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The Madden–Julian Oscillation (MJO) is the most prominent mode of tropical intraseasonal
variability in the climate system andhasworldwide influences on the occurrences and forecasts of
heavy precipitation. This paper investigates the sensitivity of precipitation over the contiguous
United States (CONUS) in a case study (boreal 2004–05winter). Severalmajor storms affected the
western and eastern CONUS producing substantial economic and social impacts including loss of
lives. TheWeather Research and Forecasting (WRF)model is used to perform experiments to test
the significance of the MJO amplitude. The control simulation uses the MJO amplitude observed
by reanalysis, whereas the amplitude is modified in perturbation experiments. WRF realistically
simulates the precipitation variability over the CONUS, although large biases occur over the
Western and Midwest United States. Daily precipitation is aggregated in western, central and
eastern sectors and the frequency distribution is analyzed. Increases in MJO amplitude produce
moderate increases in the median and interquartile range and large and robust increases in
extreme (90th and 95th percentiles) precipitation. The MJO amplitude clearly affects the
transport of moisture from the tropical Pacific and Gulf of Mexico into North America providing
moist rich air masses and the dynamical forcing that contributes to heavy precipitation.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Heavy (or extreme) precipitation is among the most devas-
tating weather phenomena because it is frequently accompanied
by hazardous events such as lightning, hail, heavy snow, strong
surface winds, and intense vertical wind shear. Heavy precipita-
tion is also often associatedwith flash floods and landslides,which
increase the potential for loss of life and property (e.g., Pielke and
Downton, 2000). Even though heavy precipitation events occur
infrequently, they have significant social and economic impacts
(Changnon, 2003, 2011; Changnon et al., 2000; Easterling et al.,
2000a,b; Long et al., 2012; Meehl et al., 2000). For instance,
University of California,

This is an open access article un
the United States National Weather Service registered an average
of 76 flood-related fatalities per year during 2003–2012; for
comparison the number of fatalities from lightning is 35 for the
same period.

Significant efforts, therefore, have been dedicated to further
understand the physical mechanisms associated with heavy
precipitation and improve the forecast skill of synoptic situations
that lead to such events (Houze, 2012; Kunkel et al., 2013;
Lalaurette, 2003; Legg and Mylne, 2004; Palmer and Hagedorn,
2006; Tribbia, 1997; Zhu and Toth, 2001). In this context, it
has been widely recognized that some types of climate modes,
e.g. El Niño/Southern Oscillation (ENSO), North Atlantic Oscilla-
tion (NAO) and the Arctic Oscillation (AO), can significantly
influence the occurrence of extreme events (Barry and Carleton,
2001; Gershunov, 1998; Gershunov and Barnett, 1998; Higgins
et al., 2000b; Lavers and Villarini, 2013; Thompson andWallace,
1998; Wettstein and Mearns, 2002).
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On subseasonal scales, theMadden–JulianOscillation (MJO)
is the most prominent mode of tropical intraseasonal variabil-
ity in the climate system (Jones, 2009; Jones and Carvalho,
2006, 2011; Lau and Waliser, 2012; Madden and Julian, 1994;
Pohl andMatthews, 2007; Zhang, 2013). The role of theMJO in
affecting the occurrence of heavy precipitation on global and
regional scales has been demonstrated (Donald et al., 2006;
Jones et al., 2004b). Associations between the MJO and heavy
precipitation have been found over Canada (Lin et al., 2010),
the contiguous United States (Becker et al., 2011; Bond and
Vecchi, 2003; Higgins et al., 2000b; Jones, 2000; Jones and
Carvalho, 2012; Mo, 1999; Mo and Higgins, 1998a, 1998b;
Ralph et al., 2011; Zhou et al., 2011), Mexico (Cavazos and
Rivas, 2004; Mo and Higgins, 1998b), Caribbean (Martin and
Schumacher, 2010), South America (Carvalho et al., 2002,
2004; De Souza and Ambrizzi, 2006; Gonzalez et al., 2008;
Liebmann et al., 2004; Nogues-Paegle et al., 2000), Africa (Pohl
and Camberlin, 2006a,b; Pohl et al., 2007), Australia (Wheeler
et al., 2009), Asia (Barlow et al., 2005; Jeong et al., 2005, 2008;
Zhang et al., 2009) and Indonesia (Hidayat and Kizu, 2010).

Since the life cycle of the MJO is longer than synoptic
timescales, there is great interest in exploring the potential
predictability associatedwith theMJO (Gottschalck et al., 2010;
Hirons et al., 2013; Jones et al., 2004a,b; Vitart and Jung, 2010;
Waliser et al., 2003;Weaver et al., 2011). Regarding the United
States, several studies have shown evidence that the MJO
influences the occurrence of heavy precipitation and forecast
skill particularly in the boreal winter (Becker et al., 2011;
Higgins et al., 2000b; Jones, 2000; Jones et al., 2011a,b; Zhou
et al., 2012). In this process of further exploring the role of the
MJOon extremeprecipitation,many significant questions arise.

A complicating aspect is that the MJO exhibits a substan-
tial degree of variability in terms of amplitude (or intensity),
durations and phase evolution as it propagates eastward.
Furthermore, the MJO shows significant irregularity such that
MJOs can occur as single isolated events or in series of events
in which successive episodes originate just after the termi-
nation of a previous event (Jones, 2009; Jones and Carvalho,
2011; Matthews, 2000, 2008). Moreover, the MJO displays
large variations in amplitudes during its life cycle from
event-to-event and may also interact with other modes of
climate variability (e.g., ENSO, NAO and AO). This paper focuses
especially on the amplitude of theMJO,which, as it is discussed
next, is objectively defined by an index that aggregates
anomalies in tropical convection and zonal circulation.

The objective of this study is to investigate the following
question. How sensitive is heavy precipitation over the contiguous
United States to the amplitude of the MJO? This is a complex
problem that can be approached from many different angles.
Here, we focus on a specific case study of heavy precipitation
over the contiguous United States (CONUS) during the 2004–05
winter, when extremely wet conditions occurred over many
areas in the Western and Midwest CONUS. While the MJO was
active from mid-December until late January, its amplitude was
close to the (median) climatological value. Therefore, we employ
a regional numerical model to simulate the impact on pre-
cipitation of specific changes in the amplitudes of large-scale
intraseasonal variability. It is important to note that othermodes
of variability (e.g., NAO, ENSO and PNA) are not filtered out from
the sensitivity experiments. Thus, this study examines the joint
sensitivity of MJO variations on precipitation, both as a single
factor, as well as the result of its synergistic interactions with the
aforementioned additional signals. This article is organized as
follows. Section 2 describes the data sets and model. Section 3
discusses heavy precipitation and the MJO activity during the
case study. Section 4 discusses themodel setup and experiments.
The impact of theMJO on the simulation of heavy precipitation is
presented in Section 5. Section 6 presents the conclusions.

2. Data and model

Daily gridded precipitation from the NOAA Climate Predic-
tion Center (CPC) unified gauge (CPC-uni) (Chen et al., 2008;
Higgins et al., 2000a) is used to characterize precipitation
during the extended winter season 1 Nov 2004–31 Mar 2005.
The CPC-uni dataset uses an optimal interpolation technique to
re-project precipitation reports to a grid with 0.25°-latitude by
longitude; this dataset is one of the standard products used by
CPC to evaluate the performance of reanalysis and Climate
Forecast System (CFS) products (Higgins et al., 2008).

Daily averages of zonal wind components at 850-hPa
(U850) and 200-hPa (U200) from the Climate Forecast System
Reanalysis (CFSR) (Saha et al., 2010) and outgoing longwave
radiation (OLR) (Liebmann and Smith, 1996) characterize
large-scale circulation and tropical convective activity. Data
from 1 January to 31 December 1979–2010 are used.

The same procedure discussed in Jones and Carvalho
(2012) is employed to identify MJO activity. The seasonal
cycle is first removed, and time series are detrended and
filtered in frequency domain to retain intraseasonal variations
(20–200 days) (Jones, 2009; Jones and Carvalho, 2011;
Matthews, 2008). This procedure follows Matthews (2000,
2008) who determined that the wide 20–200 day band more
accurately represents isolated MJO events; note that the
filtering procedure is performed after removing the seasonal
cycle.

MJO events are identified with combined empirical
orthogonal function (EOF) analysis (Wilks, 2006) of
equatorially averaged (15°S–15°N) U200 and U850 band-pass
filtered anomalies. The first two EOFs and associated principal
components (PCs) capture the MJO evolution; the first PCs
(PC1, PC2) define the amplitude (PC12 + PC22)0.5 and phase of
the MJO. This procedure follows Wheeler and Hendon (2004)
with the difference that our index is based on filtered data. A
comparison between both indices indicated, as expected,much
more noise in their index. Since the focus here is on a case study
rather than a real-time application, we opted for the filtered
index.

MJO events are defined when: 1) the phase angle between
PC1 and PC2 systematically rotates counterclockwise, indicat-
ing eastward propagation at least to the Maritime Continent;
2) the normalized amplitude is always larger than 0.35;
3) the mean amplitude during the event is larger than 0.9;
and 4) the entire duration of the event lasts between 30
and 90 days. Additional discussions for the definition of MJO
events adopted here are in Jones (2009) and Jones and
Carvalho (2011, 2012), whereas alternative definitions are
found elsewhere (L'Heureux and Higgins, 2008).

The Weather Research and Forecasting (WRF version
3.5.1) model is used to investigate the sensitivity of heavy
precipitation over the CONUS (Skamarock et al., 2008). WRF
is the next generation, fully compressible, non-hydrostatic,
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prognostic model suitable for idealized and realistic numerical
simulations of the atmosphere. The model uses a terrain-
following hydrostatic pressure coordinate in the vertical and
the Arakawa-C staggering grid in the horizontal.

A large number of previous studies have employed WRF
to investigate many distinct types of meteorological phe-
nomena over the United States (Caldwell, 2010; Coleman
et al., 2010; Ikeda et al., 2010; Jankov et al., 2009, 2011; Liu
et al., 2011; Smith et al., 2010). The WRF configuration used
in this study includes parameterizations for microphysics
(vapor, ice, cloud, rain and snow) (Hong et al., 2004), transfer
of solar and infrared radiation (i.e., rrtmg) (Iacono et al.,
2008), Monin–Obukhov similarity theory (Skamarock et al.,
2008), land-surface model (Unified Noah) (Chen and Dudhia,
2001), planetary boundary layer (YSU) (Hong et al., 2006)
and cumulus convection (Kain–Fritsch) (Kain, 2004). The
CFSR reanalysis are used as initial and boundary conditions
for the WRF experiments. The choice of physical parameteriza-
tions used in this study is similar to the configuration employed
in the real-timeWRF forecasts over the CONUS produced by the
National Center for Atmospheric Research (NCAR) (http://www.
mmm.ucar.edu/wrf/users/forecasts.html). In addition, as will be
discussed later, this choice of parameterizations has beenused in
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Fig. 1. (top) Total precipitation during 1 Nov 2004–31 Mar 2005 as departure from c
Jan 2005. Data: daily CPC-uni gridded precipitation 0.25-degrees lat/lon.
other studies that have investigated the meteorological condi-
tions during this case study.

3. Heavy precipitation and the MJO during November
2004–March 2005

The 2004–05 winter was characterized by extremely
wet conditions over most of the Western and Midwestern
CONUS. Fig. 1 (top) shows the total precipitation during 1 Nov
2004–31 Mar 2005 expressed as departure from climatology
(1 Nov–31 Mar, 1948–2011). A large region from the South-
west to the Midwest received 150–250% above normal and
several places in California, Nevada, Arizona, New Mexico
and Texas registered 300–400% above normal. Furthermore,
the precipitation during Jan 2005 contributed significantly
to the winter season total (Fig. 1 bottom). In general, the wet
conditions were associated with a blocking ridge in the Gulf of
Alaska, an amplified trough over the southwestern CONUS and
southward displaced jet stream and storm track. Several major
storms contributed to heavy precipitation. The first storm
produced 10–20 in. of snow in theMidwest (Ohio Valley) in 23
December, whereas heavy precipitation over California hap-
pened in 28–29 December. In particular, atmospheric rivers
-80 -60

-80 -60

limatology; (bottom) departure from climatology of total precipitation during

http://www.mmm.ucar.edu/wrf/users/forecasts.html
http://www.mmm.ucar.edu/wrf/users/forecasts.html


13C. Jones, L.M.V. Carvalho / Atmospheric Research 147–148 (2014) 10–26
were very important during the 29–31 December precipitation
events (Jankov et al., 2009, 2011; Smith et al., 2010). The third
storm impacted the Midwest in 2–5 January. California was hit
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Fig. 2. Composites of bandpass-filtered OLR anomalies (W m−
by heavy rainfall and snow in high elevations during 7–11
January, while the last major storm of the month contributed
with heavy precipitation over the Midwest in 11–13 January.
0 300

2) during active MJO days (18 Dec 2004–20 Jan 2005).
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Fig. 3. Nested domains D01 (90 km) and D02 (30 km) of WRF model configuration. Shading indicates topography (m).
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The impact of the storms was widespread and estimated in
tens of millions of dollars and, more importantly, over 20
people were killed.1

The MJO was active during the 2004–05 winter season
and contributed to the strength of the storms particularly
in the Western CONUS. Fig. 2 shows the evolution of OLR
anomalies averaged during the active MJO event (18 Dec
2004–20 Jan 2005). Enhanced tropical convective anomalies
associated with the MJO developed over the Western Indian
Ocean in 18 December (Phase 1) and propagated eastward in
19–24 December (Phase 2). Convective anomalies strength-
ened and continued to propagate eastward over Indonesia
(Phase 3: 25 December–2 January; Phase 4: 3–8 January;
Phase 5: 9–12 January). The MJO convection continued
its movement into the western Pacific in 13–16 January
(Phase 6), moved further east in 17–18 January (Phase 7) and
finally ended in 19–20 January (Phase 8).

4. Model setup and experiments

In order to introduce the sensitivity experiments, we first
discuss the model setup and biases in simulating precipita-
tion over the CONUS during Nov–Mar 2004–05. WRF is used
with two nested grids (Fig. 3) with 41 vertical levels; the
top of the model is at 10-hPa. The large outer D01 domain
(60S–60N; 0–360) has 90 km grid spacing and is designed to
represent the MJO as well as capture its extratropical signals
(Matthews et al., 2004; Seo and Son, 2012). The inner D02
domain with 30 km grid spacing covers the entire CONUS.
Several experiments were performed to test the sensitivity of
model configurations (e.g., domain sizes, vertical levels, time
steps, and numerical stability). The most relevant to mention
is the location of the lateral boundaries of the D02 domain,
since their locations influence the evolution of synoptic
systems coming from the west and tropical moisture fluxes
1 For details see: http://www.ncdc.noaa.gov/oa/climate/research/2004/
california-storms2005.html.
entering the southern boundary. The present configuration
showed the optimal balance among domain size, horizontal
resolution, computational requirements and precipitation sim-
ulation skill. Lastly, it is worth mentioning that this study is
part of an ongoingproject to further understand the importance
of the MJO on the predictability of extreme precipitation
over the CONUS. While higher horizontal resolution would be
desirable, this choice of grid spacings was based on computa-
tional requirements and a large set of ongoing predictability
experiments.

In the control (CTRL) simulation, WRF is initialized on 1
November 2004 00UTC and run until 31 March 2005 18UTC.
CFSR reanalysis is used for initial, lateral and lower boundary
conditions (updated every 6 h). To ensure that the MJO signal is
maintained throughout the simulation, grid nudging is applied
in the D01 domain. Zonal and meridional components of the
wind, temperature and specific humidity are nudged on all
vertical levels towards the model interpolated CFSR reanalysis
(nudging coefficient 0.0003 s−1). Nudging is not applied on the
D02 domain. Moreover, one-way nesting is used so that the
model precipitation over the D02 domain is freely generated.
Intraseasonal anomalies in OLR, U200 and U850 from the WRF
simulation over the D01 domain compare very closely with the
observed anomalies (e.g., Fig. 2) (not shown).

Fig. 4 shows the mean daily precipitation bias in
WRF during 1 Nov 2004–31 Mar 2005. A wet model bias
exceeding 6 mm day−1 is noted over the Western, Midwest
and northeast CONUS, while the southeast has a dry bias of
about −3 mm day−1. The wet bias is particularly large over
California, where the low horizontal model resolution is not
able to properly resolve the Coastal Range and Sierra Nevada.
Suchwet bias is not uncommon in regionalmodel simulations
over the complex terrain in California. Smith et al. (2010),
for instance, used an older WRF version (2.2) to examine
the atmospheric river event during 29–31 December 2005
and reported large precipitation biases over the slopes of the
Sierra Nevada, albeit using higher horizontal grid spacing
(9 km). Likewise, Caldwell (2010) performed a comprehensive

http://www.ncdc.noaa.gov/oa/climate/research/2004/california-storms2005.html
http://www.ncdc.noaa.gov/oa/climate/research/2004/california-storms2005.html
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comparison of regional and global climatemodel simulations of
precipitation over California during winter and found that
regional models tend to over predict precipitation on daily and
interannual time scales.
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Fig. 5. (top) CPC-uni mean daily precipitation and (bottom) WRF mean daily precip
western, central and eastern sectors over the contiguous United States. Period: 18
We focus on the MJO event that occurred during 18 Dec
2004–20 Jan 2005 (Section 3). The mean daily precipitation
estimated from CPC-uni and simulated by WRF during this
period shows some consistent features (Fig. 5). To facilitate
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itation (bias removed). Thick dashed longitudinal lines in top figure indicate
Nov 2004–20 Jan 2005.



Fig. 6. Daily precipitation spatially averaged over the western (top), central
(middle) and eastern (bottom) sectors of the contiguous United States.
Black and blue curves are for CPC-uni and WRF precipitation; mean bias
was removed from WRF precipitation. Period: 18 Nov 2004–20 Jan 2005.
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the comparison, the mean model bias was removed from the
WRF simulation. Precipitation over the Western CONUS is
relatively well captured, although it is obvious that model
precipitation is too heavy over California and, as previously
mentioned, the coarse horizontal resolution does not resolve
the spatial gradients in the coast, Central Valley and Sierra
Nevada. Themodel also overpredicts precipitation over Oregon
and Washington States, parts of Idaho and Nevada. The low
precipitation amounts over the Central portion of the CONUS
are relativelywell simulated byWRF. Another deficiency is that
the precipitation area from Oklahoma and Arkansas to the
Northeast (Fig. 5 top) is not as high and is displaced further
south in the model (Fig. 5 bottom). It is also interesting to note
that the precipitation pattern over the eastern CONUS (Fig. 5
top) resembles the precipitation and storm track anomalies
associated with the MJO (Becker et al., 2011), ENSO (Eichler
and Higgins, 2006) and the Pacific North American (PNA)
pattern (Grise et al., 2013). Possible interactions among these
modes likely resulted in optimal conditions for the extremely
wet 2004–05winter season. In this context, that winter season
was characterized by weak warm ENSO (tropical Pacific SST
anomalies ~0.6C) and weak PNA (0.26 standardized index).
The NAO, in contrast, was relatively strong (1.4 standardized
index) in the same time period andmay have contributedmore
significantly to heavy precipitation over the CONUS.

To get a better idea about the temporal variability, the
daily precipitation is spatially averaged over three sectors.
These sectors are arbitrarily defined but they separate the
large precipitation in the western, small in the central and
large in the eastern CONUS (Fig. 5 top). WRF realistically
simulates the timing of the precipitation over the western
sector (Fig. 6 top), although precipitation is still higher than
the CPC-uni data even after removing the mean model bias. In
contrast, more agreement is noted in the daily precipitation
over the central sector (Fig. 6 middle). The first significant
precipitation event is relatively well simulated by WRF
over the eastern sector, whereas the model underestimates
the second and has some difficulty in capturing the timing of
the third event (Fig. 6 bottom). Themean biases (CPC-uni minus
WRF), root-mean-square errors and correlations are respec-
tively: −1.9 mm day−1, 10.9 mm day−1, 0.69 (Western),
−0.09 mm day−1, 0.53 mm day−1, 0.66 (Central) and
0.64 mm day−1, 3.71 mm day−1 and 0.40 (Eastern).

We now focus on the period when the MJO was active
(18 Dec 2004–20 Jan 2005). To set the context for the
importance of intraseasonal anomalies on the heavy precip-
itation over the CONUS, Fig. 7 shows the climatological
frequency distribution of MJO amplitudes during the boreal
winter (1 Nov–31 Mar, 1979–2010). The mean MJO ampli-
tude was 1.34 during 18 Dec 2004–20 Jan 2005, therefore,
below the climatological median value (1.67) indicating that
it was not a remarkable MJO event in terms of amplitude.

Although the MJO is the most significant mode of tropical
intraseasonal variability, it is important tomention that it is not
the only source of intraseasonal variability in the atmosphere.
To explore this aspect further, we consider the large-scale
intraseasonal variability in the zonal component of the wind
at 200-hPa (U200). We first apply a 20–100 day band-pass
Murakami filter (Murakami, 1979) to the U200 time series
(1 Nov 2004–31 Mar 2005). Next, a spatial filter is applied
to retain only zonal wavenumbers 1–5. Fig. 8 shows the
standard deviations of anomalies from the seasonal cycle (top)
and large-scale intraseasonal variations (bottom) during the
case study (18Dec 2004–20 Jan 2005). Over the tropical region,
large-scale intraseasonal variations account for about 50–65%
of the variance in U200; this is particularly the case over
the Indian and western and eastern Pacific Oceans. It is also
interesting to note that large-scale intraseasonal variability is
especially large over the subtropical North Pacific and western
North America (Fig. 8 bottom) accounting for almost 60% of
the U200 variance. Since the MJO was active in this period, a
significance portion of the U200 variability in these regionswas
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associated with the eastward propagation of the MJO and
interactions with the subtropical jet in the North Pacific via
Rossby wave propagation (Matthews et al., 2004; Seo and Son,
2012). As mentioned previously, the NAO was also relatively
strong during the case study and previous studies have shown
that significant interactions between the MJO and NAO may
occur (Cassou, 2008; Lin et al., 2009). Although we cannot rule
out that intraseasonal variability in the NAOplayed a role in the
heavy precipitation affecting the United States, our hypothesis
-50

0

50

0 100 200

-50

0

50

0 100 200

Fig. 8. Standard deviations of the zonal component of the wind at 200 h-Pa (U2
anomalies (bottom).
is that the synoptic disturbances originated in the North Pacific
were strongly influenced by the activity of the MJO during the
case study.

To investigate the sensitivity of heavy precipitation
over the CONUS to the amplitude of the MJO, a series of
perturbation experiments are performed. WRF is initialized
on 18 Dec 2004 00UTC and integrated until 20 Jan 2005.
The model is nudged in D01 to a perturbed (interpolated)
CFSR reanalysis with an altered large-scale intraseasonal
signal. The signal is defined here in the following way.
First, a 20–100 day band-pass Murakami filter (Murakami,
1979) is applied to the time series of geopotential height,
temperature, zonal, meridional wind components and specific
humidity (all model levels). The application of the recursive
Murakami filter is necessary because of the short length of the
time series. Next, a spatial filter is applied to these variables by
retaining only zonal wavenumbers 1–5 which is typical of the
large-scale nature of the MJO (Hendon and Salby, 1994; Jones,
2009).

A total of 7 perturbation experiments are performed.
In the NOMJO experiment, WRF is nudged in D01 to inter-
polated CFSR reanalysis in which the MJO signal is removed.
In the other experiments, the observed MJO signal is
modified to different amplitudes: reduced to 25% and 50%
and increased by 25%, 50% and 75%. The modification of the
300

300

00) anomalies from the seasonal cycle (top) and large-scale intraseasonal
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MJO signal is done for each day during 18 Dec 2004–20 Jan
2005, grid point in D01, variable and model level. Moreover,
we emphasize that nudging is not applied in D02 and WRF
is run with one-way nesting.

To illustrate the procedure above, Fig. 9 shows the U200
field during 9 Jan 2005 when heavy precipitation impacted
the western coast of the United States. The perturbed U200
can be written as: U200Pert = U200 + A × U200LGIS where
U200 is the original field, A = [−1, −0.75, −0.50, 0, 1.25,
1.50, 1.75] the perturbation intensities and U200LGIS is the
large-scale intraseasonal signal calculated as above (A = 0
for the control experiment). Fig. 10 shows U200 along zonal
sections over the subtropical North Pacific (top) and equator
(bottom); each curve shows U200Pert for different values of A.
Note that the procedure modifies variations between 20
and 100 days and zonal wavenumbers 1–5 (the large-scale
intraseasonal signal has zero mean). Variations outside these
bands are not modified and therefore any other possible
signals associated with ENSO, PNA and NAO are still retained
including synergistic interactions among the MJO and these
othermodes of variability. In addition, note thatWRF is nudged
in D01 towards U200Pert (i.e., the total field and not only to the
large-scale intraseasonal signal).

In summary, these experiments are designed so that WRF
is nudged to the interpolated CFSR reanalysis in D01 with
observed (CTRL) or modified large-scale intraseasonal signals
(perturbations). The influence of the MJO on the precipitation
over the CONUS is hence done through the lateral boundaries
of D02 (especially the western boundary) and only large-scale
intraseasonal signals are modified. Similar methods have been
successfully used in regional model experiments. For instance,
Gustafson and Weare (2004) employed the Mesoscale Model
version 5 (MM5) over the Indian andwestern Pacific Oceans to
investigate the initiation of the MJO. The control case forced
with reanalysis was compared against perturbation experi-
ments in which 30–70 day signals from the reanalysis were
filtered out from the lateral boundary conditions.

To help understand more details about the WRF experi-
ments, Table 1 shows observed values and perturbations in MJO
amplitude. In the CTRL experiment (dashed lines central
column), the observed mean amplitudes of the MJO were 1.67
(7–11 Jan), 1.30 (9–13 Jan) and 1.08 (11–15 Jan). Notice that
-50

0

50

0 100 200

Fig. 9. Zonal winds at 200 h-Pa (U200) on 9 January 2005.
during the heavy precipitation event that hit thewestern CONUS
on 07–11 Jan 2005, the mean MJO amplitude was very close to
the climatological median value (1.64). As the storms moved
further east over the central (9–13 Jan) and eastern (11–15 Jan)
CONUS, the MJO weakened and the mean amplitudes were
near the lower quartile of the climatological winter frequency
distribution (Fig. 7). The other columns in Table 1 show the
changes in the MJO signal for each perturbation experiment
from NOMJO (left) up to 75% increase (right); rows indicate the
mean MJO amplitudes and corresponding percentiles. The
perturbation experiments for the storms during 7–11 Jan cover
a wide range of MJO amplitudes from NOMJO signal up to
amplitudes in the 95th percentile (top row). Because the MJO
weakened as it propagated eastward, the perturbation experi-
ments cover different ranges of the frequency distribution for
the storms over the central (middle row) and eastern (bottom
row) CONUS.

5. Variations in the MJO and heavy precipitation over
the CONUS

The following analysis is performed to investigate the
importance of MJO amplitudes in controlling the distribution
of precipitation across the CONUS. We focus on the period
18 Dec 2004–20 Jan 2005 when the MJO event evolved
(e.g., Fig. 2). The sensitivity of heavy precipitation to the
amplitude of large-scale intraseasonal signals is investigated by
aggregating the daily precipitation over the western, central
and eastern CONUS sectors (see Fig. 5).

Fig. 11 shows the frequency distribution of precipitation
aggregated over the three sectors. The plot is constructed by
taking precipitation time series (P N 0.01 mm day−1) from all
grid points in each sector and calculating statistics (interquartile
range, median, 90th and 95th percentiles). For convenience,
the plot shows statistics from CPC-uni data and WRF CTRL
experiment. Since WRF exhibits a wet bias over the western
CONUS, precipitation fromWRF has a wider frequency distribu-
tion and heavier precipitation than CPC-uni. More agreement is
noted over the central CONUS, although extreme precipitation
values are smaller in theWRF CTRL experiment than in CPC-uni.
Given the drymodel bias in the eastern CONUS, the interquartile
range is wider in the CPC-uni data than in WRF CTRL; 90th
300

Dashed lines indicate zonal sections shown in Fig. 10.



Fig. 10. Zonal winds at 200 h-Pa (U200) along 34.34 N (top) and 0.25 N
(bottom). Curves show U200 with different MJO signals: (NoMJO), reduced
to 0.25, 0.5, and control (CTRL), increased by 0.25, 0.5 and 0.75 (see text for
additional details).

Fig. 11. Frequency distributions of precipitation aggregated over the (W)
western (C), central and (E) eastern CONUS sectors. Statistics are computed
by taking precipitation time series (P N 0.01 mm day−1) from all grid points
in each sector. CPC-uni: interquartile range (light shaded box), median value
(tick), 90th (star) and 95th (triangle) percentiles; WRF-CTRL: interquartile
range (dark shaded box), median value (tick), 90th (X) and 95th (square)
percentiles. Period: 18 Dec 2004–20 Jan 2005.
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percentile from WRF CTRL is consistent with CPC-uni. These
statistics are used for comparison with the WRF sensitivity
experiments.

Fig. 12 shows sensitivity plots for each CONUS sector and
WRF experiment; the statistics are calculated as described
above. The horizontal axis indicates that the WRF experi-
ment from the NOMJO case to the MJO signal is being
increased by 75%. In the western sector (Fig. 12 top), the
Table 1
MJO amplitudes. Central column (dashed lines) indicates observed values (bold) du
distribution of MJO amplitudes during winter (1 Nov–31 Mar, 1979–2010). Other c
NOMJO (left) up to 75% increase (right); rows indicate the meanMJO amplitudes and
explanation.

Mean 1

percentile N/A 9th 19th m

Mean

percentile N/A 7th 15th 2

Mean 1

0 0.42 0.84

0 0.33 0.65

0 0.27 0.54

percentile 12th 2N/A 6th

Change in

MJO

amplitude

Removed
Decreased

to 25%

Decreased

to 50%
C

MJO a

07-1

9-1

11-1
CTRL experiment shows median precipitation of about
3.5 mm day−1, interquartile range of 0.5–12 mm day−1 and
90th and 95th percentiles of 24 mm day−1 and 34 mm day−1,
respectively. It is interesting to note that as the MJO signal
increases from NOMJO to 75% increase, the median and lower
quartiles show moderate increases. In contrast, there is an
almost linear and significant increase in the upper quartile and
extreme values (i.e., 90th and 95th percentiles) as the MJO
signal changes from NOMJO to CTRL experiments. As the MJO
signal is increased in the 1.25–1.75 experiments, the upper
quartile and extreme values show further increases suggesting
a non-linear rate of changes. A somewhat similar behavior is
seen for the statistics in the central sector (Fig. 12 middle)
(note that precipitation scales are different for each sector)
indicating nearly linear increases with MJO signal. Over the
eastern sector (Fig. 12 bottom), the interquartile range
responds differently with increases in MJO amplitudes com-
pared to other sectors; only the extremes (90th and 95th
ring three periods and respective percentiles of the climatological frequency
olumns show changes in MJO signal for each perturbation experiment from
corresponding percentiles during theWRF case study. See text for additional

.67

edian 72th 84th 95th

1.3

9th ~median 69th 78th

.08

2.09 2.51 2.93

1.63 2 2.28

1.35 1.62 1.89

4th 46th ~median 65th

TRL
Increased

by 50%

Increased

by 75%

mplitude

1 Jan 05

3 Jan 05

5 Jan 05

Increased

by 25%
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percentiles) in precipitation appear to have a linear relation-
ship with theMJO signal. Lastly, the model performance can be
evaluated comparing Fig. 11 and the statistics for the CTRL run
in Fig. 12. Since the mean model bias has not been removed in
these calculations, precipitation statistics in the western sector
are higher in WRF (Fig. 12 top) than in the CPC-uni data; the
same happens to some extent in the central sector. Conversely,
due to the dry model bias in the eastern sector, statistics for
WRF are lower than in the CPC-uni data.

The results above show that the MJO had a pronounced
influence on the precipitation over the CONUS, particularly on
extreme events. In order to shed some light on the changes
in the atmosphere, Fig. 13 shows the synoptic conditions
during the heavy precipitation in the western (left column)
and eastern (right column) sectors. In 9 January, a low surface
pressure systemand a trough in the 500-hPa geopotential height
(Fig. 13a) were situated over the Pacific Northwest, whereas
intense southwesterly flow brought significant amounts of
tropical moisture especially over California and northern
Mexico (Fig. 13c). It is especially interesting to note that the
moist atmospheric flow runs nearly perpendicular to the
main topographic barriers in California, thus explaining the
strong uplift and heavy precipitation. In 13 January, the heavy
precipitation on the Midwest was associated with the low
surface pressure and 500-hPa trough over the northern-central
parts ofNorthAmerica (Fig. 13b). Intensemoisture flux is carried
from the Gulf of Mexico towards the eastern CONUS (Fig. 13d).

Fig. 14 shows differences in geopotential height (500-hPa)
between the CTRL and perturbation experiments during 9 Jan
(left) and 13 Jan 2005 (right). The top row indicates theNOMJO
minus CTRL experiment, whereas the middle and bottom rows
show differences between MJO signal decreased by 25% minus
CTRL and MJO increased by 75% minus CTRL, respectively.
Removing the MJO signal significantly weakens the trough by
more than 300 m over the Pacific Northwest on 9 Jan 05, when
the storms hit the western CONUS (Fig. 14a). As the MJO signal
is decreased by 25% (Fig. 14b) and increased by 75% (Fig. 14c),
the trough over the Pacific Northwest strengthens, but note
that the relationship is not linear. Changing the MJO signal
affects the magnitude of the 500-Pa geopotential height when
the storms hit the Midwest as well (Fig. 14-d–f).

The sensitivity of vertically integrated moisture flux for each
WRF experiment is constructed as previously explained. Over
thewestern sector (Fig. 15 top), theMJO signal shows significant
modulation on the moisture flux statistics with notable impacts
in the upper tails of the frequency distributions. The importance
of the MJO in controlling changes in moisture flux is also
noted over the central and eastern sectors (Fig. 15 middle and
bottom).

Moisture of tropical origin is important for the winter storms
affecting North America. In particular, themoisture rich patterns
known as “atmospheric rivers” can bring considerable amounts
Fig. 12. Sensitivity of daily precipitation (mm day−1) over the western (top),
central (middle) and eastern (bottom) sectors of the contiguous United States.
Plots are for sensitivity experiments with different MJO signals (horizontal
axis): NoMJO, reduced to 0.25, 0.5, control (CTRL), increased by 0.25, 0.5 and
0.75. Shaded boxes indicate interquartile range, median value (tick), 90th
(star) and 95th (triangle) percentiles. Statistics are calculated from all grid
points in each sector. Period: 18 Dec 2004–20 Jan 2005.
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Fig. 13. Synoptic conditions during winter storms in the western (left) and eastern (right) United States. Top row shows geopotential height at 500-hPa (shading)
and sea level pressure (contours) with 4-hPa interval. Bottom row shows vertically integrated moisture flux intensity (shading) and vectors the zonal and
meridional components of the vertically integrated moisture flux. Fields are from WRF control simulation.
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of tropical water vapor into the subtropics and midlatitudes
providing the perfect conditions for heavy precipitation
(Coleman et al., 2010; Kim et al., 2013; Kingsmill et al., 2013;
Ralph and Dettinger, 2012; Rutz and Steenburgh, 2012; Smith
et al., 2010). The MJO has been shown to control the timing
of atmospheric rivers and the intensity of snow-water
equivalent over the Sierra Nevada (Guan et al., 2012). These
results above indicate that the large-scale atmospheric circu-
lation patterns associated with the MJO contributed substan-
tially to the tropical moisture transport into the CONUS and,
therefore, on the heavy precipitation events during 18 Dec
2004–20 Jan 2005.

The importance of the MJO signal is also investigated on
two dynamical terms. Fig. 16 shows the sensitivity of
positive absolute vorticity advection at 500-hPa for each
WRF experiment. In the western sector, the interquartile
range and 90th and 95th percentiles increase as the MJO
signal increases from NOMJO to CTRL experiments (Fig. 16
top). There appears to be a more pronounced increase from
CTRL to 1.25 experiment and then a more slow increase to
1.50 and 1.75 experiments. The impact of the MJO signal on
the extreme values is much more distinct than on the
median or lower quartile. Somewhat similar changes are
noted over the central and eastern sectors but scaled a little
different. The sensitivity of positive temperature advection
at 500-hPa (Fig. 17) for each WRF experiment is remarkably
similar to the changes in positive 500-hPa vorticity advec-
tion over the three CONUS sectors.
6. Summary and conclusions

The MJO is the most important mode of tropical
intraseasonal variability with a key role in bridging weather
and climate variability. Although the MJO has been the focus
of intense research, several key aspects need to be further
understood. The main goal of this paper is to determine the
extent to which the amplitude of the MJO modifies weather
systems and the statistical properties of precipitation over
the CONUS particularly in heavy events. This question is
investigated with sensitivity experiments using the WRF model
and focusing on a case study. The 2004–05 winter season was
characterized by abnormally wet conditions over a large region
from the southwest to the Midwest United States. Heavy
precipitation events during the season had major social and
economic impacts including the loss of lives.

CFSR reanalysis is used as initial, lateral and lower boundary
conditions for a control simulation for the period 1Nov 2004–31
Mar 2005. WRF is capable to realistically simulate the precipi-
tation variability over the CONUS, although large biases occur
over the Western and Midwest United States. The relatively
coarse (30 km) grid spacing in the domain covering the CONUS
is likely responsible for some of the biases over the complex
topography in California. Undoubtedly, the choice of physical
parameterizations can have significant impacts in the model
simulated precipitation as discussed in Jankov et al. (2009,
2011). Although the combination of physical parameteriza-
tions employed in this study has been extensively used in the
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Fig. 14. Synoptic conditions during winter storms in the western (left: 9 Jan 2005) and eastern (right: 13 Jan 2005) United States. Rows show differences in
geopotential height at 500-hPa: NOMJO minus CTRL (Top), MJO decreased by 25% minus CTRL (Middle) and MJO increased by 75% minus CTRL (bottom). Contour
interval: 100 m.
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WRF modeling community (e.g., real-time forecasts at NCAR),
additional research is needed to improve model precipitation
skill particularly over complex terrain.

WRF experiments are performed to test the hypothesis
that the amplitude of the MJO plays an important role in the
precipitation especially in the synoptic systems forming in
the north Pacific and extreme precipitation over the CONUS.
Sensitivity experiments are designed such that the large-scale
intraseasonal signal in the atmospheric fields in the outer
domain is decreased or increased. Grid nudging is applied
only in the outer domain and the influence of the MJO is done
through the lateral boundaries of the inner domain over the
CONUS.

Daily precipitation is aggregated in western, central and
eastern sectors over the CONUS and the frequency distribu-
tion is analyzed for each sensitivity experiment. The ampli-
tude of the MJO has clear influences on the precipitation
statistics especially in the median and interquartile range
over the western and central CONUS. Furthermore, increases
in MJO amplitude are strongly related to increases in extreme
(90th and 95th percentiles) values of precipitation over all
sectors. Additionally, the MJO amplitude clearly affects the
transport of moisture from the tropical Pacific and Gulf of
Mexico into North America providing moist rich air masses.
Nearly linear relationships are found between increases in the
amplitude of the MJO and increases in vertically integrated
moisture flux. Along with moisture supply, the amplitude of
the MJO is an important factor in modulating the dynamical
forcing in the mid-troposphere and contributing to heavy
precipitation over the CONUS.

The case study discussed here investigated the importance
of theMJO amplitude on the precipitation over the CONUS. It is
important to note, however, that theMJO is not the only source
of intraseasonal variability and other climate modes have
important influences on the synoptic systems producing
precipitation over the CONUS. The case study analyzed here
was characterized by weak warm ENSO and PNA patterns and
moderate positive NAO phase. The sensitivity experiments
carried out in this study, however, modified only the ampli-
tudes of large-scale intraseasonal variability; signals associated
with ENSO, NAO and PNA were not filtered out. Because of
this, the results presented here examined the joint sensitivity
of MJO variations on precipitation, both as a single factor, as
well as the result of its synergistic interactions with other
modes of variability. Other model experiment techniques such
as factor separation (Stein and Alpert, 1993) can be applied
to isolate the impact of single signals. Further elucidating
the interactions among these climate modes, including the



Fig. 16. As in Fig. 12but for sensitivity of positive absolute vorticity advection at
500-hPa.

Fig. 15. As in Fig. 12 but for sensitivity of vertically integrated moisture flux
intensity.
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Fig. 17. As in Fig. 12 but for sensitivity of positive advection of temperature
at 500-hPa.
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MJO,will substantially contribute tomonitoring and forecasting
hazardous weather events.
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