wind (m/s) at 1200 UTC on 245
October 11th —18
265 '’
=12
288 B
6
308 3
-2
328
—6
345 =2
365
oW
b
208
228 sy
=21
245
=18
265 >
=12
285 9
6
305 3
-2
328
~6
348 =2
365 4

frontal wave. At upper levels, the subtropical jet crossed
north-central Argentina in the NE-SW direction (Fig. 3c)
and divergence values were observed at the left of its
exit region, over most of the border between Uruguay
and Brazil extending over Argentina, in agreement with
the area with the most intense precipitation.

66W G4W  62W

6 Results

During the first 48 h of the runs no precipitation was
forecasted over Argentina, Uruguay, southern Brazil, and
Paraguay, particularly over the area where the MCS was to
develop. This case allows a clear insight into the role of
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Fig. 3 continued

changes to the surface soil conditions on different atmo-
spheric variables.

6.1 Initial soil moisture availability

The initial soil moisture availability (i.e. the available
water between wilting point and saturation conditions) in
each experiment run is shown in Fig. 4. Areas over eastern
Argentina and Paraguay, Uruguay, and most of southern
Brazil are at saturation conditions in the CTRL run, clearly
distinguished from the dry conditions in the western areas
by an intense gradient, where there was practically no soil
moisture available.

The strong gradient is not evident in M&M run. Soil
moisture was mostly below 50 % in the M&M experi-
ment with dry conditions over most of Argentina, Boli-
via, Paraguay, and Chile and higher moisture availability
over Uruguay, Brazil, southern Paraguay, and NE
Argentina. However, the field did not exhibit soil
moisture availability values below 20 %; therefore, the
new soil moisture initial conditions and the use of a new
soil type distribution created wetter conditions in dry
areas and moisture availability below saturation in the
humid region.

The temporal variations in these initial soil moisture
availability, SMAYV, fields during each of the experiments
were small and in general are not affected by the convec-
tive event, since the variations in soil moisture availability
were approximately 10 % in the area of most of the rainfall
(not shown).
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6.2 2-m temperature

The initial soil moisture availability fields have a direct
influence on the determination of the temperature field at
2 m in each experiment. The differences between the
experiments created different temperature forecasts. Fig-
ure 5 presents Hovmoller diagrams at 30°S for the fore-
casted temperature at 2 m in CTRL experiment and the
difference between M&M experiment and CTRL. There
was a faster nocturnal cooling in M&M experiments with
respect to CTRL in the area east of 63°W, with highest
values where moisture availability was approximately
90 % in CTRL, below 30 % in M&M. These drier condi-
tions induced a faster warming over this area in the
morning hours of these experiments, with temperature
differences of up to 4 °C in M&M with respect to CTRL.

On the other hand, west of the strong SMAV gradient
area in CTRL experiment, the differences in diurnal cycle
of temperature show opposite signs to soil moisture. Dur-
ing day time, the wetter M&M soil moisture conditions
damp the temperature raise resulting in negative differ-
ences but lead to warmer nights.

Two stations in Argentina were selected to validate
temperature forecasts where observations are available
every 3 h: Ceres (29.88°S, 61.95°W) and Paso de los
Libres (29.86°S, 57.15°W). The nearest model grid box
centered at 30°S, 61.8°W and 30°S 57°W, both included in
Fig. 5, were used for comparison. Forecast hours for each
experiment were selected to match the local time obser-
vations. Ceres, which is located closer to the strong SMAV
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Fig. 4 Soil moisture availability (%) initial conditions 0100 UTC 8 October 2006 for CTRL (left), and M&M (right) experiments

gradient area, exhibits low SMAV values (9.8 %) after 1 h
of integration in the CTRL experiment, whereas in M&M
experiment, soil moisture is almost 25 %. At Paso de los
Libres grid point, which is close to the border of Argentina,
Uruguay, and Brazil, the SMAV initial values are much
higher in CTRL (84 %) whereas there is little change in
M&M (26 %).

A measure of the errors between the observed and
forecasted 2-m temperature at each location is shown in
Table 3. The diurnal cycle of temperature seems to be best
represented by the CTRL experiment both at Ceres and
Paso de los Libres stations, as seen by the errors (Table 3).
The two first 2-m temperature cycles in all experiments
closely follow observations (Fig. 6); during the following
hours rain is forecasted by each experiment at different
times and with different volumes, thus modifying in dif-
ferent ways the diurnal cycles of the rest of the integration,
and generating the greatest differences in comparison with
observations.

6.3 Vertical atmospheric structure

The approaching cold frontal system was revealed by the
appearance of high clouds in all runs on October 9th. These
clouds developed in an atmosphere characterized by a
three-layer vertical structure: a moist layer between 300
and 200 hPa where relative humidity (RH) was above
60 %, a dry mid-troposphere where RH was lower than
20 %, and finally, a more humid boundary layer which

increased its moisture content and extended vertically
during the following 24 h according to the soil moisture
conditions. Wet surfaces used most of the absorbed energy
to evaporate water, increasing the near-surface specific
humidity, whereas dry surfaces would be heated due to
absence of evaporation. The Bowen ratio was low over wet
surfaces, given by large latent heat flux and small sensible
heat flux, while opposite magnitude of fluxes were
observed over surfaces with small soil moisture availability
and were characterized by a high Bowen ratio.

Figure 7 illustrates, for each experiment, the vertical
distribution of relative humidity and the evolution inside
the boundary layer of model grid point centered at the 34°S
64°W. The experiment (CTRL) with highest SMAV con-
tent in this region developed the most humid conditions, at
around 1200 UTC where the whole column exhibited rel-
ative humidity values above 70 % between surface and
200 hPa. The M&M experiment, where SMAV values
were below 25 %, had high relative humidity core at 1200
UTC on October 10th but the values in the lower atmo-
sphere were in general below 70 %. This dry mid-tropo-
spheric layer laying over a moist and warm boundary layer
is an important factor for the future development of severe
thunderstorms since air entrainment above 700 hPa can
cause high evaporation and intensify downdrafts.

Convective rainfall was triggered earliest in the CTRL
simulation, as rain started at 0800 UTC (5am LT) on
October 10th at 34°S 64°W. At this point, both soil
moisture and the column of air between surface and
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experiments

Table 3 Temperature Bias (°C), RMSE (°C) and MAE (°C) of
CTRL and M&M experiments verified against observations Ceres and
Paso de los Libres stations

Ceres Paso de los Libres

CTRL M&M CTRL M&M
BIAS 1.20 1.73 0.32 1.36
00 UTC 1.24 2.63 1.94 4.19
06 UTC 1.76 2.73 0.24 0.44
12 UTC 1.31 1.26 —0.65 —1.01
18 UTC 0.65 0.50 —-0.91 1.57
RMSE 2.14 3.02 2.86 3.44
MAE 1.72 2.35 1.99 2.26

200 hPa had relative humidity values above 70 % (Fig. 7).
The weaker downward sensible heat flux during night
hours caused the temperature difference between 925 and
1,000 hPa to be always negative in the CTRL.

During the night hours M&M developed a strong tem-
perature inversion due to the strong sensible heat flux from
the atmosphere to the ground. Betts et al. (1994), Betts and
Ball (1995) demonstrated using observational data and a
simple boundary layer model that reduced evaporation,
and, therefore, increased heating at the surface, increases
entrainment at the top of the boundary layer and thus
increases entrainment of low-0. air from above the
boundary layer. This leads to lower 0, in the boundary
layer and a more stable troposphere, which may, therefore,
lead to less convective precipitation. The equivalent
potential temperatures in the M&M experiment (Fig. 8)
exhibited the described behavior in response to the low
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evaporation and high heating arising from low SMAV
values. Consequently, no convective rainfall was fore-
casted by this experiment in this area at this time.

Based on two measures of atmospheric thermodynamic
properties, the convective triggering potential (CTP), a
measure of the temperature lapse rate between 100 and
300 hPa above the ground surface, and a low-level
humidity index (HI,,,), Findell and Eltahir (2003b) pre-
sented a framework for describing atmospheric controls on
soil-moisture boundary-layer interactions. It allowed to
distinguish between three different types of early-morning
atmospheric conditions: those favoring moist convection
over dry soils (CTP >200 J/kg and HI,,, >11° C), those
favoring moist convection over wet soils (0< CTP <200 J/
kg and 5< HI,,, <12° C), and those that would allow or
prevent deep convection activity during the day, indepen-
dent of the surface energy flux partitioning. The early
morning (0900 UTC) thermodynamic conditions described
by these properties were obtained for both experiments on
October 10th (Fig. 9). Over wet soils, east of the SMAV
gradient (CTRL, Fig. 4), convection during the evening
hours should be expected with positive CTP below 200 J/
kg and a low-level humidity index between 5 and 12 °C.
Conditions favoring moist convection over the dry soils,
both in CTRL and M&M, were not fully accomplished.
Although there were areas with HI,,,, values within the
expected range, the convective triggering potential was
well below 200 J/kg.

In a companion paper (Findell and Eltahir 2003a) the
authors included in their framework the effect of winds in
the boundary layer on enhancing or prohibiting the likeli-
hood of convection. Winds veering, i.e. wind rotating with
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height opposite to planetary rotation (anticlockwise in the  to the boundary-layer air. This new feature could have
southern hemisphere), in the lowest 300 hPa can enhance  contributed to the development of convection in both
convection since they contribute with additional buoyancy  experiments since wind veering occurred in the area where
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Fig. 8 Equivalent potential temperature (K) profile at 0800 UTC
October 10th for model grid point centered at 34°S 64°W

convection developed. However, this framework is mainly
applicable to cases when convection developed during the
evening hours. In this case, although the first signs of
convection appeared at different times and places in each
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experiment, in all cases convection started before midday;
therefore, this framework does not completely explain the
the origin of convection.

At 1200 UTC, signs of convection appeared in M&M at
31.7°S 61°W, northeast of the first signs of convection in
CTRL and southeast of the new cells. By 1800 UTC all
experiments had developed convection in areas varying
from central to eastern Argentina and reaching eastern
Uruguay (Fig. 10). An intense low-pressure system had
developed in northwestern Argentina and a trough with
NW-SE direction crossed most of Argentina and entered
Uruguay in CTRL south of the border with Brazil, while in
M&M the trough was located over the border. Precipitation
developed downwind of this trough; hence there are dif-
ferences in the location of the forecasted rainfall.

The development of convective clouds and precipitation
is related to the convective available potential energy
(CAPE), which is the amount of energy available to an air
parcel to ascend once it has reached the level of free
convection. When CAPE is large, the atmosphere will be
more unstable. Schér et al. (1999) concluded that wet soils
increase the efficiency of convective precipitation pro-
cesses, including an increase in convective instability.
However, convection depends also on the convective
inhibition (CIN), that is, the amount of energy needed to
supply an air parcel to elevate it up to the level of free
convection. Large values of CIN imply large resistance to
convective development. Therefore, the more favorable
conditions for convection and precipitation are identified
by large values of CAPE and small values of CIN, as can
be seen in Fig. 11. Both experiments developed convection
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Fig. 10 Mean Sea level pressure (hPa), 10-m wind (m/s), and precipitation (mm/day) conditions at 1800 UTC 10 October 2006 for CTRL (left)

and M&M (right) runs

not in the area where highest CAPE values were forecasted
but where the lowest CIN values were found.

Aloft, the core of a jet stream was observed at 250 hPa
over Buenos Aires province extending over the Atlantic
Ocean. Riehl et al. (1952) asserted that divergence fields
associated with wind speed maxima (i.e. jet streaks) in the

upper-level jets produce upward motion in the left front
(right front in the southern hemisphere) and right-rear (left-
rear in SH) quadrants of the streak. This is consistent with
the divergence pattern observed in Fig. 12, with strong
upward movements at 500 hPa (not shown) and the rainfall
area. Beebe and Bates (1955) emphasized role of the
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Fig. 11 Convective available potential energy (CAPE, shaded) and convective inhibition (CIN, contours) at 1800 UTC 10 October 2006 for

CTRL (left) and M&M (right) experiments. Units are J/kg

interaction of streaks in upper-level jet and the low-level
jet (LLJ) in the development of severe thunderstorms. The
dashed lines in Fig. 12 show that the convective storms
were occurring at the nose of the LLJ maximum (dashed
lines), a couple of hundred kilometers north of the upper jet
streak (solid lines). The intense northerly low-level flow
had been blowing steadily during the previous 24 h
incorporating moisture and heat from low latitudes, which
are necessary for the MCS development. The soil condi-
tions impacted not only on the intensity of this LLJ but also
on its direction and extent. The strongest winds were found
in CTRL experiment, with values above 12 m/s, while the
9 m/s isotach extended further south when compared with
the other experiment. The wind shear associated with the
rainfall area was rather weak, with lowest values in CTRL
experiment.

6.4 Precipitation

During the following hours the storms continued to develop
and the precipitation area advanced over Uruguay. In the
CTRL experiment, precipitation area seemed to be more
stationary extending northeasterly and southwesterly but
never reaching the border between Uruguay and Brazil,
where storms were observed producing hail, intense
downdrafts, and even some floods. At 2100 UTC a new
storm area developed to the northeast of the storm line. The
rainfall core was located in the same area in both experi-
ments; however, CTRL presented higher values and the
storm was restricted to a relatively smaller area than in
M&M. The storm moved with a northeast component
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during the following hours; however, in CTRL the storm
displaced with a NNE component while the prevailing
component was ENE in the other experiment.

Figure 13 depicts the accumulated rainfall for each
experiment between 1200 UTC October 10th and 1200
UTC October 11th. It is clear that CTRL, the experiment
with highest soil moisture conditions in the eastern half of
the domain, developed the highest amount of rainfall.
However, the orientation of the rainfall area differed
considerably from M&M laying backwards with respect
to the storms observed over eastern Argentina, northern
Uruguay, and southern Brazil (Fig. 14). The storm
developed in northwestern Argentina had precipitation
overestimated by CTRL and also misplaced westward
from the 92 mm maximum registered by Presidencia
Roque Saenz Peiia. In this sense, M&M is the experiment
with the best forecast, both in proximity and intensity of
this rainfall area.

To estimate the displacement error and to verify the
location-corrected rain forecast produced by each experi-
ment as well as their shape and magnitude, the EMT was
applied. The verification statistics presented in Table 4
summarize the overall skill of each experiment in fore-
casting the observed rainfall on October 10th. M&M has
the smallest MAE, and RMSE, the highest probability of
detection, spatial correlation coefficient, and bias score as
well as the lowest false-alarm probability. This last statis-
tics measures the ratio of the predicted rain area to the
observed, without regard to forecast accuracy. The bias
score of this experiment is closest to 1 indicating that the
area with forecasted rain is closest to the observed.
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Fig. 13 Accumulated precipitation (mm/day) between 1200 UTC 10 October and 1200 UTC 11 October for CTRL (left), and difference between

M&M and CTRL (right) experiments (mm/day)

In EMT the horizontal displacement of the forecast is
determined by translating the forecast rain field until the
total squared difference between the observed and forecast
fields is minimized. This allows a decomposition of total
error into components due to (a) location; (b) rain volume,
and (c) pattern. Following Grams et al. (2006) a 30-mm/
day threshold is considered to work considerably well in
identifying the MCS in all experiments. However, this
implies that areas compared differ in each case since the

forecasts of each experiment present different patterns as
shown in Fig. 13. Results are summarized in Table 5. The
precipitating system was placed by both experiments west
of the observed pattern and slightly to the south, but the
shift was smaller in M&M. With regard to the maximum
precipitation, they both presented values above the 87.6-
mm maximum precipitation of the observed field; however,
M&M overestimated by only 3.3 % while for CTRL
the difference was almost 47 %. Traditional verification
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Table 5 CRA statistics considering 30 mm/day and 50 mm/day
21 .
B thresholds, the latter in brackets
2 5 90 CTRL M&M
i 80
B Maximum Rain (mm) 128.47 90.50
9 - Displacement [E, N] [—4°,—1.20°] [—2.8°,—1.20°]
20 AL ' ([—3.6°,—0.8°]) ([—2.8°,—0.8°])
0 |
0 Correlation Coef. —0.525 (—0.803)  —0.324 (=0.669)
.30 . RMS error (mm/day) 45.72 (63.12) 40.28 (55.6)
30
Displacement error 69.9 % (76.3 %) 50.0 % (59.9 %)
20
” o Volume error 12.0 % (11.4 %) 38.4 % (34 %)
5 Pattern error 18.1 % (12.2 %) 11.6 % (6.1 %)
36 ' ' ; : - ;
-69 -66 -63 -60 -57 -54 -51

Fig. 14 Observed accumulated precipitation at 1200 UTC October
11th 2006. Maximum rainfall at Presidencia Roque Saenz Pefia
(92 mm/day)

Table 4 Verification statistics of total rain forecasted fields and
observed on 10th October 2006

Experiment MAE RMS R Bias  Probability False
score of detection  alarms

CTRL 128 21.35 0.086 0.776 0.362 0.534

M&M 10.27 17.54 0.309 0.854 0.499 0.416

The area considered is the one shown in Fig. 14

statistics severely penalize a mislocated QPF, with low or
negative correlation coefficients and high RMS errors as
can be seen in Table 5. The decomposition of QPF errors
indicate that displacement and pattern errors have a lower
contribution to total error in M&M than in CTRL, while
the contribution of volume error is greatest in M&M.
Nevertheless, total RMS error is lower in M&M.

If a more restrictive threshold is considered, 50 mm per
day, M&M still has the smallest RMS error as well as the
smallest pattern and displacement errors. The latter is
slightly higher than in the previous case, consequently,
resulting in a smaller pattern as well as in a decrease of the
volume error which nevertheless is still greater than in
CTRL.

Paso de los Libres and Ceres stations were also used to
verify the 3-hourly evolution of rain. However, since only
total values were available once the event had ended it was
only possible to compare the starting hours, duration, and
total volume of each experiment in the nearest grid point at
each station. Bars in Fig. 6 indicate the total 3-hourly
precipitation produced by each experiment. The thick short
line on the hour axis indicates the duration of the observed
precipitation at each station, At Paso de los Libres storms
that were first reported at 2100 UTC October 10th and
41 mm were reported to have fallen 3 h later. Only M&M
correctly forecasts the hour of the first storms; however, the
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duration, 16 h, is much longer and the total amount of
precipitation forecasted, 21 mm, is almost half the
observed. The CTRL experiment forecasted rains starting
12 h after the first storms were observed with excessive
duration and underestimated total rain.

At Ceres station the first storms were first reported at
1200 UTC on October 10th and ended by 1800 UTC reg-
istering 11 mm during this period. The starting hour was
correctly predicted by M&M and CTRL experiments;
however, they both overestimated the duration by 6 h while
the total precipitation was doubled by M&M (23 mm) and
tripled by CTRL (37 mm).

7 Conclusions

The results presented here have described the evolution of
a Mesoscale Convective System which developed in
October 2006 over northern Argentina. The convective
system was simulated by the Eta model using different
initial soil moisture conditions and soil maps. The new soil
moisture conditions, which were used to initialize the
M&M run, were taken from the operational hydrological
balance model running at INPE, and represented a more
accurate situation since more detailed soil and precipitation
data in the area were included in the hydrological balance
model. This soil information, which was used to classify
soil types in the region into 18 categories of the new soil
map, was included in M&M run. The soil and hydrological
parameters used by the hydrological balance model were
transformed to match the units of these parameters in the
NOAH land-surface scheme used by the Eta model. The
moisture availability field of the CTRL run was charac-
terized by a strong north—south gradient which divided the
eastern humid region from the western dry landscape. The
inclusion of the new map and the new initial soil moisture
conditions suppressed this strong gradient feature by cre-
ating a more homogeneous soil moisture availability field.
Hence, when these modifications are included in the Eta
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model, drier areas present higher moisture availability
while near-saturation areas are considerably reduced.

The impact of these soil moisture availability conditions
on different variables was analyzed. Temperature at 2 m
cooled faster at night in the experiments including the new
soil moisture conditions (M&M) over the arecas where
CTRL soil moisture conditions were approximately at
saturation levels. Moreover, the diurnal warming was also
more pronounced in M&M run where temperature differ-
ences of 4 °C were found.

The areas where higher temperatures were forecasted also
presented higher sensible heat fluxes, lower latent heat flux,
and lower specific humidity, and thus a higher Bowen ratio.
The distribution of the Bowen ratio created a dynamic
response in the mass field and, consequently, in the orien-
tation and location of the forecasted precipitation areas.

The CTRL experiment, with highest atmospheric and soil
moisture, forecasted the strongest rainfall intensities,
exceeding the observed values and placing the MCS farthest
to the west of the observed situation. The inclusion of a new
soil map and more accurate soil moisture initial conditions,
as represented by the M&M run, improved the forecast both
in intensity and location of the MCS, as demonstrated by the
smaller pattern and displacement errors as well as smaller
RMS errors in M&M. Based on the position and pattern of
the rainfall and the metrics obtained by EMT M&M was
considered the best run in representing the MCS develop-
ment in October 2006 over Argentina.

The work presented here discusses a sensitivity case of
the influence of soil type and soil moisture on the devel-
opment of MCS. However, as stated by Koster et al.
(2009), the soil moisture state simulated by a land-surface
model is a highly model-dependent quantity, meaning that
the direct transfer of one model’s soil moisture into another
model can lead to a fundamental, and potentially detri-
mental, inconsistency. Further work is necessary to best
apply soil moisture products across different models.
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