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Thesis directed by Associate Professor Weiqing Han

Intraseasonal variability (10-100 day periods) of surface wind and convection in
the tropical Atlantic is analyzed using QuikSCAT satellite wind, outgoing longwave
radiation (OLR), and precipitation for the period of 2000-2008. Similar analyses have
also been performed using the European Centre for Medium-Range Weather Forecasts
(ECMWF) 40-year Re-Analysis (ERA40) data from 1960-2001 and ERA-interim
reanalysis products for 1990-2008. Case studies show that the MJO propagated eastward
from the Indo-Pacific Ocean to the Atlantic during winter and spring of 2002, causing the
observed 40-60-day wind variations in the equatorial Atlantic basin. The Isthmus of
Panama is a dominant pathway for these surface wind anomalies to propagate into the
Atlantic, where they can produce important climate impacts. This pathway is statistically
significant based on the analysis using multi-year data.

Further analyses have been carried out to assess the relative importance of
dominant atmospheric intraseasonal convective processes over the tropical Atlantic
Ocean and African Monsoon region: the Madden-Julian Oscillation (MJO, which
dominates the eastward-propagating signals at 20-100-day periods), quasi-biweekly (10-
25 days) Kelvin waves, and 10-100-day westward propagating Rossby waves. The results
show that contribution from each process varies in different regions of the tropical

Atlantic Ocean and African monsoon region. In general, the eastward-propagating MJO



v
and quasi-biweekly Kelvin wave more frequently dominate strong convective events than
Rossby waves in the African monsoon region. The westward-propagating Rossby waves,
on the other hand, have larger contributions to convection in the Western Atlantic Ocean.
Both the westward- and eastward-propagating signals contribute approximately equally
in the Central Atlantic basin. The impacts of intraseasonal signals have evident
seasonality. The MJO is stronger during November-April than May-October in all
regions. The 20-100-day Rossby waves are stronger during November-April than May-
October in the African monsoon region, and are equally strong for the two seasons and
dominate convection variability during May-October in the Western and Central Atlantic
basins. Of particular interest is that the MJO originated from the Indo-Pacific Ocean, and
the quasi-biweekly Kelvin wave generated by convection in the Amazon region and
western Atlantic basin can enhance as they propagate through the tropical Atlantic
Ocean, amplifying their impacts on the African monsoon. On the other hand, Rossby
waves can be generated either in the eastern equatorial Atlantic or West African monsoon
region. They can strengthen while they propagate westward through the tropical Atlantic,
producing large effects on the Western Atlantic, Caribbean Sea and Central America
regions. These results imply that air-sea interaction in the Atlantic Ocean, and possibly
interaction with local convective signals can modify the strengths of the MJO, Kelvin and
Rossby waves, which have important implication for the prediction in the countries that

surround the tropical Atlantic Ocean.
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CHAPTER1

INTRODUCTION

Previous studies have shown significant intraseasonal oscillations (ISOs) in the
tropical Atlantic and West African sector (e.g., Park and Schubert 1993; Shapiro and
Goldenberg 1993; Foltz and McPhaden 2004; Gu and Alder 2004; Gu 2009). A few
processes have been suggested to be able to cause these oscillations: the global
propagation of the Madden-Julian Oscillation (MJO; Madden and Julian 1971,1972)
originating from the Indo-Pacific Ocean (e.g., Park and Schubert 1993; Hendon and
Salby 1994; Foltz and McPhaden 2004), intraseasonal variations of convection in the
African monsoon region (e.g., Grodsky and Carton 2001; Thorncroft et al. 2003;
Maloney and Shaman 2008; Janicot et al. 2009; Gu 2009), and atmospheric variability
from mid-latitudes (e.g., Park and Schubert 1993; Shapiro and Goldenberg 1993). The
MJO and intraseasonal convection of the African monsoon, however, are not completely
independent. It has been shown that the MJO can affect the intraseasonal convection of

the West African monsoon (e.g., Gu and Adler 2004; Maloney and Shaman 2008).

1.1 Observations and Mechanisms of the MJO

1.1.1 Observed Features

The MJO is the most prominent mode of atmospheric intraseasonal variability in



the tropical troposphere. It is known to be convectively coupled, and have global zonal
wavenumbers 1-3, with peak period at 30-90 days. The convective aspects are most
apparent in the Indian and western Pacific Oceans, where the sea surface temperature
(SST) is warm and known as the “warm pool”. The MJO propagates eastward in the
Indo-Pacific warm pool at an averaged speed of 5 m/s (e.g., Weickmann et al., 1985;
Knutson et al., 1986). Although the convectively coupled signal disappears outside of the
“warm pool”, a global eastward-propagating signal is observed in the zonal wind of the
upper troposphere that moves much more rapidly as free Kelvin waves (Milliff and
Madden, 1996; Matthews, 2000). The space-time schematic diagram of the large-scale

features of the MJO is presented in Figure 1.1 (Madden and Julian 1972).
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Figure 1.1. Schematic depiction of the fundamental large-scale features of the Madden-
Julian Oscillation (MJO) through its life cycle (from top to bottom). Cloud symbols
represent the convective center, arrows indicate the zonal circulation, and curves above
and below the circulation represent perturbations in the upper troposphere and sea level
pressure. From Madden and Julian [1972].



In the Indo-Pacific Ocean, the large-scale wind structure of the MJO is often
described in terms of equatorial waves coupled to deep convection. East of the convective
center, there are anomalous low-level easterlies and upper-level westerlies, which
resemble the equatorial Kelvin wave. Immediately to the east of the convective center are
low-level convergence, ascending motions and positive humidity. To the west, there are
anomalous low-level westerlies (upper level easterlies) with a pair of cyclonic
(anticyclonic) circulations straddling the equator at the surface (upper level), which
characterize the equatorial Rossby waves (Madden, 1986). Immediately to the west of the
convective center are low-level divergence, descending motions and negative humidity.
Both Kelvin and Rossby wave structures have been considered dynamically essential to
the MJO (Zhang 2005). Along the equator, the above fields have westward tilt in the
vertical with respect to the convective center (e.g., Sperber, 2003; Kiladis et al., 2005;
Zhang 2005). Such zonal asymmetry provides favorable large-scale conditions for the
development of new convective systems east of the existing ones and discourages such
development to the west, resulting in the eastward propagation of convection (see Zhang

2005 for a summary).

The MJO activities exhibit significant interannual variability and pronounced
seasonality: the MJO is stronger and propagates eastward during boreal winter
(November—April), but weaker and propagates both eastward and northward (southward)
in the northern (southern) hemisphere during boreal summer (May-——October) (Wang
and Rui, 1990; Madden and Julian, 1994; Hendon and Salby, 1994; Wang and Xie, 1997;

Lawrence and Webster, 2001).



1.1.2 Mechanisms

Even though the existence of the MJO has been observed since the 1970s
(Madden and Julian 1971, 1972), a fundamental understanding of the underlying physical
mechanisms remains elusive. A number of theories exist that attempt to explain the

primary observed features of the MJO.

(a) Atmospheric Response to Independent Forcing. It has been suggested that
intraseasonal fluctuations in precipitation associated with the Asian summer monsoon can
be a forcing source for the MJO, which are relatively stationary in space and can result
from the local hydrological cycle (e.g., Yasunari, 1979; Webster, 1983). They can excite
a stationary oscillation in precipitation with a period close to 50 days (Zhang 2005, and
references therein). However, no statistically significant signals of intraseasonal
stationary oscillation in equatorial convection can be objectively identified (Zhang and
Hendon 1997). In addition, tropical stochastic forcing (e.g., Majda and Biello, 2004) and
extratropical disturbances (Lau and Peng, 1987; Hsu et al.,, 1990; Lau et al., 1994;
Matthews et al., 1996; Liebmann and Hartmann, 1984; Magana and Yanai, 1991;
Matthews and Kiladis, 1999; Yanai and Lu, 1983; Yanai et al., 2000) have also been
thought to be possible sources of the MJO forcing. The maximum growth in precipitation
due to this stochastic forcing is, however, at zonal wave numbers greater than 4. Thus,
momentum and energy transferring from synoptic-scale to planetary-scale intraseasonal
perturbations play a crucial role to generate the MJO. A coupling between extratropical

baroclinic disturbances and tropical barotropic intraseasonal perturbations may amplify



the latter. However, whether relationships between the extratropical and tropical

intraseasonal signals are statistically significant is controversial.

(b) Atmospheric Instability. Instability theories seek mechanisms for growing,
unstable modes that resemble the observed MJO. Sources of the instabilities involve deep
convective processes, which are associated with moisture convergence and surface
evaporation. For the moisture convergence instability theory, ‘‘Kelvin wave-CISK’’ (Lau
and Peng, 1987; Chang and Lim, 1988), suggests that equatorial Kelvin wave becomes
unstable when its convective heating interacts with its low-level convergence. Without
additional assumptions, unstable wave-CISK Kelvin modes propagate at speeds (16-19
m/s) much faster than the MJO, and the growth rates are the greatest on smallest scales.
By including the frictional effect on moisture convergence in the atmospheric boundary
layer in a “moist Kelvin wave”, referred to as “frictional-convergence” theory of the MJO
(Salby et al., 1994), the fast-speed and small-scale problems from wave-CISK theory
have been treated. Frictional convergence in the boundary layer leads wave convergence
in the lower tropical troposphere and damps small-scale wave-CISK modes. The
instability of moisture convergence due to boundary layer viscosity results in slowly
eastward moving, planetary-scale unstable modes. By including the equatorial Rossby
wave, boundary layer dynamics can generate an unstable mode consisting of coupled
Rossby-Kelvin waves (Wang and Rui, 1990; Wang and Li, 1994). A key feature of this
theory is that the boundary layer convergence leading (east of) the convective center of
the MJO, which has been confirmed by many studies (Hendon and Salby, 1994; Jones

and Weare, 1996; Maloney and Hartmann, 1998; Kiladis et al., 2005).



In the surface evaporation mechanism, or “wind-induced surface heat exchange”
(WISHE) (e.g., Emanuel, 1987) or “evaporation-wind feedback” (EWF) (Neelin et al.,
1987) mechanism, the interactions between surface evaporation and the surface wind
component of planetary-scale Kelvin waves provide a source of instability for the MJO

(Raymond 2001; Sugiyama 2009a, b; Sobel et al. 2008, 2010).

(c) Other Factors. Recent model experiments suggest that the MJO is driven at
least in part by moisture mode instability (e.g., Majda and Stechmann 2009; Raymond
and Fuchs 2009; Maloney et al. 2010). A moisture mode is a balanced disturbance, whose
large-scale circulations are well described by the weak temperature gradient
approximation (e.g., Held and Hoskins 1985; Sobel et al. 2001) and involve those
processes that control the tropical moisture field, such as surface latent heat flux and
horizontal advection (e.g., Sobel et al. 2001; Majda and Klein 2003; Maloney et al.
2010). MJO is a moisture mode destabilized by increasing moisture anomalies, and the
propagation of the disturbances is governed by processes that make moisture anomalies
move horizontally (e.g., Sobel et al. 2001; Raymond and Fuchs, 2009; Maloney et al.
2010). The model results of Majda and Stechmann (2009) also offer an explanation for
the observed dominance of eastward-propagating intraseasonal variability that the
eastward-propagating modes are more strongly coupled with the equatorial moist
convective processes as convectively coupled moisture mode instability. SST is very
important for the large-scale organization of tropical convection and the impacts of

atmosphere—ocean coupling in tropical intraseasonal oscillations have been addressed and



play important roles for the evolution, propagation and prediction of the MJO

(Grabowski 2006; Linter and Neelin 2008; Fu et. al 2008; Sobel et. al 2010).

1.2 Impacts of the MJO

The MJO is climatically important because it can have significant impacts on
ENSO (e.g., Moore and Kleeman 1999; McPhaden 1999; Takayabu et al. 1999; Kessler
and Kleeman 2000; Zhang 2005), the Asian-Australian monsoon (e.g., Sikka and Gadgil
1980; Yasunari 1981; Krishnamurti and Subramanyam 1982; Webster 1983; Wang and
Xie 1997; Lawrence and Webster 2001; Lau and Waliser 2005), the Indian Ocean Dipole
(e.g., Rao and Yamagata 2004; Han et al. 2006), and tropical cyclones (e.g. Maloney and

Shaman 2008).

Many previous studies have revealed the global influences of the MJO. Strong
MJO signals have been observed in the North American Monsoon (NAM; e.g. Higgins
and Shi 2001; Barlow and Salstein, 2006; Lorenz and Hartmann, 2006), where positive
zonal wind anomalies in the Eastern Tropical Pacific are followed by anomalous
precipitation in Mexico and the southwest United States several days later. Foltz and
McPhaden (2004) showed that intraseasonal surface wind variability is prominent in the
subtropical and mid-latitude Atlantic Ocean, where surface winds are significantly
correlated with MJO signals in the Indo-Pacific Ocean. Jones and Schemm (2000)
demonstrated that the South Atlantic Convergence Zone (SACZ) exhibits a wide range of

intraseasonal variability, and that 30-70 day variations are directly related to the MJO.



Maloney and Hartmann (2000) showed that the MJO can affect the Atlantic, and
demonstrated a link between the MJO and hurricane activity in the Gulf of Mexico and
the Caribbean Sea. Given that the cold sea surface temperatures (SSTs) in the Eastern
Pacific cold tongue region inhibit convection, the South American continent blocks
continuous air-sea interaction, and the Andes block eastward propagation, the actual
mechanisms by which the MJO influences the tropical Atlantic and the propagation of the

MIJO surface signatures into that basin are still not well-characterized.

Interestingly, in the equatorial Atlantic Ocean, satellite and in situ observations
show significant spectral peaks at 40—60 day periods in surface winds, sea level, and
thermocline depth (Han et al. 2008). Results from numerical model experiments
demonstrate that this sea level and thermocline depth variability results mainly from the
first and second baroclinic modes of oceanic equatorial Kelvin waves forced by 40-60-
day equatorial zonal wind anomalies. The significant 40-60-day peaks in zonal and
meridional winds, which appeared in both the QuikSCAT and Pilot Research Moored
Array in the Tropical Atlantic (PIRATA) data, were found to be especially strong in
2002, a year when anomalously warm temperatures or a so-called ‘Atlantic Nifio’ event
occurred (Fu et al. 2007). Han et al. (2008) also found that 40-60-day zonal wind
anomalies in the central-western equatorial Atlantic basin for the 2000-06 period were
significantly correlated with sea level anomalies across the equatorial Atlantic basin, with
simultaneous and lag correlation values ranging from 0.62 to 0.74 with significance
above 95%. Han et al. (2008), however, did not explain the origin of the strong 40-60-day

wind anomalies. Since the cold SST in the Eastern Pacific inhibits MJO convection and
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the Andes block the MJO propagating into the Atlantic Ocean, the global eastward-
propagating signals are shown to be in the upper troposphere through the non-
convectively coupled longitudes more rapidly than the MJO (Milliff and Madden, 1996;
Matthews, 2000). What is the source of the 40-60-day zonal surface wind observed in the

equatorial Atlantic Ocean?

1.3 ISOs in African Monsoon Region and Their Impacts on Atlantic Ocean

Observational evidence shows that boreal summer wind and precipitation
associated with the West African monsoon, which have 10-25-day and 25-60-day
dominant periods, can affect the Eastern-Central Tropical Atlantic Ocean especially the
Intertropical Convergence Zone (ITCZ; e.g., Grodsky and Carton 2001; Janicot and
Sultan 2001; Redelsperger et al. 2002; Nicholson and Grist 2003; Thorncroft et al. 2003;
Sultan and Janicot 2003a; Maloney and Shaman 2008; Mounier et al. 2008; Janicot et al.
2009). It is shown that enhanced (suppressed) 30-90-day precipitation anomalies of
atmosphere are accompanied by a significant suppression (enhancement) of the Eastern

North Atlantic trade winds (Maloney and Shaman 2008).

Wang and Fu (2007) showed that the convection on Amazon could affect the
Atlantic ITCZ at a convectively coupled Kelvin waves with a period of 6-7.5 days.
Liebmann et al. (2009 further described two mechanisms for the initiation of the
convectively coupled Kelvin waves along the equator over South America and western

Atlantic. One is related to the preexisting Kelvin wave in the upper level over either the
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eastern Pacific or central South America. Another one with precursor convective
anomalies over South America resembles the cold surges caused by a synoptic wave train
propagates over South America from the South Pacific (e.g., Garreaud and Wallace 1998;
Garreaud 2000; and Liebmann et al. 2009). The Pacific cases are affected by the SSTs in
Central and Eastern Pacific. MJO and El Nino are more likely to contribute the Kelvin
wave activities in South America (e.g., Jones 2009). Other cases are also discussed that
convective anomalies over equatorial South America with no visible precursors in either
the Pacific or South America, but that propagate into the Atlantic as a Kelvin wave. It
indicates the existing of other mechanisms, such as the reflection of Rossby wave energy
off the Andes (Kleeman 1989), or the impacts of extratropical wave activities (Hoskins
and Yang 2000; Pan and Li 2008). However the propagation of the intraseasonal
convectively coupled Kelvin waves in Atlantic and their impacts on African monsoon are

less addressed.

Janicot et al. (2010) identified three intraseasonal modes in African monsoon
precipitation by EOF analysis: the quasi-biweekly zonal dipole mode (QBZD; Mounier et
al., 2008; Janicot et al., 1010), the “Sahel” mode (Sultan et al, 2003; Janicot et al., 2010),
and the “African MJO” mode (Matthews, 2004; Janicot et al., 2009). The intraseasonal
signals in QBZD mode propagate eastward with possibility of modulating convection
over the Indian Ocean, and the mechanisms of this mode appear to be controlled both by
equatorial atmospheric disturbances propagating eastwards and by radiation—atmosphere
interaction processes over Africa (Mounier et al., 2008). The “Sahel” mode shows 10-25-

day intraseasonal signals in African monsoon precipitation, propagating westwards until
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it dissipates over the tropical Atlantic. A westward-propagating convectively coupled
equatorial Rossby wave is likely to be one of the mechanisms for the “Sahel” mode
(Janice et al.,, 2010). Additionally, the land—atmosphere and radiation—atmosphere
interaction processes can also contribute to the maintenance and the westward

propagation of the “Sahel” mode (Taylor, 2008 and 2011).

The “African MJO” mode (Matthews, 2004; Janicot et al., 2009 and 2010) is
related to the MJO (25-90 days) detected over the Indian and West Pacific Oceans. The
related precipitation grows in West and Central Africa and propagates westward, and
dissipates over the western part of Africa, suggesting that a convectively coupled
equatorial Rossby wave signal is dominant (Janicot et al., 2009, 2010; Lavender and
Matthews, 2009). Matthews (2000) suggested that sea level pressure anomalies
associated with a global dry equatorial Kelvin wave that travel at a speed of
approximately 35 m/s can propagate from the Pacific into the Atlantic through the gap at
Panama. Such intraseasonal Kelvin waves can be excited by MJO heating in the Eastern
Hemisphere (Matthews 2000; Small et al. 2010). Matthews (2004) suggested that
equatorial dry Kelvin waves and dry Rossby waves could link the MJO in the Indian
sector and the “African MJO” mode, which suggests that an dry equatorial Kelvin wave
response to the warm pool convection forcing propagates eastward and a dry equatorial
Rossby wave response propagates westward and between them they complete a circuit of
the equator and meet up 20 days later over Africa, where the negative mid-troposphere
temperature anomalies associated with the Kelvin and Rossby waves favor enhancement

of the deep convection.
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Below 10-day period, one of the most important disturbances is the African
atmospheric easterly wave (AEW), which propagates from West Africa towards the
tropical North Atlantic basin and the Caribbean Sea and usually are related to the intense
cyclonic activity in Atlantic during July and November (e.g., Shapiro, 1986; Goldenberg
and Shapiro 1996). These waves, which have typical 3-4-day synoptic periods (Burpee,
1974), are responsible for about 60% of tropical storms, and 85% strong hurricanes
(Avila and Pash, 1992, 1995; Landsea, 1993). In this study, we focus on understanding
the ISO impacts in the tropical Atlantic Ocean, and thus will not discuss the effects of

AEWs.

While the possible influences of atmospheric ISOs on convection and wind of
tropical Atlantic Ocean have been suggested, understanding of their impacts is far from
complete. In addition, the relative importance of the MJO, Rossby waves and Kelvin
waves on intraseasonal surface winds and convection in different regions of the tropical
Atlantic Ocean for different seasons has not been systematically studied. It is not clear
whether the westward-propagating signals in the tropical Atlantic are excited only by the
African monsoon precipitation, or they can also originate from the eastern Atlantic basin

and subsequently enhance over the Atlantic Ocean.

1.4 Present Study
This study will document intraseasonal signals (especially surface wind and

convection) in the tropical Atlantic Ocean and the effects of the MJO, Rossby waves and



14

quasi-biweekly Kelvin waves on the intraseasonal variability. The first part builds on the
previous work (Han et al. 2008) and addresses the extent to which the MJO causes strong
40-60-day surface wind anomalies in the equatorial Atlantic. The cases during 2002 are
first analyzed, and then longer records are used to explore the seasonality and statistically
significant propagation pathways by which surface wind and convection associated with
the MJO affect the Atlantic Ocean. The second part documents intraseasonal convection
and surface wind variations in the tropical Atlantic Ocean, and explore the effects of the
MIJO, Rossby waves and quasi-biweekly Kelvin waves on intraseasonal variability using
satellite observations and reanalysis data. The MJO and equatorial wave signals are
identified based on the dispersion relation of equatorially trapped waves (Wheeler and

Kiladis 1999).
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CHAPTER II

OBSERVATIONS OF EASTWARD PROPAGATION OF ATMOSPHERIC
INTRASEASONAL OSCILLATIONS FROM THE PACIFIC TO THE
ATLANTIC
(Yu et al. 2011: JGR-Atmosphere, in press)

2.1 Data and Method

MIJO propagation can be effectively diagnosed using Outgoing Long-wave
Radiation (OLR) and winds (Arkin and Ardanuy 1989; Liebmann and Smith, 1996;
Matthews 2000; Jones et al. 2004.). Hence, 3-day mean, QuikSCAT ocean surface wind
vectors and NOAA interpolated OLR data from 2000 to 2006 are used to diagnose
intraseasonal variability using 30-70-day band-pass filtered fields (Duchon 1979). To
minimize the influence of missing values due to incomplete sampling and rain
contamination, we averaged the 0.25°x0.25° resolution QuikSCAT winds onto 2.5°x2.5°
grids and also did time interpolation for the missing values. To support inferences on
convective activity provided by the OLR in both the tropical and subtropical oceans, we
also analyzed the 1°x1° Global Precipitation Climatology Project (GPCP) precipitation
data, the 2.5°x2.5° Climate Prediction Center (CPC) merged analysis of precipitation
(CMAP) product, and 0.7°x0.7° European Center for Medium-Range Weather Forecasts
(ECMWF) Reanalysis (ERA)-Interim precipitation data (Simmons et al. 2007; Allan et

al. 2010; Xie and Arkin 1997).
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To isolate the MJO signals, OLR data were filtered to 30-70-day periods and
eastward wavenumbers 1-3, consistent with previous studies (Hendon and Salby 1994;
Jones and Schemm 2000; Foltz and McPhaden 2004). A broad 20-100-day filter with
eastward wavenumbers 1-6, following the suggestion of the U.S. Climate Variability and
Predictability Research Program (CLIVAR) MJO working group (CLIVAR MIJO
Working Group 2009) and Wheeler and Kiladis (1999), is also applied to compare with
the extracted 30-70-day MJO signals to ensure that the signals examined here are not an
artifact of the narrow response function used. Intraseasonal variance, spectral coherence
analysis, and correlation analysis were performed using QuikSCAT winds to demonstrate
the effects of the MJO on surface winds in the tropical Atlantic Ocean. Surface winds
from ERA-Interim data with 1.5 degree resolution from 1990 to 2007 and the 40-year
reanalysis (ERA40) with 2.5 degree resolution for 1960-2001 were also analyzed in order
to assess the robustness of the results for longer periods. Because QuikSCAT winds are
not retrieved over land, we can not use the spatial filter to extract the MJO signals for

QuikSCAT, and thus only filter QuikSCAT winds to 30-70 days.

2.2 Observed Intraseasonal Variability in the Tropical Atlantic

Figures 2.1a-d show Atlantic variance spectra of surface winds along the equator
during 2002 from QuikSCAT and ERA-Interim data. Both zonal and meridional winds
exhibit strong spectral peaks at intraseasonal periods, among which 40-60-day peaks are
evident across most of the equatorial basin in both QuikSCAT and ERA-Interim data,

consistent with Han et al. (2008). Strong spectral power occurs at periods greater than 80
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days in the Eastern and Central Atlantic basin, which is associated with the strong

seasonal variations.



18

(10"m’ s")

(10—7m2 S—?)

Figure 2.1. Variance spectra of surface wind (10m) along the Atlantic equator (5°S-5°N
averaged) based on daily winds of 2002. a) QuikSCAT zonal wind; b) QuikSCAT
meridional wind; ¢) ERA-Interim zonal wind; and d) ERA-Interim meridional wind.



19

2.3 Evidence of MJO Propagation into the Atlantic during 2002

Figure 2.2 shows longitude-time diagrams of the 30-70-day bandpass filtered
QuikSCAT surface zonal wind and OLR anomalies averaged from 15°S to 15°N during
2002. Note that the OLR field is further bandpass filtered to zonal wavenumbers 1-3. The
large-scale features and eastward propagation of the 30-70-day wind anomalies (Figure
2.2a) agree well with the MJO signals in OLR (Figure 2.2b) in terms of a consistent
phase relationship and amplitude, suggesting that the 30-70-day QuikSCAT wind
anomalies are largely associated with the MJO. During January-July, the maximum 30-
70-day wind anomalies are observed in the Indian Ocean and Western Pacific, and
subsequently propagate into the Atlantic Ocean, although the Atlantic manifestation of
the wind anomalies is weaker relative to the Indo-Pacific sector. Eastward propagating
MIJO events occur with gradually increasing strength during boreal winter and spring of
2002, reaching a maximum in May and then becoming weaker during summer. To ensure
that the narrow filtering we use does not too strongly constrain our results, we also
applied a wider 20-100-day filter as a sensitivity test. Results are similar to those derived
using a narrower filter, as shown in both QuikSCAT zonal wind and OLR anomalies,
except that signals are higher amplitude and noisier (Figure 2.3). MJO propagation from
the Indian Ocean to the Atlantic is very clear during April and May in both Figure 2.2
and Figure 2.3, with propagation speeds of approximately 4.7 m/s from the Indian Ocean
to the western Pacific and 14.5 m/s from the central Pacific to the Atlantic, as indicated
by their phase lines. These values generally agree with the well-documented MJO

propagation speed of ~5 m/s in convective regions across the Indian and western Pacific
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Oceans, and 10-15 m/s in the Western Hemisphere (e.g., Hendon and Salby 1994). The
basic propagation patterns are consistent for both OLR and winds, with winds slightly

lagging enhanced convection.
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Figure 2.2. a) Longitude-time diagram of 30-70-day band-pass filtered QuikSCAT 10m
zonal wind averaged from 15°S to 15°N during 2002; b) same as a) but for 30-70-day
OLR data, which have been restrictively filtered to eastward wavenumbers 1-3. Two
black phase lines are QuikSCAT (solid line) and OLR (dashed line).
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Figure 2.3. a) Same as Figure 2.2a, except for 20-100-day band-pass filer; b) Same as
Figure 2.2b, except for 20-100-day band-pass filer, in which OLR data has been
restrictively filtered to eastward wavenumbers 1-6.
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In contrast, during boreal summer and fall of 2002, convection associated with the
MIJO is weaker in the western Atlantic Ocean compared to winter and spring. In the
Eastern Equatorial Atlantic basin (20°W to 0°E), however, impacts of the westward
propagating signals are observed during May-September (Figure 2.2a). The westward
propagation of intraseasonal anomalies across the African monsoon region into the
Atlantic has been suggested by previous studies (e.g. Matthews 2004, Janicot et al. 2009).
In this Chapter, we focus on examining eastward propagating MJO influences, and will
examine the Rossby waves, which contribute the westward propagation in Atlantic in

Chapter III.

QuikSCAT winds cannot be retrieved over the South American Continent. The
continuous eastward propagation of 30-70-day wind anomalies in Figure 2.2a and 2.3a
across 70°W is derived from comparatively fewer sampling points in the Caribbean Sea
to the north of Colombia and Venezuela and near the Isthmus of Panama. This suggests
that the MJO propagating signal is present in the surface winds near the Isthmus of
Panama. An examination of ERA-Interim surface winds over the South American
continent averaged from 10°S to 10°N does not indicate eastward propagation within the
equatorial band (Figures 2.3c¢ and 2.3d), indicating that MJO signals in surface winds
may propagate into the Atlantic primarily through the Panama area. This point will be

further demonstrated below.
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Figure 2.3. ¢) Longitude-time diagram of 30-70-day band-pass filtered QuikSCAT 10m
zonal wind averaged from 10°S to 10°N during 2002; d) same as ¢) but for ERA-Interim
data.
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Figure 2.4 shows the time series of 30-70-day filtered surface zonal wind
anomalies during 2002 averaged over three regions: 15°S to 15°N and 120°E to 160°E in
the western Pacific (WP), 10°N to 20°N and 90°W to 70°W in the Caribbean Sea (CS),
and 5°S to 5°N and 50°W to 30°W in the western equatorial Atlantic (WA). In the WP
region, westerly wind anomalies associated with the MJO obtain large amplitudes (e.g.,
McPhaden 1999). The choice of the CS region is based on the propagation signal
diagnosed in Figures 2.2 and 2.3, which suggests that the MJO enters the Atlantic
through the Isthmus of Panama and CS. The WA region is chosen based on the observed
40-60-day zonal wind variability documented by Han et al. 2008 and shown in Figure
2.1. The phase lags from the WP to the CS and subsequently to the WA exhibit relatively
consistent behavior from January to July. These lags indicate eastward propagation of the
westerly wind anomalies from the WP to the WA through the CS, consistent with Figure
2.2. Note that Figure 2.2 is based on 15°S-15°N average, whereas Figure 2.4b is based on
the three key regions shown in Figure 2.4a. Therefore, the two analyses may not be
always consistent. From July to December, the clean phase progression differs from that
in January to July, indicating that the MJO influence during boreal summer and fall is
more complex. As mentioned above, in addition to the eastward pathway, the MJO can
affect equatorial Atlantic winds by exciting westward propagating Rossby waves
(Matthews 2004) from the Indian Ocean during summer and fall. Thorncroft et al. (2003)
and Sultan et al. (2003) suggest that winds associated with the West African monsoon,
which have biweekly and 25-60-day dominant periods, can significantly affect the

tropical Atlantic Ocean through westward propagation. More detailed examination of
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Rossby wave impacts on Atlantic and the sources of 10-100-day intraseasonal signals in

African monsoon region will be provided in Chapter III.
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Figure 2.4. The time series of domain-averaged 30-70-day zonal wind variations from
QuikSCAT. WP: 15°S to 15°N and 120°E to 160°E; CS: 10°S to 20°N and 90°W to 70°W;
WA: 5°S to 5°N and 50°W to 30°W.



27

2.4 Evolution of the MJO during 2002

Figure 2.5a shows the time evolution of the 30-70-day filtered QuikSCAT wind
and OLR anomalies during May 2002 associated with the strong MJO event that
propagated into the Atlantic (see Figure 2.2). On May 1, in the tropical Indian Ocean,
strong convection (large amplitude negative OLR anomaly) is symmetric about the
equator. Associated with the convection, a westerly wind anomaly prevails in the central
and western Indian Ocean. In subsequent days, the convective maximum accompanied by
the westerly wind anomaly, moves into the central-western Pacific (e.g. May 13).
Meanwhile, an off-equatorial convective maximum north of the equator in the central
Pacific (near 160°W, 20°N) also moves eastward. By May 25, the strong convection and
its associated westerly wind anomaly propagate into the NAM region and the Caribbean
Sea. This signal is consistent with the work of Martin (2010), who showed using GPCP
precipitation during 1997-2006 that intraseasonal precipitation variability in the
Caribbean Sea is associated with variations in the Caribbean Low Level Jet, which is
modulated by the MJO. Hurricane Alma formed in the east Pacific during this period was
coincident with this MJO event. The evolution of tropical and subtropical convective
activity shown by the OLR data above is further confirmed by using 30-70-day GPCP
precipitation anomalies with 1°x1° resolution (Figure 2.5b). Consistent precipitation
patterns are also obtained using 30-70-day, 2.5°x2.5° CMAP (Figure 2.5d) and 0.7°x0.7°

ERA-Interim precipitation data (Figure 2.5¢).
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Figure 2.5. a) The 30-70-day band-pass filtered OLR (color contours) and QuikSCAT
winds (arrows);
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Figure 2.5 b) The 30-70-day band-pass filtered GPCP precipitation (color contours) and
ERA-Interim winds (arrows);
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To understand the role played by the MJO, 30-70-day bandpass filtered OLR and
850 mb wind anomalies from ERA-Interim data are further bandpass filtered to eastward
zonal wave numbers 1-3 (Figure 2.5¢). Anomalous 30-70-day convection and westerly
surface winds shown in Figure 2.5a are associated with the strong May 2002 MJO event
(see Figures 2.5¢, 2.2b and 2.3b). This event was also prominent in the multivariate MJO
index of Wheeler and Hendon (2004, see their Figures 5 and 12). On May 1, maximum
convection together with westerly wind anomalies appears in the central and Eastern
Equatorial Indian Ocean (Figures 2.5a-c, top panels), where anomalous convergence
occurs at 850mb and divergence occurs at 200mb (not shown), consistent with the
baroclinic structure of the MJO described by Jones and Carvalho (2006) and Hendon and
Salby (1994). In the western equatorial Indian Ocean (50°E), cyclonic surface wind
circulations exist (centered near 50°E, 25°S and 60°E, 25°N), consistent with the Gill
model of a Rossby wave response to the enhanced diabatic heating. East of the equatorial
convective maximum, a tongue of negative equatorial OLR anomalies together with
easterly wind and convergence anomalies that resemble a Kelvin wave extends eastward
to the western Pacific. This scenario agrees well with the coupled Kelvin-Rossby wave
packet structure associated with the MJO (e.g., Wang and Xie 1997). The dominance of
wavenumber 1 on the equator and wavenumber 2 off the equator on May 1 (shown in

Figure 2.5c¢) is also consistent with MJO structure (Hendon and Salby 1994).
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Figure 2.5 c¢) The 30-70-day band-pass filtered OLR (color contours) and 850 mb ERA-
Interim winds (arrows) with eastward wavenumbers 1-3.
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Figure 2.5 d). The 30-70-day band-pass filtered CMAP precipitation (color contours) and
QuikSCAT winds (arrows).
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Figure 2.5 e). The 30-70-day band-pass filtered 0.7°x0.7° ERA-Interim precipitation
(color contours) and QuikSCAT winds (arrows).
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On May 13, the coupled Kelvin-Rossby wave packet discussed above propagates
eastward into the western Pacific (Figure 2.5¢ middle panel). By May 25 the convection
anomaly along the equator is significantly weakened east of the dateline and the
disturbance propagates at a much faster speed into the Atlantic (bottom panel). This
scenario is consistent with the global behavior of the MJO as seen in Matthews (2000)
and other papers. Near the dateline, the fast equatorial Kelvin wave appears to decouple
from the Rossby wave, which has two positive OLR maxima off the equator in the
western Pacific warm pool and subsequently propagates eastward with a much slower
speed. Since the low SST in the east Pacific cold tongue region inhibits convection, MJO
signals in OLR become weak along the equator, while off-equatorial convection is
strengthened to the east of the dateline and across the Panama Gap. The MJO propagates
into the Caribbean Sea and northwestern subtropical Atlantic as indicated by the
significant changes in wind anomalies in these regions. Specifically, in the Caribbean
Sea, northeasterly wind anomalies prevailed on May 13 and southwesterly wind
anomalies appeared on May 25, as shown in Figure 2.5a. This eastward propagation is
consistent with the Hovmoller diagram derived from QuikSCAT and OLR anomalies as
shown in Figures 2.2 and 2.3. The MJO that originates in the Indo-Pacific propagates
eastward into the Atlantic, with its maximum influence occurring in the western tropical

Atlantic basin, consistent with Foltz and McPhaden (2004).

The eastward propagation of the off-equatorial convection anomalies is intriguing.
These anomalies appear near 160°W, 20°N in the Pacific on May 1 (top panels of Figures

2.5a-2.5¢). With the eastward propagation of the MJO, the off-equatorial convective
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anomalies are strengthened and enter the Atlantic via Central America and Isthmus of
Panama with a wind anomaly magnitude above 2 m/s (Figures 2.5a-2.5¢c, bottom panels).
The Central America and Isthmus of Panama pathway for the MJO surface wind and
convection anomalies to enter the Atlantic is consistent among QuikSCAT surface winds,
ERA-Interim surface winds, OLR, and precipitation data (Figures 2.5a-2.5c). These
signals affect the NAM region and generate appreciable convective anomalies in the
northwestern subtropical Atlantic Ocean. The eastward propagation during May-June of
30-70-day OLR anomalies averaged from 5°N to 25° N is evident from 160°W to 60°W

in a Hovmoller diagram (Figure 2.6).
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Figure 2.6. Same as Figure 2.2a except for 5°N to 25°N OLR data.
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We further analyzed the 2002 period to document variability of OLR and
precipitation for the region 5°N to 25°N and 180°W to 170°W to describe more
specifically how off-equatorial convection and related precipitation anomalies in this
region are related to the MJO. For example, it is possible that other mechanisms of
subseasonal variability such as easterly waves dominate the OLR excursions in this
region. In Figure 2.7, the daily unfiltered OLR time series during 2002 (mean removed)
shows that strong convective events that occur in the central Pacific often correspond to
negative 30-70-day eastward zonal wavenumber 1-3 bandpass filtered OLR anomalies (a
good proxy for the MJO; Wheeler and Kiladis 1999), which are generally matched with
the positive 30-70-day precipitation anomalies, indicating that strong convective events
shown in daily OLR and the corresponding intraseasonal variations of precipitation are
often associated with the MJO. Here the 30-70-day and wavenumber 1-3 filtered signals

mainly reflect the MJO signals (Wheeler and Kiladis, 1999; also see Figure 3.1).
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Figure 2.7 Domain-averaged OLR anomalies (5°N to 25°N and 180°W to 170°W) during
2002 from raw daily OLR anomaly with the mean removed (blue curve), 30-70-day
eastward wavenumbers 1-3 filtered OLR (dotted black curve), and 30-70-day filtered
CMAP data (dashed red curve). Units for daily OLR anomalies are 8 'w m™, for filtered
OLR anomalies are 3"'w m™, and for filtered precipitation anomalies are mm day ™.
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Detailed analysis of MJO event evolution shows that off-equatorial convective
anomalies exist in almost all of the MJO cycles. Why these off-equatorial anomalies
propagate eastward with time is an unanswered question, as is the eastward propagation
of the MJO in general. Recently, Pan and Li (2008) showed that the response pattern of
wind and precipitation anomalies in the mid-latitudes shifts eastward when tropical
heating moves eastward with the MJO. The connection between the off-equatorial
convection maxima and OLR anomalies extending northeast and southeast into the mid-
latitude north and south Atlantic (Figures 2.5a-2.5¢), respectively, suggests that the
gradual eastward shift of mid-latitude disturbances (Higgins and Mo, 1997) may also
interact with this equatorial convection, possibly contributing to its eastward propagation.
Higgins and Mo (1997) argued that while the MJO can cause mid-latitude anomalies
through Rossby wave trains, the mid-latitude anomalies could feedback onto the tropical
precipitation through modification of moisture transport. Eastward propagation in the
Intertropical Convergence Zone (ITCZ) could also be affected by interactions between
the large-scale MJO flow and tropical synoptic-scale disturbances, through their impacts
on the tropospheric moisture budget (e.g. Maloney 2009). Further investigation of the
dynamics that determine the eastward propagation of off-equatorial convection anomalies

is beyond the scope of this study, and might be aided by modeling studies.

2.5 Spectral Coherence Analysis during 2002

An analysis of spectral coherence can diagnose the consistency of the phase

relationship and amplitude ratio across spectral components in a frequency band for two
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different time series. Following Maloney et al. (2008), we conduct such a spectral
coherence analysis here using a reference time series of zonal wind stress averaged over
(15°S to 15°N and 120°E to 160°E), where westerly wind anomalies associated with the
MIJO achieve large amplitudes (e.g., McPhaden 1999). Given that observed 40-60-day
zonal wind anomalies in the western equatorial Atlantic are most prominent during 2002
from January to July and weaker from August to December (Figure 2.2; also see Figure
9a of Han et al 2008), we compute the coherence squared and phase in the 30-70-day
band between the reference time series and the zonal wind stress at each grid point during
January to July 2002 (Figure 2.8a) separately from August-December of 2002 (Figure
2.8b). A unit vector giving the phase relative to the reference time series is also derived
for these periods. The direction of the phase vector indicates the phase relationship
between the reference time series and the spatial location of interest. The phase vector of
the reference time series is shown in the white area near 140°E, 0°N. A clockwise rotation

of the vector indicates increasing phase, and thus the direction of phase propagation.
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Figure 2.8 a) Averaged spectral coherence analysis from January to July 2002 in the 30-
70-day band between a reference of surface zonal wind stress (15°S to 15°N and 120°E to
160°E averaged) and maps of surface zonal wind stress. Filled colors are the coherence
squared. Vectors are the phase. The phase vector of the reference is located at the white
area of 140°E at the equator. Clockwise rotation indicates phase propagation; b) same as
a) but for the period from August to December 2002; c) same as a) but for 40-60-day
band; d) same as b) but for 40-60-day band.
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Coherence squared values exceed 0.5 from the western Pacific to the central
Pacific for January-July (Figure 2.8a), with a phase lag of one-eighth to a quarter of a
cycle relative to the reference point. Although a bit noisy, the general clockwise rotation
of the phase vectors indicates eastward progression of zonal wind stress anomalies from
the western Pacific to the central Pacific. Near 15°N, zonal wind anomalies propagate
from the central Pacific to the Caribbean and tropical north Atlantic basin through
Central America and the Isthmus of Panama with coherence squared values of 0.3-0.6,
indicating a direct influence of the MJO that propagates from the Pacific into the Atlantic
Ocean. In the Atlantic, the coherence squared values exceed 0.5 from the Caribbean Sea
to the central equatorial Atlantic basin along the South American coastline with surface
wind stress anomalies lagging the reference point by somewhat less than one-quarter of a
cycle in the Caribbean Sea to more than one-quarter of a cycle in the equatorial western
Atlantic. The clockwise rotation of the phase vectors suggests MJO propagation along the
northeast coastline of the South American Continent. One possibility to explore in future
work is whether coastal topography in this region acts to propagate wind signals along
the northern coast of South America in a similar manner to that of an oceanic Kelvin
wave, with the coast to its right in the Northern Hemisphere. The significant surface
zonal wind stress anomalies that propagate from the western Atlantic to the central
Atlantic along the equator are consistent with the 40-60-day observed surface wind
variations from January to July in Han et al (2008). In the southwest Atlantic, a large area
of coherence above 0.3 can also be seen. This is consistent with the analysis of Jones and
Schemm (2000) demonstrating that the South Atlantic Convergence Zone (SACZ)

exhibits a wide range of intraseasonal variability, including 30-70 day variations that are
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directly related to the MJO.

During August-December of 2002 (Figure 2.8b), large coherence squared values
occur in the central Pacific and subtropical Atlantic. The clockwise rotation of the phase
vectors and the coherence squared values above 0.4 also show propagation of surface
zonal wind anomalies from the western Pacific to Panama. In the equatorial Atlantic,
coherence squared values exceeding 0.5 are found in the central and eastern basins but
with no obvious eastward propagation. This is consistent with the 40-60-day equatorial
surface zonal wind structure during August-December shown by Han et al (2008). Again,
the lack of eastward propagating surface wind signals during summer and fall may reflect
the influences of westward propagating Rossby waves and the West African Monsoon
(e.g., Grodsky and Carton 2001; Matthews 2004; Maloney and Shaman 2008). Some
modest evidence exists for westward propagation along 10°N, as well as some evidence
for northward propagation in the Eastern Atlantic, consistent with previous studies (e.g.
Maloney and Shaman 2008). Further analysis on the westward propagating signals is

carried out in Chapter III.

The above analysis suggests that Atlantic equatorial winds can be strongly
influenced by MJO events. Coherence maps for the narrower 40-60-day periods (Figures
2.8c and 2.8d; Figures 2.9¢ and 2.9d) are similar to Figure 2.8a and 2.8b, which have the
same patterns but with somewhat higher coherence squared values. These suggest that the
MJO events contribute to the 40-60-day zonal wind variability in the equatorial Atlantic

discussed by Han et al. 2008. Figures 2.9a and 2.9b show coherence maps obtained using
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the ERA-Interim 30-70-day surface winds that produces similar results to that from
QuikSCAT. The coherence squared values and the clockwise rotation of the phase
vectors show the MJO progression during boreal winter and spring of 2002 from the
Eastern Pacific through Panama and into the western equatorial Atlantic along the South

American coastline.
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a) Coherence analysis for January-duly 2002 (ERA-INTERIM)
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d) COherenoe analysus for August-December 2002 (ERA—INTERIM)

Figure 2.9 a) Averaged spectral coherence analysis from January to July 2002 in the 30-
70-day band between a reference of surface zonal wind stress (15°S to 15°N and 120°E to
160°E averaged) and maps of surface zonal wind stress for ERA-Interim data. Filled
colors are the coherence squared. Vectors are the phase. The phase vector of the reference
is located at the white area of 140°E at the equator. Clockwise rotation indicates phase
propagation; b) same as a) but for the period from August to December 2002; c) same as
a) but for 40-60-day band; d) same as b) but for 40-60-day band.
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2.6 Statistical Relationships

In the above, we focused on intraseasonal variability during 2002, a year when an
Atlantic Nino event occurred and strong intraseasonal variability was observed in the
equatorial Atlantic Ocean. Now, we perform coherence analysis for the 30-70-day band
during 2000-06 period using QuikSCAT data (Figure 2.10) and ERA-Interim surface
winds (Figure 2.11). This is done separately for December-May and June-November. We
use these periods because the MJO propagation signal and statistics are most robust
during these month bands and the nature of the MJO teleconnection to the Atlantic is
very different between these two periods (although we did also test different periods [e.g.
November-April and May-October]). We first obtained the coherence squared for each
year in the season of interest, and then averaged these individual coherence estimates
over all years. The phase vectors shown in Figures 2.10 and 2.11 represent the average of
unit phase vectors during individual years across all seven years of the analysis. The
amplitude of the phase vector thus represents the consistency of the phase relationship
across all years. The eastward propagation of the surface wind anomalies is very obvious
from the western Pacific into the Eastern Pacific, as indicated by the clockwise rotation
of the phase vectors along 15°N during December-May (Figures 2.10a and 2.11a), and
along 10°N during June-November but with much weaker coherence values (Figures
2.10b and 2.11b). During December-May (Figures 2.10a and 2.11a), the sizeable (>0.4)
coherence squared values along the South American coastline to tropical Atlantic Ocean
are similar to that of the 2002 case. During June-November, however, the small

amplitudes of the phase vectors in Atlantic show the inconsistency of the phase
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relationship relative to the reference point during 2000-06, suggesting substantial
interannual variability and defined seasonality of the MJO teleconnection to the Atlantic.
Note that ERA-Interim data show stronger coherence values than that of QuikSCAT wind
in the Eastern Equatorial Pacific during June-November, but weaker coherences in the
Central and Eastern Subtropical Pacific during December-May (compare Figures 2.10

and 2.11).
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a) COherence analysls for December-May, 2000-06(QulkSCAT)

Figure 2.10. Same as Figure 2.8 except for longer period averaged 30-70-day QuikSCAT
surface zonal wind during December-May and June-November.



49

02 03 04 05 06 07 08

b) Coherence analysis for June-November, 2000-06(ERA-INTERIM)

Wy )

30N

Figure 2.11. Same as Figure 2.8 except for longer period averaged 30-70-day ERA-
Interim surface zonal wind during December-May and June-November.
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For consistency with the coherence analysis shown in Figures 2.10 and 2.11 and
to more precisely isolate the seasonal variations of the MJO teleconnection, we calculate
the correlation coefficients for December-May and June-November between a reference
time series of 30-70-day bandpass filtered zonal wind in the western Pacific (15°S to
15°N and 120°E to 160°E averaged) and zonal wind across the tropical oceans, using
QuikSCAT surface winds during 2000-06 and ERA-Interim surface winds during 1990-
2007. In Figure 2.12, correlation maps with the zonal wind index leading by 3 days, 9
days and 15 days, respectively, show a clear eastward progression during December-May
and June-November with a maximum correlation coefficient exceeding 0.4 in the Eastern
Pacific and Panama Gap area, and exceeding 0.3 in the Atlantic. These values define the
90% (95%) significance level for QuikSCAT (ERA-Interim) winds. During winter and
spring, the MJO significantly affects the equatorial Atlantic and the western subtropical
Atlantic Ocean, as indicated by the maximum correlation coefficient of above 0.4 for lags

of 9 and 15 days.

When the lag is longer than 15 days, the MJO also has a significant influence on
the subtropical northern Atlantic during summer and fall with correlation coefficients
above 0.3. This delayed influence of MJO on the Atlantic during summer and fall may be
due to the strong intraseasonal convective variability in the Western Hemisphere (e.g.
Maloney et al. 2008), which makes MJO dynamical signals propagate more slowly due to
convective coupling over the east Pacific warm pool. Alternatively, the delayed influence
could be due to the different propagation pathways during boreal summer, such as the

westward Rossby wave propagation from the Indian Ocean and African monsoon region
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(Thorncroft et al. 2003; Sultan et al. 2003; Matthews 2004). Correlation maps using
ERA40 winds for 1960-2001 period were also calculated and produced similar results
especially during Northern winter and spring (Figure 2.13). During summer and fall, the
MJO is seen to affect the Caribbean Sea region. Neither the ERA40 nor the ERA-Interim
product shows continuous MJO propagation across the South American continent,
consistent with the above coherence analysis, and further suggests that the Isthmus of
Panama is a critical pathway for the surface signatures of the MJO to propagate into the

Atlantic.
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Figure 2.12. Correlation maps between time series of the 30-70-day zonal wind index of
ERA-Interim (1990-2007) and QuikSCAT (2000-06) in the western Pacific averaged
over (15°S to 15°N and 120°E to 160°E) and zonal wind at each location of 40°S-40°N
oceans for lag=3, 9, 15 and 21 days. December-May (left), and June-November (right).
Solid line shows that the correlation exceeds 90% (95%) significance level for
QuikSCAT (ERA-Interim). Note that the significance test takes into account the reduced

degree of freedom due to the filter [Livezey and Chen, 1983].
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Figure 2.13. Same as Figure 2.12 but for ERA40 data durlng 1960 2001. Solid line shows
that the correlation exceeds 95% significance level.
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CHAPTER I1I

INFLUENCE OF THE MJO AND INTRASEASONAL WAVES ON SURFACE
WIND AND CONVECTION OF THE TROPICAL ATLANTIC OCEAN

(Yu et al. 2011: JGR-Atmosphere, submitted)

3.1 Data and Method

The data used in this study are similar to those described in section 2.1. The 3-day
mean, QuikSCAT ocean surface wind vectors, daily NOAA interpolated OLR, and daily
European Center for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA)
Interim winds with 1.5°x1.5° resolution are used to diagnose intraseasonal variability. To
minimize the influence of missing values due to incomplete sampling and rain
contamination, we averaged the 0.25°x0.25° resolution QuikSCAT winds onto 2.5°x2.5°
grids. To support inferences on convective activity provided by the OLR, we also
analyzed the 1°x1° daily Global Precipitation Climatology Project (GPCP) precipitation
data, and daily 1.5°x1.5° ERA-Interim reanalysis precipitation (Xie and Arkin 1997;

Simmons et al. 2007).

Given that both the eastward- and westward-propagating atmospheric intraseasonal
variability can impact the Atlantic Ocean, sources for the observed intraseasonal
variability in the Atlantic are complex. To assess the relative importance of the MJO,
intraseasonal Rossby and Kelvin waves, their signals need to be extracted. Based on the

space-time spectral analysis of Wheeler and Kiladis (1999), the MJO and each type of the
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equatorial waves have their dominant frequencies and wavenumbers (Figure 3.1). Space-
time filter is applied to isolate the signals associated with each type of ISOs. Liebmann et
al. (2009) used similar method to identify the convective events to study the mechanisms
of the initiation of the Kelvin waves in South Africa. Here we focus on the propagation
features in Atlantic for various intraseasonal signals. Specifically, to assess the MJO
signals, OLR, precipitation and wind data were first filtered to 20-100-day periods with a
Lanczos digital filter (Duchon 1979) and then further filtered to eastward wavenumbers
1-6, following the suggestion of the U.S. Climate Variability and Predictability Research
Program (CLIVAR) MJO working group (CLIVAR MJO Working Group 2009). Based
on the dispersion relation (Figure 3.1, taken from Wheeler and Kiladis 1999), the above
filter primarily extracts the MJO signals. In addition, the MJO signals (OLR and surface
winds) are also obtained by creating the multivariate global MJO index (Wheeler and
Hendon 2004) using daily OLR and ERA-Interim 850mb and 200mb zonal winds during

2000-08.

Similarly, a 20-100-day filter with westward wavenumbers 1-6 is used to isolate
the convectively coupled Rossby waves. A 10-25-day band-pass filter is applied to the
above fields, to isolate the influence of quasi-biweekly oscillations from African
monsoon region (Sultan and Janicot 2003a and 2003b). As can be seen from Figure 3.1,
convective signals from these periods (10-25 days) result mainly from convectively-
coupled, westward-propagating Rossby waves and eastward-propagating Kelvin waves.

These data are further filtered to eastward wavenumbers 1-6 to extract the quasi-biweekly
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Kelvin waves, and westward wavenumbers 1-8 to isolate the quasi-biweekly Rossby

waves.
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Figure 3.1. a) The antisymmetric OLR power divided by the background power. Contour
interval is 0.1, and shading begins at a value of 1.1 for which the spectral signatures are
statistically significantly above the background at the 95% level. Superimposed are the
dispersion curves of the even meridional mode-numbered equatorial waves for three
equivalent depths of h = 12, 25, and 50 m. b) Same as a) except for the symmetric
component of OLR. Adapted from Wheeler and Kiladis (1999).
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Composite analyses are performed to demonstrate each type of ISO impacts. First,
we analyze the time series of total 20-100-day filtered OLR without wavenumber
filtering, 20-100-day filtered OLR with east wavenumber 1-6 filtering (MJO) and west
wavenumber 1-6 filtering (Rossby wave), respectively, for a specific region of the
tropical Atlantic Ocean or West African monsoon during 2000-08. Indices of convective
events are chosen when both the total 20-100-day OLR and the MJO (or Rossby wave)
signal reach maxima and each exceeds one standard deviation (STD) of the time series.
These events are referred to as “MJO-dominated” (or “Rossby wave-dominated”). To
confirm the MJO-dominated events above, the multivariate global MJO index (Wheeler
and Hendon 2004) is also used, and the two methods yield consistent MJO events.
Similarly, the 10-25-day convectively coupled Kelvin- and Rossby wave-dominated

events are selected.

Then, composite fields of 20-100-day (or 10-25-day) OLR, ERA-Interim and
QuikSCAT winds, together with GPCP precipitation are created based on the indices
obtained above. Note that even though indices are chosen based on both total 20-100-day
OLR and the MJO (or Rossby wave) signal with wavenumber filtering, the composite
fields shown later for the MJO-dominated (or Rossby wave-dominated) events are based
on the total 20-100-day fields without further wavenumber filtering. This is also true for
10-25-day convective events. Intraseasonal variances and spectral coherence analysis
were performed using OLR to demonstrate the effects of the MJO, Rossby and Kelvin

waves on convections in the tropical Atlantic Ocean.
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The rest of this Chapter is organized as follows. In section 3.2, we assess the effects
of MJO, Rossby waves and their relative importance on 20-100-day variability of the
tropical Atlantic Ocean and African monsoon region. In section 3.3, we examine the

impacts of quasi-biweekly Kelvin and Rossby waves in the tropical Atlantic Ocean.

3.2 20-100-day Variability in Tropical Atlantic and African Monsoon Region

Figure 3.2 shows longitude-time diagrams of the 20-100-day bandpass filtered
QuikSCAT surface zonal wind averaged from 15°S to 15°N during 2003 and 2005, which
includes both the eastward-propagating MJO and westward-propagating Rossby wave
signals. Similar eastward (westward)-propagating signals are also observed during other
years. Consistent with Chapter II, the maximum wind anomalies are first observed in the
Indian Ocean and Western Pacific during spring 2003, and then subsequently propagate
into the Atlantic Ocean to 40°W, and the Atlantic manifestation of the wind anomalies is
weaker relative to the Indo-Pacific sector. Eastward propagating MJO events occur
during boreal winter and spring, becoming weaker during summer. Similar situation
exists for 2005, and the MJO signals are even stronger. During summer and fall,

however, westward-propagating signals are evident.
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Figure 3.2. Longitude-time diagram of 20-100-day band-pass filtered QuikSCAT 10m
zonal wind averaged from 15°S to 15°N during 2003 (top) and 2005 (bottom).



61

3.2.1 Effects of MJO

To further quantify the MJO influence, we create the multivariate global MJO index
(e.g., Wheeler and Hendon 2004; Maloney et al. 2010) based on OLR data and ERA-
Interim 850-mb and 200-mb zonal winds, each averaged over the latitudes of 15°S-15°N
during 2000-08. The MJO is defined as the leading pair of EOFs. Zonal structures of the
leading two EOFs of the combined fields of OLR, 850-mb and 200-mb zonal winds are
presented in Figure 3.3. EOF1 and EOF2 explain 24.1% and 23.7% of the variance of the
original atmospheric fields respectively. EOF1 shows the familiar MJO structures of its
initiation phase (see phases 1-2, P1 and P2 of Figure 3.4), when the MJO produces
enhanced convection (negative OLR anomalies) in the Eastern Equatorial Indian Ocean,
with low level westerly wind anomalies located in the west and easterly wind anomalies
in the east of the convection, which converges to the convective region. The 200-mb
wind anomalies are in opposite direction to that of 850 mb. EOF2 has enhanced
convection over the Eastern Indian and Western Pacific Oceans (see phases 3-4, P3 and
P4 of Figure 3.4), and is associated with wind patterns that converge to the convective

region, similar to those of EOF1.
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Figure 3.4. Composite maps based on the multivariate global MJO index for winter (left)
and summer (right) MJO cycles during 2000-08. Filled colors are composite 20-100-day
OLR variation. Wind vectors are 20-100-day 850-mb ERA-Interim wind variation.
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Taken as a pair, these structures are consistent with those obtained by previous
studies (Wheeler and Hendon 2004; Maloney et al. 2010). The time series of the first two
principal components (PCs) of the EOFs are combined to derive the phase information.
The phase space spanning 0° to 360° is partitioned into eight equal-angle ‘‘MJO phases’’
into which high amplitude events are binned based on phase information derived from the
PCs. For each MJO phase, days with global MJO index (amplitude) exceeding 1 are
averaged together to generate a composite event. Here the global MJO index is defined as
the sum of the square of the first two principal components: PC1% + PC2?. The composite
maps of MJO cycles are shown in Figure 3.4, in which eight phases are shown with 45°
interval from 0°-360° to reveal the MJO propagation. For the winter MJO (Figure 3.4, left
column), phases P1 and P2 show the familiar MJO convective dipole, with enhanced
convection (negative OLR anomalies) in the Indian Ocean and reduced convection
(positive OLR anomalies) in the Western Pacific. The westerly (easterly) wind anomalies
are located to the west (east) of the enhanced convection, as discussed above. Associated
with the eastward propagation of convection, the 850mb easterly and westerly wind
anomalies propagate eastward, entering the Atlantic through Central America and
Isthmus of Panama during phases P2-P4 and P5-P8, and affecting the tropical Atlantic
Ocean. The negative convection anomalies of the MJO weaken in the Eastern Pacific and
enhance in the Eastern Equatorial Atlantic and West Africa, suggesting the MJO impact
on these regions (phases P6-P8 of Figure 3.4 left panels). In contrast, during boreal
summer (Figure 3.4 right), even though surface wind and convection associated with the
MIJO have apparent influence on the tropical Atlantic, the amplitudes shown by OLR

anomalies are weaker comparing to that of boreal winter. These results are consistent
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with our discussion above (Figure 3.2) and the analysis of Chapter II.

3.2.2 Effects of Rossby waves

Interestingly, evident westward-propagating signals that are originated from West
Africa are seen in the Eastern and Central Atlantic during most part of 2003 and during
summer and fall of 2005 (Figure 3.2), a period while the MJO has weaker influence than
winter and spring (Figures 3.2 and 3.4). To investigate these westward-propagating
signals, which are most apparent during boreal summer and fall, we choose (5°N-10°N,
5°W-0°W) area from the West African monsoon region (e.g., Sultan and Janicot 2003a
and 2003b) as a reference, and perform coherence analysis during May-October of 2000-
08 (Figure 3.5). When we use the total 20-100-day filtered OLR data, significant
coherence (with coherence squared values above 0.3) is trapped to the Eastern Tropical
Atlantic without apparent westward propagation (Figure 3.5a). To exclude the MJO
effect, we first extract the MJO signals by regressing the OLR data onto the global MJO
index derived above (Figure 3.3), and then remove the MJO signals from the 20-100-day
OLR field. After the MJO signals are removed, coherence squared values above 0.3
across the tropical Atlantic basin are observed and exhibit a westward phase propagation
as shown by the clockwise rotation of phase vectors toward the west from the reference
region (Figure 3.5b). For example, the phase vector is northward in West Africa, and is
northeastward near 35°W along the equator. These results indicate that intraseasonal
convections of the West African Monsoon can affect the entire tropical Atlantic via

westward-propagating Rossby waves. Indeed, the 20-100-day westward wavenumbers 1-
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6 filtered OLR data (Figure 3.5c), which consist primarily of westward-propagating
Rossby waves (Figure 3.1), show stronger coherence and clearer westward propagation
from the West African monsoon region across the tropical Atlantic comparing to Figure

3.5b.
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Figure 3.5. a) Averaged spectral coherence analysis from May to October during 2000-08
in the 20-100-day band between a reference of OLR (5°N-10°N, 5°W-0°W averaged) and
global maps of OLR. Filled colors are the coherence squared. Vectors denote phases,
with clockwise rotation toward the west indicating westward phase propagation; b) same
as a) but for the OLR removing the global MJO signals extracted by regressing the OLR
onto the multivariate global MJO index; c) same as a) but for the 20-100-day westward
wavenumber 1-6 filtered OLR.
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3.2.3 Relative Importance of MJO and Rossby Waves

To quantify the impacts of the MJO and Rossby waves, we choose 3 representative
regions in the Western Atlantic (WA; 0°N-15°N, 50°W-40°W), Central Atlantic (CA;
5°S-15°N, 30°W-20°W) and African monsoon region (AF; 0°N-14°N, 10°W-10°E). Here
we choose the African monsoon region (Sultan and Janicot 2003a; Redelsperger et al.
2002; Gu 2009). The WA region locates within the propagation path of MJO surface
wind from Indo-Pacific to tropical Atlantic (Yu et. al. 2011). Geographic locations of

these regions are shown in Figure 3.6a.
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Figure 3.6 a) Selected domains: West Atlantic (WA; 0°N-15°N, 50°W-40°W), Central
Atlantic (CA; 5°S-15°N, 30°W-20°W) and West African monsoon (AF; 0°N-14°N, 10°W-
10°E); b) Time series of 20-100-day filtered OLR during 2000-2008 averaged for the WA
region (dashed lines), 20-100-day eastward wavenumber 1-6 (solid lines), and 20-100-
day westward wavenumber 1-6 (dotted lines). The constant solid lines show the standard
deviation of 20-100-day filtered OLR. c) same as b) except for CA region; d) same as b)
except for AF region.
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Figures 3.6b-d show strong intraseasonal variations of 20-100-day filtered OLR
above one STD (yellow line) occurred in the three regions (dashed black line), which are
often correspond to either eastward wavenumbers 1-6 OLR anomalies (solid red line) that
are primarily associated with the MJO and Kelvin waves (collectively referred to as the
MIJO here), or westward wavenumber 1-6 OLR anomalies (dotted blue line) that are
associated with the Rossby waves. The standard deviation (STD) of MJO and Rossby
waves comparing to the STD of 20-100-day OLR are 63% and 77% in Western Atlantic,
68% and 62% in Central Atlantic, and 83% and 50% in African monsoon region (Table
3.1), suggesting the comparable importance of the MJO and Rossby waves to
intraseasonal variability in the tropical Atlantic Ocean. In the African monsoon region,
however, MJO impacts are more important than Rossby waves, and almost all of the
enhanced convective events above one STD correspond to significant MJO events
(Figure 3.6d). The correlation coefficient between the 20-100-day OLR and the MJO
(Rossby waves) during 2000-08 period is 0.51 (0.67) in Western Atlantic, 0.63 (0.59) in
Central Atlantic and 0.8 (0.62) in African monsoon region. These results suggest that the
strong enhanced convective events are more frequently related to MJO in the African
monsoon region, to the Rossby waves in the Western Atlantic, and equivalently
associated with MJO and Rossby waves in the Central Atlantic. The fact that both the
eastward-propagating MJO and westward-propagating Rossby waves are important in the

tropical Atlantic basin is consistent with the lack of propagation detected in Figure 3.5a.
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Table 3.1. Domain-averaged 20-100-day variability. The percentage “%” is relative to the

total 20-100-day OLR. Units: W M,

WA CA AF
20-100-day OLR 6.8 6.9 8.0
Standard Deviation MJO 43 4.7 6.6
(STD) (percentage) (63%)  (68%)  (83%)
Rossby Wave 5.2 4.3 4.0
(percentage) (77%)  (62%)  (50%)
Correlation between MJO 0.51 0.63 0.8
20-100-day OLR and Rossby wave 0.67 0.59 0.62
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As shall be seen below, since MJO signals often strengthen while they cross the
tropical Atlantic, MJO dominated convective events increase toward the east. Similarly,
since the Rossby wave signals often enhance over the Atlantic Ocean while they
propagate westward, and some even appear to be generated in the Eastern Atlantic basin,

the Rossby wave dominated convective events increase toward the west.

In order to further quantify the relative contribution of MJO and Rossby waves, we
first create the convective indices for different regions by choosing the date of the
enhanced convective events when the domain averaged maximum negative 20-100-day
OLR amplitudes exceed one STD, and then we further categorize these convective events
as MJO dominated and Rossby wave dominated. The MJO (Rossby wave) dominated
convective events are defined as the maximum negative 20-100-day with eastward
(westward) wavenumbers 1-6 filtered OLR amplitudes exceed one STD of the total 20-
100-day OLR time series and have the same phase. Finally, we calculate the time

distribution of the convective index for May-Oct and Nov-Apr.

As shown in Table 3.2, the MJO and Rossby wave dominated convective events
(relative to total 20-100-day events) are 17 (32%) and 29 (55%) in Western Atlantic, 18
(35%) and 20 (39%) in Central Atlantic, and 32 (62%) and 12 (23%) in African monsoon
region. It implies that Rossby wave and MJO have different impacts in different regions
across the tropical Atlantic Ocean, with more frequent Rossby wave dominated events in
Western Atlantic and MJO dominated events in African monsoon region, and they are

almost equally important in Central Atlantic. Given the fact that cold SST in the Eastern
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Pacific inhibits convection and the continent of Central America blocks continuous air-
sea interaction, MJO related convection is generally weaker in Western Atlantic after
MIJO propagates into the Atlantic than in the Indo-Pacific Ocean, consistent with Figure
3.4. Note that MJO dominated convective events are less frequent during May-Oct than
during Nov-Apr, with 3 versus 14 events in Western Atlantic, 4 versus 14 in Central
Atlantic and 10 versus 22 in African monsoon region (Table 3.2), consistent with the
seasonal variation of MJO activities (Madden and Julian 1994; Jones et al. 2004;
Matthews 2000; Maloney et al. 2008; Chapter II; Figure 3.2). In contrast, the Rossby
wave dominated convective events are more evenly distributed during May-Oct and Nov-
Apr in both Western Atlantic and Central Atlantic, with 14 versus 15 in Western Atlantic,

and 9 versus 11 in Central Atlantic.
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Table 3.2. Convective events for total 20-100-day OLR exceeding 1 STD, MJO
dominated events when MJO associated convection exceeds 1 STD of total 20-100-day
OLR with the same phase, and Rossby wave dominated events when Rossby wave
associated convection exceeds 1 STD of total 20-100-day OLR. The “%” is relative to

total 20-100-day OLR events.

WA CA AF
Dominated  All May- Nov- All May- Nov- All May- Nov-
Oct  Apr Oct  Apr Oct  Apr
20-100-day Total 53 26 27 51 23 28 52 20 32
convective MJO 17 3 14 18 4 14 32 10 22
events dominated  32% 35% 62%
(exceeding 1 Rogssby 29 14 15 20 9 11 12 3 9
STD of wave 55% 39% 23%

total) dominated
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The development of MJO (Rossby wave) related deep convective anomalies over
the tropical Atlantic and African monsoon region can be seen by a sequence of lagged
composite maps of 20-100-day filtered fields during 2000-08, such as OLR, and surface
wind fields, lagged with respect to OLR categorized convective index in different regions
shown in Table 3.2 and Figure 3.6a. Day 0 corresponds to the time when convection
attains its maximum strength. The categorized convective indices (Table 3.2) indicate
that the 20-100-day deep convective anomalies are mainly MJO or Rossby wave
dominated, consistent with the dispersion relation of tropical convective disturbances

(Figure 3.1).

The composite 20-100-day filtered OLR and surface winds (Figures 3.7-3.9, left
panels), based on the MJO dominated convective events in all three regions, show an
eastward propagation and impact on the Atlantic. The maximum convective anomalies
first appeared in the Indo-Pacific warm pool. Subsequently, the convective anomalies,
together with the westerly wind anomalies to the west and easterlies to the east, propagate
eastward (Figures 3.7-3.9, left panels; Milliff and Madden 1996; Matthews 2000),
entering the Atlantic via Central America and Isthmus of Panama, across the Atlantic and

affecting the Atlantic and African monsoon region.
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20-100-day ERA-Interim 10m winds & OLR anomalies
(a)MJO Dominated (b)Rossby Wave Dominated
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Figure 3.7. Composite fields of 20-100-day filtered ERA surface winds and OLR based
on the MJO (a. left panels) and Rossby waves (b. right panels) dominated convective
events in Western Atlantic region (the black box).



20-100-day ERA-Interim 10m winds & OLR anomalies
(e)MJO Dominated (b)Rossby Wave Dominated
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Figure 3.8. Same as Figure 3.7 except for convective events in Central Atlantic.

77



78

20-100-day ERA-Interim 10m winds & OLR anomalies
(a)MJO Dominated (b)Rossby Wave Dominated
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Figure 3.9. Same as Figure 3.7 except for convective events in African monsoon region.
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Interestingly, the strength of the MJO convection varies following the MJO
propagation from Western Atlantic to African monsoon region for different MJO events.
For the MJO-dominated Western Atlantic events (Figure 3.7, left panels), convection
obtains a large amplitude in the Western basin on day 0, and subsequently propagates
eastward with weakened strength (day 6). These convective cases appear to be consistent
with the MJO impacts examined in Chapter II, which obtain their largest impacts in the
Western tropical Atlantic Ocean. For the Central Atlantic events (Figure 3.8, left panels),

MIJO convection propagates eastward without apparent change in strength.

In contrast, the situation for MJO-dominated convection in African monsoon
region (Figure 3.9, left panels) is more complex. Convection first weakens from the
western to the central Atlantic basin (from day -12 to -6), and then significantly enhances
as it propagates to the African monsoon region by day 0. These evolutionary processes
are more clearly seen in Figure 3.10 (left panels). This result suggests that the MJO
impact on West African monsoon is not simply by direct eastward propagation of surface
signatures. Rather, MJO can enhance likely due to upper-level atmospheric divergence,
interaction with regional convective signals (Gu 2009), and possibly air-sea interaction
over the Atlantic Ocean. All of which may contribute to an amplified influence in the
West African monsoon region (Figure 3.6 and Table 3.1). Although the MJO dominated
cases mainly occur during Nov-April, they can also happen in May-October during the
West African monsoon season (Table 3.2). The possibility for air-sea interaction over the
Atlantic Ocean to strengthen the MJO needs thorough investigation in our future

research.
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Figure 3.10. Longitude-time diagram of composite 20-100-day band-pass filtered OLR
(averaged from 15°S to 15°N) based on the MJO (left panels) and Rossby wave (right
panels) dominated convective events in WA (top), CA (middle) and AF (bottom).
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Similarly, Rossby waves can have large impacts on intraseasonal surface winds
and convection in the tropical Atlantic Ocean. Figure 3.7b shows the development and
propagation of the Rossby wave dominated convective events in the Western Atlantic
basin. First, weak convective anomaly appears in the Eastern Equatorial Atlantic basin
(day -15). In the following days, convection enhances while it propagates westward along
the equator, reaches its maximum strength in the Western Atlantic region by day 0, and
further progresses westward on day 6, affecting the Caribbean Sea and Central America.
The Rossby wave dominated events in the Central Atlantic are quite similar, except that
convective anomaly is first initiated over the African continent, subsequently enhances in
the eastern and central equatorial Atlantic basin, and then weakens in the western basin.
These results suggest that Rossby waves can be generated in the Eastern Equatorial
Atlantic and intensify as they propagate westward (Figure 3.7b), or they can be generated
over the African continent and subsequently strengthen over the equatorial Atlantic
Ocean (Figure 3.8b). These evolution processes are more clearly seen in Figure 3.10
(right panels), in which the impact of Rossby wave indicated as negative OLR anomalies
can extend to 70°W. The reason for their intensification over the Atlantic Ocean needs

further investigation. Very likely candidate processes are air-sea interaction.

In contrast, for the Rossby wave dominated convective events in the West African
monsoon region, their influence on surface wind and convection in the Atlantic Ocean are
due to westward-propagating Rossby waves generated in the monsoon region.
Convection anomalies weaken, rather than enhance, as they propagate westward to the

Central and Western Atlantic basin. The westerly wind anomalies to the west of the



82

convective maxima exhibit apparent equatorial Rossby wave structure, with maximum
westerly wind along the equator and two cyclonic wind shears off equator (Figure 3.9b

on day 0).

Furthermore, we investigated the relationship between the MJO dominated
convective events and the phase of the Rossby waves. About 82% of the MJO dominated
convective events interfere constructively with the Rossby waves in Western Atlantic,
and 94% in both Central Atlantic and West African Monsoon regions. This suggests that
the MJO and Rossby waves together can amplify their impacts on convection and surface

winds over the tropical Atlantic Ocean and African monsoon region.

At 25-60-day periods, the eastward-propagating signals result mainly from the
MIJO, and westward-propagating signals from Rossby waves (Figure 3.1). Here,
composites of 25-60-day filtered OLR and ERA surface winds for both the MJO and
Rossby waves are also analyzed for the West African monsoon region and we obtain
similar results as those for the 20-100-day fields discussed above. These further suggest
that the observed 25-60-day peak of African monsoon precipitation (Sultan and Janicot
2003a) can be affected by the MJO, consistent with previous studies (e.g., Foltz and
McPhaden 2004; Matthews 2004; Maloney and Shaman 2008; Janicot et al. 2009; Gu
2009). On the other hand, Rossby waves associated with 25-60-day precipitation of

African monsoon can propagate westward affecting the tropical Atlantic.
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To verify the MJO dominated indices from Table 3.2, we compare all of the MJO
dominated convective events in different regions (Table 3.2) with the selected MJO
events from global MJO index used in configuring the composite maps for Figure 3.4.
The results show that 91% of the MJO dominated convective events (Table 3.2) are
picked up by the global MJO index and 78% are located in phase 6, 7 and 8. This result
indicates that the categorized MJO dominated convective events in Table 3.2 are subset
from the EOF based global MJO index. The former can effectively reveal the regional

variability of the MJO impacts in the Atlantic and African monsoon regions.
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3.3 Quasi-biweekly Oscillation of Tropical Atlantic and African Monsoon

Figure 3.11a shows the spectral analysis of OLR in the three regions shown in
Figure 3.6a. Spectral peaks at 10-25-day periods are observed in all three regions and are
more significant in the Eastern and Central Atlantic basins. The 25-60-day peaks are
observed in all three regions and more evident in African monsoon region, consistent
with our above discussion (Figure 3.6 and Table 3.1). In the western Atlantic, the 40-45-
day peak is below the 80% significance level, and this could be related to the relative
weak convective anomalies in this region. To confirm this, we perform spectral analysis
using QuikSCAT zonal wind during 2000-08 in the same Western Atlantic region. The
50-60-day peak in the surface zonal wind (Figure 3.11b) is obvious, consistent with the
correlation and coherence analysis in Section 2. Similar to Figure 3.11a, we analyze the
ORL data with longer period during 1990-2008, and the 50-60-day peak becomes evident
(Figure 3.11c). It indicates that there is a decade variation of OLR data in the Western
Atlantic region for the 40-60-day intraseasonal signals. The 10-25-day and 25-60-day
spectral peaks of OLR in African monsoon region are consistent with the observed two
dominant periods of the African monsoon precipitation (Sultan and Janicot 2003a).
Below, we focus on discussing the Quasi-biweekly variability, which is excluded by the

20-100-day filter discussed above.
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Figure 3.11a. Spectral analysis of OLR during 2000-08 for WA (top), CA (middle) and
AF (bottom), see Figure 3.6a for geographic regions. Dot-dashed lines show 80%
significance level.
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Figure 3.11b. Spectral analysis of QuikSCAT zonal wind during 2000-08 for WA (top),
CA (middle), see Figure 3.6a for geographic regions. Dot-dashed lines show 80%

significance level.
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Figure 3.11c. Spectral analysis of OLR during 1990-2008 for WA (top), CA (middle) and
AF (bottom), see Figure 3.6a for geographic regions. Dot-dashed lines show 80%
significance level.
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As shown in Figure 3.1, at 10-20-day periods, convection is associated with
eastward Kelvin wave (near 10 days) and westward Rossby wave (near 20 days). Tables
3.3 and 3.4 show STDs of 10-25-day variability in Western Atlantic, Central Atlantic and
African monsoon region (Figure 3.6a). The 10-25-day Rossby waves are filtered with
zonal wavenumbers 1-8 (Figure 3.1). The STDs of Kelvin waves and Rossby waves
comparing to the STD of 10-25-day OLR are 56% and 68% in Western Atlantic, 64%
and 66% in Central Atlantic, and 71% and 61% in monsoon region (Table 3.3),
suggesting the comparable importance of both the Kelvin waves and Rossby waves to 10-
25-day intraseasonal variability in all three regions, with somewhat more frequent Rossby
wave dominance in the Western Atlantic and Kelvin wave in the African monsoon

region.



Table 3.3 The STD of domain-averaged 10-25-day filtered OLR The “%" is relative to
the total 10-25-day OLR.

WA CA AF

10-25-day OLR 7.8 6.7 7.2

Standard Deviation Kelvin Wave 4.4 43 5.1
(STD) (percentage) (56%)  (64%) (71%)

Rossby Wave 53 4.4 4.4

(percentage) (68%) (66%) (61%)
Correlation between Kelvin Wave 0.56 0.67 0.75
10-25-day OLR and Rossby wave 0.67 0.55 0.69
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Table 3.4. Convective events for total 10-25-day OLR exceeding 1 STD, Kelvin wave
dominated events when Kelvin wave associated convection exceeds 1 STD of total 10-
25-day OLR with the same phase, and Rossby wave dominated events when Rossby

wave associated convection exceeds 1 STD of total 10-25-day OLR. The “%” is relative
to total 10-25-day OLR events.

WA CA AF
Dominated All May- Nov- All May- Nov- All May- Nov-
by Oct Apr Oct Apr Oct Apr
10-25-day Total 127 58 69 120 42 78 117 44 73
convective Kelvin 23 5 18 47 9 38 59 15 44
events wave 18% 39% 50%
(beyond Rossby 45 18 27 40 11 29 40 13 27
STD) wave 35% 33% 34%
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The correlation coefficient between the 10-25-day OLR and the Kelvin (Rossby)
waves during 2000-08 period is 0.56 (0.67) in Western Atlantic, 0.67 (0.55) in Central
Atlantic and 0.75 (0.69) in African monsoon region. As shown in Table 3.4, the Kelvin
and Rossby wave dominated convective events (relative to total 10-25-day events) are 23
(18%) and 45 (35%) in Western Atlantic, 47 (39%) and 40 (33%) in Central Atlantic, and
59 (50%) and 40 (34%) in African monsoon region. This distribution is similar to the
MIJO versus Rossby wave effects at the 20-100-day periods. Similar to that of MJO
activities (Table 3.2), the 10-25-day Kelvin wave dominated convective events are more
frequent during Nov-Apr. Different from the 20-100-day Rossby waves, the 10-25-day
Rossby wave dominated convective events occur more frequently during May-Oct than

during Nov-Apr in all three regions.

Figures 3.12a-3.14a show the 10-25 day composite maps for the 10-25 day Kelvin
wave dominated convective events (Table 3.4). The enhanced convection is first
observed in the Amazon region and then propagates across the Atlantic, affecting the
African monsoon region. Liebmann et al. (2009) discussed various mechanisms of the
convectively coupled Kelvin waves in South America and Western Atlantic. Among
which, the preexisting of the Kelvin waves in eastern Pacific and the precursor
convection related to the cold surge in South America are more important. However, it
remains unclear about the maintenance and propagation of the Kelvin waves in Atlantic,
since the convectively coupled Kelvin waves could dissipate or strengthen when they

propagate across the Atlantic as demonstrated in this study (Figures 3.12a-3.14a). Except
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the large-scale dynamics, SST could be an important factor, and this will be addressed in

our future studies with model experiment.

Figures 3.12b-3.14b show the 10-25-day composite maps for the westward
convective events. Similar to 20-100-day Rossby waves (Figures 3.7b-3.9b), the 10-25-
day convective anomalies first appear in the Eastern Equatorial Atlantic and West
African equatorial region, and then strengthen in Central and Western Atlantic while they
propagate westward (Figures 3.12b-3.13b), affecting the Western Atlantic and Caribbean
Sea. Figure 3.14b demonstrates the case that 10-25-day convective anomalies reaches
maximum in African monsoon region, and then propagates westward across the Atlantic

with reduced strength.
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10-25-day ERA—Interim 10m winds & OLR anomalies

(o)Kelvin Wove Dominated (b)Rossby Wove Dominated
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Figure 3.12. Composite fields of 10-25-day filtered ERA surface winds and OLR based
on the 10-25-day Kelvin waves with zonal wavenumber 1-6 (a. left panels) and 10-25-

day Rossby waves with zonal wavenumber 1-8 (b. right panels) dominated convective
events in Western Atlantic (the black box).
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Figure 3.13. Same as Figure 3.12 except for convective events in Central Atlantic.
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Figure 3.14 Same as Figure 3.12 except for convective events in African monsoon region.
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The above results show that the eastward-propagating convective anomaly
signals, both MJO and 10-25-day Kelvin waves, can be strengthened in the tropical
Atlantic and have significant impacts in African monsoon region. On the other hand, the
10-100-day Rossby waves developed in the Atlantic can have significant impacts in
Western Atlantic, Caribbean Sea and Central America. The Rossby wave dominated
convective events, which reach maximum in African monsoon region, show less impact

on the Western Atlantic due to the reduced strength during their westward propagation.

Previous studies have shown different mechanisms of the Rossby waves from
African monsoon (Gu and Alder 2004; Gu 2009; Janicot et al. 2010; Taylor, 2008 and
2011). Figure 3.14b is consistent to the “Sahel” mode (Janice et al., 2010) for the bi-
weekly Rossby waves and Figure 3.9b is similar to the observation of Sultan and Janicot
(2003b) for the 25-60-day westward intraseasonal signals. Both show the dissipated
Rossby waves from African monsoon region. However the cases that the Rossby waves
strengthen or even originate over Atlantic ocean (Figures 3.7b, 3.8b, 3.12b and 3.13b) are
not addressed. The related large-scale circulations and SST impacts on the maintenance,
development and propagation of the intraseasonal signals over Atlantic remain unclear,

and will be explored in our future studies.

Figures 3.12-3.14 suggest that the quasi-biweekly Kelvin waves originate from
the Amazon region, consistent with Liebmann et al. (2009). Are the 10-25-day
convection anomalies in Amazon region also related to the warm pool convection? To

answer this question, we perform spectral analysis of OLR for the Amazon region (15°S



97

to 5°N and 75°W to 45°W). The 10-25-day spectral peaks are evident and exceed 90%
significance level (Figure 3.15). The spectral power, however, is weaker than that in the
Western Atlantic basin (Figure 3.11a). This implies that the 10-25-day convective events
originated from the Amazon can intensify in the Western Atlantic, or they can be
generated by large-scale convection that spans the Amazon and Western Atlantic region,

as shown by Figures 3.12-3.14 (right panels).

The lag correlation coefficients between a time series of 10-25-day OLR averaged
in the Amazon region and 10-25-day OLR at each grid point, using OLR data during
2000-08, show that 10-25-day convection over Amazon does not seem to be directly
correlated with convection in the Western Pacific warm pool (Figure 3.16). The
maximum coefficients above 0.3 in the Eastern Pacific off Panama on day -2 and the
maximum coefficients above 0.5 in Amazon area on day 0 suggest that the 10-25-day
convective variability in the Amazon and Western Atlantic region is mainly generated

locally and subsequently propagates eastward (Figures 3.16 and 3.11).
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Figure 3.15. Spectral analysis of OLR during 2000-08 for Amazon region 15°S to 5°N
and 75°W to 45°W). Dot-dashed line shows 90% significance level. Its topographic
location is shown in Figure 3.16.
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Figure 3.16. Correlation maps between time series of the 10-25-day OLR index of 2000-
08 in the Amazon region (15°S to 5°N and 75°W to 45°W, black solid box) and 10-25-
day OLR at each location of 40°S-40°N for lag= -6, -2, 0, 1 and 4 days. Solid line shows
that the correlation exceeds 95% significance level. Note that the significance test takes
into account the reduced degree of freedom due to the filter [Livezey and Chen, 1983].
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CHAPTER 1V

SUMMARY AND CONCLUSIONS

Intraseasonal variability (10-100-day periods) of surface wind and convection in
the tropical Atlantic is analyzed using satellite wind, outgoing longwave radiation (OLR),
precipitation, and ERA-interim reanalysis products for the period of 2000-2008. The
ERA reanalysis winds for longer periods (ERA40 for 1960-2001 and ERA-Interim for
1990-2007) are also analyzed to confirm the statistical relationship. Both westward- and
eastward-propagating intraseasonal signals are observed from surface winds, OLR and
precipitation fields. The MJO dominates the 20-100-day eastward-propagating signals,
quasi-biweekly Kelvin wave dominates the 10-25-day eastward-propagating signals and

Rossby wave dominates the 10-100-day westward-propagating signals (Figure 3.1).

During 2002, spectral coherence and correlation analysis using QuikSCAT and
ERA-Interim winds show that surface signatures of the MJO propagate from the western
Pacific into the tropical Atlantic through Central America and the Panama gap, and with
further propagation along the northern coastline of South America from the Caribbean
Sea to the equatorial Atlantic (Figures 2.8 and 2.9). MJO events thus appear to be the
primary cause of the observed 40-60-day bandpass filtered zonal surface wind anomalies

in the equatorial Atlantic discussed by Han et al. (2008).
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In the case study of 2002, strong convection and westerly wind anomalies
associated with the MJO first propagate eastward into the western Pacific at a speed of
about 5m/s as a Rossby-Kelvin wave packet. Near the dateline, the Rossby and Kelvin
waves decouple, with the Kelvin wave propagating eastward along the equator into the
Atlantic at a much faster speed. The off-equatorial convection maxima associated with
the Rossby wave also propagates eastward, but at a slower rate (Figures 2.2, 2.3 and 2.5).
The eastward propagation associated with off-equatorial features is accompanied by the
eastward shift of mid-latitude convective anomalies, with possible feedbacks onto
tropical convection. Another possible mechanism for the eastward propagation of OLR
anomalies in the east Pacific ITCZ is the interaction of tropical eddies and the large-scale

MIJO flow (Maloney, 2009). These possibilities will be explored in future research.

Statistical calculations using QuikSCAT winds for 2000-06 and ERA-Interim
surface data for 1990-2007 (Figure 2.12) show that Atlantic equatorial zonal surface
winds are significantly correlated with the intraseasonal zonal winds in the western
equatorial Pacific Ocean, a region where westerly wind anomalies associated with the
MJO are strong. The maximum correlations exceed 0.4 (significant at the 90%
confidence level for QuikSCAT and 95% confidence level for ERA-Interim) in the
equatorial Atlantic region during boreal winter and spring, when the equatorial Atlantic
winds lag the western Pacific winds by 9-15 days. The Isthmus of Panama and Central
America appear to be an important pathway for the MJO to propagate from the Pacific
into the Atlantic, consistent with the spectral coherence analysis during 2002 (Figures 2.8

and 2.9). The MJO impact on Atlantic surface winds during boreal summer and fall is



102

delayed relative to boreal winter and spring, with significant lag correlations apparent
after 15 days, which suggests that interactions between the MJO and strong convective
variability in the Western Hemisphere may delay MJO impacts. These results are
consistent with previous studies showing that the character of the MJO has strong
seasonality (Madden and Julian 1994; Jones et al. 2004; Matthews 2000), and were also
verified using a long record of ERA40 reanalysis winds for 1960-2001. ERA products
show scant evidence of MJO propagation across South America continent, which further
suggests that surface winds associated with the MJO likely propagate into the Caribbean

Sea across the Isthmus of Panama and Central America.

The results also show that generally, the MJO generated in Indo-Pacific Ocean
(Figures 3.2-3.4 and left panels of Figures 3.7-3.10) and quasi-biweekly Kelvin waves
related to the convection in Amazon-Western Atlantic area (left panels of Figures 3.12-
3.14) can propagate across the equatorial Atlantic to impact the African monsoon. On the
other hand, Rossby waves generated in the Eastern Equatorial Atlantic or African
monsoon region propagate westward (Figure 3.5 and right panels of Figures 3.7-3.10),
affecting the entire tropical Atlantic basin and even Caribbean Sea and Central America.
Of particular interest is that the MJO and Kelvin wave can enhance over the tropical
Atlantic Ocean while they propagate eastward, amplifying their impacts on the African
monsoon (Figures 3.8a, 3.9a, 3.13a and 3.14a); Rossby waves can strengthen while they
propagate westward, amplifying their effects in the west (Figures 3.7b, 3.8b, 3.12b and

3.13b).
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The relative contributions from westward and eastward signals related to different
atmospheric processes vary in different regions. At 20-100-day periods, the MJO has a
larger contribution to convection and more frequently dominates the observed strong
convective events in the African monsoon region than Rossby waves, with STD of OLR
variability of 6.6 W/m? versus 4.0 W/m” (Tables 3.1 and 3.2), while Rossby waves are
more important in Western Atlantic Ocean than MJO, with STD of 5.2 W/m? versus 4.3
W/m? (Tables 3.1 and 3.2). Both of the MJO and Rossby waves contribute approximately

equally in the Central Atlantic basin.

The impacts of atmospheric intraseasonal variability in the Atlantic and African
monsoon regions have significant seasonality. While the MJO is more intense during
Nov-Apr than May-Oct in all three regions defined in Figure 3.6, the 20-100-day Rossby
waves are stronger during Nov-Apr only in the African monsoon region, and they are
comparable for the two seasons in the Western and Central Atlantic basins (Table 3.2).
Indeed, there are more Rossby-wave dominated convective events during May-Oct in the
Western and Central Atlantic (Table 3.2), which account for the observed westward-

propagating signals of the 20-100-day OLR for this season (Figure 3.2).

In contrast, at 10-25-day periods, Rossby waves contribute more to the convective
variability and more frequently dominate strong convective events in the Western
Atlantic Ocean than the quasi-biweekly Kelvin wave, with OLR STD of 5.3 W/m” versus
4.4 W/m?, while the quasi-biweekly Kelvin waves are more important in the African

Monsoon region than Rossby waves, with OLR STD of 5.1 W/m® versus 4.4 W/m”. Both
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contribute almost equally in the Central Atlantic basin. Similar to the MJO, quasi-
biweekly Kelvin waves are much more intense during Nov-Apr than May-Oct in all three
regions. Different from the 20-100-day Rossby waves, which are equally important for
both seasons in the Western and Central Atlantic, the quasi-biweekly Rossby waves are

evidently stronger in Nov-Apr in all three regions, like the Kelvin waves (Table 3.4).

Results presented here support the notion that the MJO can propagate eastward
affecting the African monsoon precipitation system. The results also support previous
studies that Rossby waves from African monsoon precipitation can propagate westward
to affect the tropical Atlantic Ocean. In addition, this study presents a few new findings.
Firstly, results here show that the strong equatorial intraseasonal zonal wind variations of
2002 result largely from the MJO. Surface wind and convection associated with the MJO
can propagate into the Atlantic through the Isthmus of Panama and Central America,
affecting the subtropical Atlantic and equatorial region. Secondly, the relative importance
of MJO and Rossby waves in causing intraseasonal variability of convection and surface
wind are quantitative assessed in the tropical Atlantic Ocean and African monsoon
region. Thirdly, some strong convective events associated with the MJO and quasi-
biweekly Kelvin waves (Rossby waves) can enhance while they propagate eastward
(westward) across the Atlantic Ocean. Interestingly, our results indicate that Rossby
waves can also be generated in the Eastern Equatorial Atlantic Ocean, not only in the
African monsoon region; the quasi-biweekly Kelvin waves appear to be generated in

Amazon and Western Atlantic basin, consistent with previous studies (e.g., Liebmann et
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al. 2009), which show various mechanisms of origin of convectively coupled Kelvin

waves over South America.

Under what conditions do the MJO, Kelvin wave and Rossby wave strengthen,
and what are the roles played by air-sea interaction over the Atlantic Ocean? What are the
generating mechanisms for the Rossby waves from the Eastern Equatorial Atlantic basin?
Since the MJO and equatorial waves play important roles in causing intraseasonal
variations of surface wind and convection over the Atlantic Ocean, model experiments
using high resolution weather research and forecasting (WRF) model may help to explore
the detailed processes of air-sea interaction, local topography forcing, as well as the
impacts of the large-scale atmospheric system related forcing. The strength variations of
the intrapersonal signals in Atlantic could be controlled by the large-scale circulations
and affected by SST. The WRF model experiments will focus on the SST variation and
explore the large-scale dynamics. To what extent could SST affect the strength of
convection, the propagation and even the origins of the convectively coupled equatorial
Rossby waves? First, we will analyze the large-scale circulations for three regions
(Western Atlantic, Central Atlantic and African monsoon area) when intraseasonal
signals reach maximum, as well as the related SST anomalies and the possible
mechanism. The WRF model simulation will be conducted to provide detailed dynamic
information. Secondly, the WRF model experiments will focus on the intraseasonal
variability of SST. Increasing, decreasing or removing the intraseasonal variations from
the real SST data will show the impacts and importance of the SST related to the

development and propagation or even origins of the intraseasonal signals in Atlantic.
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Other extreme SST situations can also be tested, such as the fixed colder or warmer SST.
Finally, the WRF model output will provide detailed evolution and propagating
signatures, as well as the dynamic features. Analysis of those data could explore more
interesting results. Through the WRF model experiments and analysis we would like to
explore the related dynamics and SST conditions that the Rossby waves from African
monsoon region can impact the western Atlantic and even NAM. Similar experiments

can also be conducted and analyzed for the eastward propagating signals.
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