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Several studies showed the advantages of using nudging techniques to enforce the

evolution of a numerical model to approximate large-scale features to a reference.

Spectral nudging applications are particularly useful since they also provide the

ability to maintain higher temporal and spatial variability in the simulations results. In

this study, different nudging configurations are tested for an intense South Atlantic

Convergence Zone (SACZ) event. Large-scale features directly modulate the SACZ

formation and persistence. Therefore, the employment of relaxation methods enhances

the representation of continental-wide features from lateral boundary conditions over

the interior of broad domains. Results show that Spectral Nudging is very effective at

imposing the selected synoptic scales onto the solution, while allowing the limited-area

model to incorporate finer-scale features. Wave numbers with associated length scales

of 2000km are ideal to enforce large-scale fields to represent features important for the

SACZ formation and persistence. Using larger wave numbers can improve the simulation

performance, but at a cost of damping the model dynamic and physical contribution to

the final solution.

Keywords: numerical modeling, spectral nudging, South Atlantic Convergence Zone, regional climate, model

evaluation

1. INTRODUCTION

The South Atlantic Convergence Zone (SACZ) is one of the main components of the South
American Monsoon System (SAMS, Zhou and Lau, 1998) and it is characterized as a persistent
cloudiness band with northwest-southeast orientation, predominant during summertime in South
America (Kodama, 1992, 1993), that significantly affects the precipitation regime over southeastern
Brazil. The system SAMS/SACZ exhibits a broad temporal variability over several scales and its
positioning and intensity are modulated by large-scale atmospheric features, as described in several
extensive reviews (Gan et al., 2005; Vera et al., 2006;Marengo et al., 2012). In this context, the SACZ
predictability becomes particularly challenging in regional numerical studies for events ranging
from a sub-seasonal scale to climate studies (Bombardi and Carvalho, 2011).

One way to improve the regional representation of local features is to use a dynamical
downscaling approach (Dickinson et al., 1989), where large-scale atmospheric fields from a coarser
dataset are input for regional climate models. This process yields solutions driven by the large-scale
data and with features generated by the internal physics and dynamics of the regional modeling
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system. For longer numerical experiments the inflow of
information in the model boundaries can produce errors and
increase results uncertainty. And, according to Davies and
Turner (1977) and Davies (1983), in regional grids with larger
domains, the solution provided by the model can diverge
significantly from global analysis datasets. To mitigate this
effect, a nudging process is applied in many regional climate
applications. This method basically relaxes the solution provided
by the model to a reference value at any grid point (Stauffer and
Seaman, 1990). The solution is, therefore, constrained by this
reference field. Recently, the use of spectral nudging, a variation
of the classical nudging approach, has been used (Miguez-Macho
et al., 2004; Vincent and Hahmann, 2015; Gómez and Miguez-
Macho, 2017) so only a part of the total spectrum is relaxed
toward the solution given by the reference fields. Therefore, the
user can apply the nudging for large-scale features and allow the
model to generate the solution for smaller scales.

Spectral nudging investigations were first performed by
Waldron et al. (1996), that introduced the use of spectral nudging
in Limited Area Models (LAMs) to incorporate large scale
features in the inner LAM and eliminate computational modes
in a domain with complex topography over the Great Basin
of the western United States for an intense winter case study.
The authors applied a Fourier filter to prevent computational
modes given by the use of an unstaggered grid along with
spectral nudging in the interior grid of the Utah LAM model
for wavenumbers ranging from 0 to 6. von Storch et al.
(2000), using the regional climate model REMO, provided a
January-March 1993 application of spectral nudging for zonal
and meridional wind components over the Western Europe
region and demonstrated that, when input from the reference
fields are incorporated only by the lateral boundary, internal
modes can interact with the represented large-scale fields and
significantly increase bias. The authors implement a height-
dependent nudging factor to evaluate different wave numbers
in different pressure levels. Since numerical experiments in
subseasonal, seasonal and regional climate scales show sensibility
to domain positioning and size, to reduce dependency on
those factors, Miguez-Macho et al. (2004) suggested the use
of spectral nudging for large-scale atmospheric features (larger
than 2500 km) and constrain the synoptic scales in the
Regional Amospheric Modeling System (RAMS) model solution
to the reanalysis data while still allowing the model dynamics
to contribute in smaller scales representation during a June
2000 case over a North America domain. In a later research,
Miguez-Macho et al. (2005) investigated how a spectral nudging
application of large-scale features (also for wavelengths larger
than 2500 km), along with improved soil data, enhanced the
precipitation representation by the RAMS model for a regional
climate simulation over North America. Wang and Kotamarthi
(2013) tested different spectral nudging approaches in the Nested
Regional Climate Model (NRCM) and stated that using the
nudging six waves for the whole simulation period above the
850hPa level improved the performance of the regional climate
model in more than 30% when compared to a test case with no
nudging being used. Using techniques similar to those presented
byMiguez-Macho et al. (2004, 2005), the authors applied spectral

nudging to temperature, horizontal winds and geopotential
above the Planetary Boundary Layer (PBL) to avoid damping
near surface interactions by the model. Vincent and Hahmann
(2015) evaluated the nudging effect on wind speed variance
through grid and spectral nudging tests using theWRFmodel for
three case studies over the Baltic Sea region during the year 2000.
A short 36h simulation without nudging applied was performed
for a control case, along with two longer simulations with a
grid and spectral nudging application for a test of the procedure
influence. In both test cases, nudging was applied to the U and V
wind components, potential temperature, and geopotential. The
spectral test was used only for wavelengths longer than 250km
in both zonal and meridional directions. The authors’ argue that
even though nudging applications can improve the mean flow
representation, it can also impact the model resolved variance,
which can be crucial in wind energy studies that use wind speed
distributions for energy production calculations. Besides, Gómez
and Miguez-Macho (2017) tested the WRF model sensibility
to different cut-off wave numbers and spin-up times for short
experiments over North America and verified that the approach
is effective in enforcing the synoptic scales into the numeric
solution while allowing the model to contribute in smaller scales.
The authors show that the model errors rapidly decrease when
cut-off wave numbers equivalent to length-scales of around 1000
km are used. This scale coincide with the Rossby radius of
deformation, which indicates the separation between synoptic
and convective scales in the atmospheric flow (Gómez and
Miguez-Macho, 2017).

This application can be particularly useful for the
representation of SACZ events since the large-scale mean flow
plays an important role in the persistence of the convergence
zone. Also, for larger domains applications, the mean flow
provided by the LBC may not be sufficient for a proper
representation of continental wide features that impact the SACZ
formation and persistence. Therefore, nudging applications can
ensure the proper conditions for such events in a sub-seasonal
scale. In this paper, we describe the application of numerical
experiments with the Weather Research and Forecasting System
(WRF) model for a particularly intense SACZ event occurred
in December 2013. This particular case was selected after we
analyzed the Large-Scale Index for the South American Monsoon
(LISAM - da Silva and de Carvalho, 2007; Carvalho et al., 2011).
The spatial pattern of precipitation provided by the second mode
of the EOF analysis made for the LISAM calculation indicates the
presence of a SACZ with projection toward the South Atlantic
ocean. We analyzed the time series of this mode of variability
selected cases of SACZ occurrence with high intensity (standard
deviation values exceeding 2) and persistence (duration of at least
3 pentads). The 2013 case, from 11 December to 26 December
was also responsible for several damages to local communities
in the affected areas of the State of Espirito Santo (around
20◦S). The Brazilian National Center for Natural Disasters
Monitoring and Alerts (CEMADEN, https://www.cemaden.gov.
br/) registered 52 affected cities, substantial financial losses and
26 deaths caused by floods and mudslides.

We performed tests without any nudging application, using
a range of spectral nudging with progressive increase of

Frontiers in Earth Science | www.frontiersin.org 2 December 2018 | Volume 6 | Article 232

https://www.cemaden.gov.br/
https://www.cemaden.gov.br/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Silva and Camargo Nudging Impact in SACZ Modeling

wave numbers and a test with grid nudging, representing an
application for the whole spectrum. Since the SACZ is an event
that is tightly modulated by large scale structures, the spectral
nudging application can be useful to ensure important large scale
features representation in the domain interior.

2. DATA AND METHODOLOGY

2.1. Data
The Climate Forecast System Reanalysis (CFSR) dataset was used
as initial and lateral boundary condition (LBC) for numerical
experiments. The CFSR (Saha et al., 2010) is a global reanalysis
product from a third generation effort with high resolution and
coupled ocean-atmosphere assimilation system, with a 0.5◦ ×

0.5◦ regular grid, 40 vertical levels and temporal coverage from
1979 to the present.

To assess the overall simulations performance, results were
also compared with the European Center for Medium-Range
Weather Forecasts (ECMWF) reanalysis dataset ERA-Interim
(Dee et al., 2011), a global atmospheric from 1979 to the present,
steadily updated, with a state-of-the-art assimilation. The spatial
resolution is nearly 80 km (T255 spectral) and has 60 vertical
levels from the surface up to 0.1 hPa.

de Quadro et al. (2012) performed comparisons between six
reanalysis products (MERRA, ERA- Interim, ERA-40, NCEP 1,
NCEP 2 e NCEP CFSR) and five precipitation datasets (SALDAS,
CPC, CMAP, GPCP e GLDAS) to assess their performance in the
representation of humidity transport and associated precipitation
for SACZ documented events ranging from 1979 to 2010. The
results suggest that the CFSR reanalysis showed improved results
in comparison with the other datasets. Therefore, CFSR data
was used to initialize the experiments and for the nudging
applications while the ERA-Interim reanalysis was used as a
reference for the results evaluation.

Also, to evaluate how the experiments represented the
precipitation distribution along the SACZ, the Tropical
Rainfall Measuring Mission (TRMM) data was used (Huffman
et al., 2007). This mission was designed provide monitoring
alternatives for subtropical and tropical precipitation. Here, we
used the TRMM Multi-satellite Precipitation Analysis (TMPA)
3B42 daily product with 0.25 deg horizontal resolution.

2.2. Model Configuration
The WRF v.3.9 model is a fully compressible, nonhydrostatic
modeling system with an Eulerian dynamical core (Skamarock
and Klemp, 2008). There are two dynamical cores available,
and in the present work, we used the Advanced Research
WRF (ARW) core, developed and continuously supported by
the National Center for Atmospheric Research (NCAR). The
WRF-ARW core includes multiple parameterization options for
multiple physics suites. Time integration is performed with a
3rd-order Runge-Kutta scheme. The model was designed to
provide conservation of mass and momentum and uses flux
form prognostic equations. The vertical coordinates consists of
a terrain following hydrostatic pressure system. The time period
simulated ranged from from 0000UTC 26 November 2013 to
0000UTC 10 January 2014, contemplating 15 days prior and

FIGURE 1 | WRF Domain for all numerical experiments are represented in the

white shaded area and labeled by d01. The map illustrates the terrain height (in

meters) for continental areas. The Andes mountain height is saturated in the

map in order to highlight the central Brazil topography.

TABLE 1 | Physical parameterization options used in all experiments and their

main references.

Physical

parameterization

Option Reference

Microphysics WRF single-moment

6-class

Hong and Lim, 2006

Cumulus Kain-fritsch Kain, 2004

Longwage radiation CAM3 Collins et al., 2004

Shortwave radiation CAM3 Collins et al., 2004

Surface layer MM5 Zhang and Anthes, 1982

Planetary boundary layer Yonsei University Hong and Lim, 2006

Land surface Noah-MP Niu et al., 2011

posterior to the SACZ cased under investigation. This period was
selected in order to provide a numerical study of this persistent
case in a subsesasonal scale, so that the relaxation influence
throughout a longer simulated period could be verified. All
simulations were integrated in a Mercator grid, illustrated in
Figure 1 with 25 km horizontal resolution, a center positioned
in 10◦ W latitude and 56◦ W longitude, 320 points in the
east-west direction (8000 km), 300 points in the north-south
direction (7500 km), 40 vertical levels and 50 hPa at the top
of the numerical grid. To ensure stability, a timestep of 60 s
was used and outputs were obtained every 6 h. The physical
parameterization options for all experiments and their main
references are summarized in Table 1.

2.3. Nudging Technique
The nudging process, also known as Newtonian relaxation,
relaxes themodel solution toward a reference. In theWRFmodel,
the procedure follows Stauffer and Seaman (1990) and it is
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described in the technical documentation Skamarock and Klemp
(2008).

The spectral nudging process applied in the present study
follows equation 1, in which a spectral filter (in both x and y
directions) is applied to (θ̂0 − θ) without filtering in the vertical
direction. For the grid nudging technique, a similar approach to
equation 1 is used, without the filtering term.

∂θ

∂t
= F(θ)+ GθWθFxy(θ̂0 − θ) (1)

The θ value represents the variable being relaxed toward the
reference datasset. The spectral filter Fxy cancel frequencies that
lie above the cut-off wave number, and this ensures that only
certain wavelengths are used in the nudging procedure. Gómez
and Miguez-Macho (2017) point out that when the cut-off wave
number considers the uppermost possible frequency, the Fxy
parameter in Equation 1 provides a complete FFT then an inverse
FFT and the spectral nudging procedures becomes equivalent to
the grid nudging application. The authors present results that
indicate a grid nudging application as an asymptotic case of the
spectral nudging. The choice of a proper cut-offwave number was
topic of discussion in several studies. Miguez-Macho et al. (2004)
used the lowest possible wave number to ensure only the largest
scales were being relaxed and, therefore, guaranteeing minimum
interference of the nudging procedure in themodel solution. This
relationship was summarized by the authors in the Equation 2:

n =
Dx,yNx,y

R
+ 1 (2)

In Equation 2, n is the wave number for x, y directions, Dx,y

represents the model resolution, Nx,y is equal to the number of
grid points in both directions, and finally R represents the Rossby
radius value. In their examples, the 1000km value showed better
results.

2.4. Experiments Configuration
Seven numerical experiments with the WRF model were
performed with different nudging options. We evaluated how
numerical results depend on the nudging type and strength
following framework presented in Table 2. As stated in Gómez
and Miguez-Macho (2017), a free run (ndgnone) and a grid
nudging utilization (ndggrid) represent asymptotic solutions for
the spectral nudging procedure described by Equation 1. Besides
these tests, we examined spectral nudging experiments with
cut-off wave numbers related to fundamental length scales in
the present study structure: 8000 km (ndg8000)—approximate
domain dimension as the less restrictive spectral nudging
case; 1000 km (ndg1000)—the Rossby radius length for most
mesoscale studies; 500 km (ndg0500)—a fair representation of
the reference dataset (CFSv2) effective resolution. The other
tests cover intermediate lengths between those values (ndg4000,
ndg2000). All simulations were configured with a nudging
coefficients of 3.0 × 10−4s

−1 (approximately 1 h). Relaxation
was activated in all experiments, except for ndgnone. Gómez
and Miguez-Macho (2017) discuss that is not recommended to
nudge variables in the Planetary Boundary Layer (PBL), since

TABLE 2 | Wave numbers used in spectral nudging options for all experiments in

both x and y direction and the associated lengths, in km.

Experiment WNx WNy Description

ndgnone – – Free run

ndg8000 2 2 Approximate domain size

ndg4000 3 3 Intermediate length scale

ndg2000 5 5 Intermediate length scale

ndg1000 9 9 Approximate Rossby radius length

ndg0500 17 16 Effective resolution of reference data

ndggrid – – Grid nudging

surface characteristics in the model differ from global reanalysis
datasets used as LBC. Therefore, we only nudge variables above
the PBL layer and, since the SACZ is mainly driven by humidity
convergence in low levels, we chose to not apply nudging
in humidity allowing more freedom for the numerical model
contribution. Nudging was applied in zonal and meridional wind
components, geopotential height and temperature fields, above
the PBL (automatically defined by the numerical model at each
time step) throughout the complete integration period every 6
h. The experiments aim to provide input on the WRF model
sensibility to the wave number selection when using spectral
nudging for a SACZ case.

2.5. Evaluation
The results evaluation were based on the comparison between
numerical estimates and reanalysis products. Contrasting model
output with the CFSR data provide information about how each
experiment deviates from the reference value in the nudging
applications. This comparison is particularly useful to assess if
the model dynamical and physical cores still contribute to the
numerical solution while the large scale features are enforced by
the reference. While contrasting the experiments results with the
ERA-Interim dataset, we can determine the overall performance
of the tests. This is done by calculating the Root Mean Square
Deviation, that represent the standard deviation of residuals, i.e.
prediction errors.

RMSD =

√

√

√

√

N
∑

i= 1

(zfi − zoi )
2

N
(3)

In the equation 3, zf corresponds to valuables predicted by
the model, zo are observations, while i is the position of the
values in the grid with N values. This calculation was made
for both space, in a comparison between each grid point at
all time steps, and time, in a comparison of errors in all time
steps for each grid point. We also evaluate the experiments
performance by comparing the spatial spectra of kinetic energy
for all experiments. The kinetic energy provides a way to evaluate
both zonal and meridional wind components with one scalar
value. Wind component fields were detrended and pre-processed
to ensure periodicity according to Errico (1985). And power
spectrum as calculated using the guidelines offered by Vincent
and Hahmann (2015).

S(k) =
2

CwNfs
|A(k)|2 (4)
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FIGURE 2 | Specific humidity (filled contours, in kg/kg) and streamlines at 850 hPa. Top, middle and bottom rows show averages calculated for the first, second and

third pentads of the SACZ event, respectively.

FIGURE 3 | Temperature (filled contours, in K) and geopotential height (black contours, in m) at 500 hPa. Top, middle, and bottom rows show averages calculated for

the first, second and third pentads of the SACZ event, respectively.

Where A(k) represents the Fourier coefficients of the variable
in study, N is the length of the series, k ranges from
0 6 k 6 N/2, and fs is the sampling resolution, i.e.
1/dx, where dx is the horizontal grid spacing. And the
Cw corresponds to a correction for the window function,

given by Vincent and Hahmann (2015):

Cw =
1

N

N−1
∑

j= 0

W2(j) (5)
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FIGURE 4 | Wind speed (filled contours, in m.s−1) and streamlines at 200 hPa. Top, middle and bottom rows show averages calculated for the first, second and third

pentads of the SACZ event, respectively.

FIGURE 5 | RMSD of temperature values during the SACZ event. Maps of all numerical experiments (columns) for upper levels (200 hPa, top row), middle levels (500

hPa, middle row) and lower levels (850 hPa, bottom row) are shown.
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FIGURE 6 | RMSD of geopotential height values during the SACZ event. Maps of all numerical experiments (columns) for upper levels (200 hPa, top row), middle

levels (500 hPa, middle row) and lower levels (850 hPa, bottom row) are shown.

Calculations are performed for the vertical levels: near surface
(2-m or 10-m above ground), 850, 500, and 200 hPa. In the
near-surface levels lower levels (850 hPa), there was no direct
influence of the nudging procedures while the middle and
upper levels have solutions constrained by the CFSR reanalysis
data.

3. RESULTS AND DISCUSSION

3.1. Nudging Effect
3.1.1. Pressure Levels
We analyzed the numerical representation of this particular event
through the comparison between spatial fields in three levels
(lower 850hPa, middle 500hPa, and upper 200hPa) of relaxed
variables and specific humidity, given the importance for the
SACZ characterization. Figure 2 shows the specific humidity
fields along with streamlines distribution during three pentads
of the event in lower levels (850hPa). It can be seen that
without the application of nudging in the interior domain,
large scale fields are completely distorted for all periods and,
given the lack of a large scale structure, the SACZ cannot
be properly represented by the model. This distortion results
from errors propagating from the lateral boundary conditions
toward the domain center. Miguez-Macho et al. (2004) describe
similar issues for numerical experiments over North America
and argues favorably toward the use of nudging procedures to
avoid this obstacle. Indeed, the addition of nudging procedures,

in all cases, provide significantly better results and the low level
humidity convergence that supports the SACZ is represented.
When compared to the CFSv2 data, all of the experiments
underestimate the humidity in oceanic regions. This is an
expected outcome, since humidity was not nudged into the
solutions and, therefore, all of this information is incorporated
into the model domain by the LBC data. There are some
visible differences between experiments with different nudging
configurations for each displayed pentad, mostly related to the
positioning of dynamical structures around the convergence
zone.

In the middle atmosphere (Figure 3), geopotential and
temperature fields exhibit larger differences between the
reference and the ndgnone experiment, which follows results
in lower levels and corroborates the use of nudging to ensure
large-scale features representation for the SACZ development.
In both reference and nudging experiment fields, there is
a trough above the lower levels cyclonic vortex structure
responsible for the SACZ persistent positioning in early stages
of development. During the second pentad, this feature is
intensified and nudging numerical results even show a closed
cyclonic feature following the lower level structure. This vertical
support for the cyclonic feature at lower levels is only present
in the spectral/gridded nudging experiments, which is a good
indication that the model still contributes to the numerical
solution even when both temperature and geopotential height are
being nudged.
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FIGURE 7 | RMSD of wind speed values during the SACZ event. Maps of all numerical experiments (columns) for upper levels (200 hPa, top row), middle levels (500

hPa, middle row) and lower levels (850 hPa, bottom row) are shown.

For upper levels (200 hPa, Figure 4), the circulation patterns
show a large distortion for the ndgnone experiment, and the
main features that contribute to the SACZ permanence are not
generated by the model. The high pressure center above Bolivia
and a trough over northeastern Brazil are well formed for all the
nudging experiments and generally follow the reference fields for
the whole simulation period. Wind speed and streamlines of the
reference maps show upper-level structures for the convergence
zone formation particularly from the second pentad (middle
panels in Figure 4) onwards. The trough formation over the
lower levels cyclonic vortices also offer support for the SACZ
development and formation. As found in other levels, the
ndgnone experiment failed to provide dynamical guidance for
the convergence zone formation due to errors propagating from
lateral boundaries and amplifying toward the domain interior.
All nudging experiments exhibit higher resemblance with the
reference field in this level, which is expected given the relaxation
procedure configuration.

3.1.2. Spatial Spectra of Kinetic Energy
To further explore how nudging experiments deviate from
reference fields, we calculated the RMSD maps throughout the
domain during the SACZ event for relaxed variables in all
experiments using nudging. Figure 5 illustrates the results for
air temperature at upper (200 hPa, top row), middle (500 hPa,
central row) and lower (850 hPa, bottom row) levels. It is clear

that a decrease in the scale length used for the relaxation method
yields in RMSD reduction toward almost null values for most
ndggrid cases. More restrictive nudging applications damp the
model contribution for the final solution and the simulation
becomes basically a more refined version of the reference field.
Although this can be found for upper and middle levels, the
same does not apply in lower levels in the ndgnone case, given
the considerable RMSD values found in the northern part of
the domain. A similar analysis was done for geopotential height
values (Figure 6). Unlike results for temperature values, in this
case, high RMSD values persist in significant levels even for
experiments with intense nudging and, as found for temperature
maps, the ndggrid experiment showed larger RMSD values in
comparison to other configurations. We also conducted this
analysis for wind speed fields (Figure 7). Unlike results for the
other nudged variables, wind fields show an expected result for
this application: RMSD values reaching almost null amounts with
increasing intensity in nudging configurations. Most of the errors
persist over the SACZ activity area and the least strong nudging
application to generate important results is the ndg2000.

The energy transition between larger and mesoscales was
analyzed by computing the spatial kinetic energy spectra
for all numerical experiments during the SACZ event, along
with the reference dataset used for the nudging applications
(CFSv2) and an independent reanalysis (ERA-Interim) for
general evaluation of performance. Figure 8 illustrates the
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FIGURE 8 | Root Mean Square Deviation (RMSD) of the kinetic energy (in

m2/s2) calculated using the CFSv2 reanalysis (left) and the ERA-Interim

reanalysis (right) for the SACZ case study. (a,b) Show top-level (200 hPa)

results, (c,d) Show middle-level (500 hPa) results, (e,f) Show lower-level (850

hPa) results, (g,h) Show near-surface (10 m) results.

RMSD of the spatial spectra of kinetic energy from near-
surface levels (10m), lower atmosphere (850 hPa), middle
atmosphere (500hPa) and upper levels (200 hPa). In general,
the application of nudging improved results in all experiments,
except for the grid nudging test (ndggrid - red line) that
showed RMSD values exceeding the free run application if lower
levels (Figures 8f,h). This is also an indication that the wave
number selection in spectral nudging applications can affect
the energy dissipation pattern from larger scales to mesoscales
with considerable effects in levels not directly influenced by the
relaxation technique. Also, this can indicate that the numerical
model contributes differently for the final solution given various
nudging frameworks. This pattern is also verified in upper
levels, but the range between the RMSD curves are not as
apparent.

The features presented support the argument that the nudging
application was indispensable for the generation of large-scale
features capable of supporting the SACZ for the whole event.
Some differences between the nudged fields imply that, to
allow the model dynamic and physical modules to contribute
to the solution, it is important to not enforce the solution
to be approximated to the reference in the whole spectrum.
Using an option with intermediate restriction and smaller
wave numbers (larger scales, 2000km) is enough to fulfill this
balance.

TABLE 3 | RMSE during the SACZ event for near surface variables: precipitation

(P), air-temperature at 2 m (T2), specific humidity at 2 m (q2) and zonal (u10) and

meridional (v10) components of the wind at 10 m.

EXP P T2m q2m u10m v10m

ndgnone 12.510 3.625 5.091 2.694 2.838

ndg8000 12.532 2.742 4.676 2.184 2.656

ndg4000 12.106 2.738 4.727 2.038 2.406

ndg2000 11.715 2.659 4.576 1.849 2.093

ndg1000 12.150 2.643 4.652 1.775 2.025

ndg0500 12.656 2.654 4.984 1.726 1.987

ndggrid 11.653 3.283 4.981 1.898 2.164

Results from experiments using a nudging coefficients of 3 × 10−4s−1. Bold numbers

indicate minimum values of RMSE for each variable in all experiments.

3.1.3. Overall Performance
For the evaluation of the overall performance of the numerical
experiments, we also calculated the RMSD of fundamental
variables associated with the SACZ in near-surface levels using
the ERA-Interim dataset (independent reference): precipitation
(P), air temperature at 2 m (T2m), specific humidity at 2 m
(q2m), and zonal (u10m) and meridional (v10m) wind components
at 10 m. Model results were compared to references given
by rainfall estimates from TRMM and other surface variables
from the ERA-Interim reanalysis dataset. We focus our analysis
on our analysis on near-surface variables since there is no
direct influence of the relaxation procedure below the PBL.
Therefore, the differences between these sets of experiments
may represent the model contribution to the final solution
through its dynamical (governing equations discretization) and
physical (sub-grid parameterizations) processes. The results for
these calculations during the above mentioned SACZ event are
summarized in Table 3. The application of any kind of nudging
technique improved the overall representation of the SACZ, with
applications using wave numbers associated with length scales
of 2000 km or smaller showing minimum values for RMSD.
Even though there are no larger differences between RMSD
values displayed in Table 3, it is worth noticing that domain-
wide length scales for the relaxation methods (ndg8000) do not
seem to ensure better performance. Smaller values for RMSD
are concentrated for experiments considering intermediate and
smaller length scales.

3.2. Precipitation Fields
To evaluate the precipitation distribution generated by WRF
experiments, results were compared to TRMM estimates.
Figure 9 shows the maps for accumulated rainfall during the
event (top), the mapping RMSD values in comparison with the
TRMM dataset during the event (middle) and the timeseries
of RMSD values for the complete simulation period (bottom),
from 26 November 2013 to 10 January 2014. It can be seen
that, for the ndgnone experiment, there was some precipitation
created, even though large-scale features related to the SACZ are
not well formed. The total rainfall maps for this experiment do
not indicate a SACZ formation and most of the precipitation
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FIGURE 9 | Accumulated precipitation maps (Top) for all experiments during the SACZ event, RMSD maps for precipitation values during the SACZ event (Middle)

and time series of RMSD values during the whole simulated period (Bottom). All RMSD calculations are based on TRMM dataset as the observational reference.

occurs south of its average positioning with no projection of
the Amazon branch of this feature. On the other hand, for all
nudging experiments, the cumulative precipitation fields show
great resemblance to the TRMM field and most differences
between experiments seem related to highly convective centers
in the Amazon branch of the SACZ.

The timeseries for the RMSD values (Figure 9, bottom)
indicate that all experiments, with or without nudging, account
for similar errors in the rainfall quantity. The maximum
value for RMSD is found during the SACZ event (December
20) for the ndgnone test and exceeds all other experiments
that used relaxation. The less pronounced values for RMSD
in those cases are directly associated with the proper SACZ
representation provided by the results, as detailed in previous
sections. On the other hand, spatial distribution of the errors
(RMSD maps, Figure 9, middle) can offer a better idea of
the error spreading between experiments. Most of these faults
occur over the Amazon and Oceanic branches of the SACZ,
possibly related to the mesoscale representation by surface
parameterizations. In Figure 9 (middle), the RMSD is less

pronounced for experiments using smaller wavelengths for the
nudging application, especially over the western Amazonian
area.

Overall, the use of nudging yielded in a better representation
of the SACZ rainfall distribution, given the appropriate
configuration of large-scale features essential for its development,
as explored in earlier sections. Even though noticeable differences
between nudged experiments can be found, all approaches led to
a good representation of precipitation distribution over the SACZ
main axis.

4. CONCLUSIONS

Several numerical experiments with the WRF model were
conducted with different nudging options during an intense
SACZ event in December 2013. This case was chosen given
the intensity, persistence and significant damages related to the
ongoing rainfall throughout the 15 days of activity. Since the
SACZ events are driven directly by large scale atmospheric
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features, the escalation of errors by internal modes can interfere
with the its representation by introducing bias in those scales,
specially for longer simulations. The use of spectral nudging
can effectively improve the results by enforcing the model
solution to follow the large-scale reference, while still allowing
the dynamic and physical cores to contribute in the smaller
scales solutions. In our experiments, all nudging experiments
presented better performance in representing the features that
anchor the SACZ. The spatial spectrum of kinetic energy and
RMSD plots showed that nudging cases applied with higher wave
numbers, correspondent to smaller lengths, improve the overall
performance of simulation but may damp the solution from the
physical and dynamical model cores.

Spatial fields of variables nudged that represent the SACZ
structure show that any nudging application can yield to results
with favorable large-scale features for the SACZ formation and
persistence. Therefore, using a less restrictive option (lower wave
numbers and larger scales filtered in the process) is ideal in this
scenario. The ndg2000 case (scale lengths of 2000 km) provides a
reasonable balance between diminishing errors and restriction to
the numerical solution provided by the mode.

This is corroborated by the precipitation distribution fields.
Differences between nudged experiments suggest that the
internal solutions generated by the model are sensible to

the choice of a proper wave number. This result is also
corroborated by previous studies (Miguez-Macho et al., 2004,
2005; Wang and Kotamarthi, 2013; Gómez and Miguez-
Macho, 2017) that suggest using only wave numbers associated
only with larger scales is enough to balance the large-scale
representation and the internal contribution from the model
dynamics and physical suites in the final solution. This
can be particularly necessary for simulations of subseasonal
scales.
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