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Abstract

Abstract

Rainfall variability and extreme precipitation events have a large socioeconomic
relevance in Vietnam. The availability of freshwater is essential for the population by
access to drinking water and for the rainfed agriculture. However, extreme precipitation
events bear the risk of loss of life and economic losses in connection with flooding
and landslides. Vietnam is located completely in the tropics and is characterized by a
multitude of landscapes, that considerably influence the weather and climate of the
country, and also affect the regional impacts of extreme events. Climatologically, more
than 80% of total annual rainfall is observed in most regions of Vietnam during the
rainy season, which lasts from May to October and is dominated by the southwest
monsoon. On the contrary, the dry season from November to April is characterized
by mainly northeasterly winds of the East Asian winter monsoon. During this season,
substantial rainfall is predominantly limited to the narrow coastal plains on the eastern
side of the Annamese Cordillera in central Vietnam. In these regions, rainfall is mainly
related to orographic lifting and enhanced convection that is associated with periodical

amplifications of the northeasterly flow.

The aim of this thesis is to investigate the role of tropical and extratropical waves in
rainfall variability and extreme precipitation events in Vietnam in both seasons. In
the first part, regional phases of enhanced or suppressed moist convection of large-
scale tropical wave modes are determined for the rainy season in southern Vietnam.
Based on these phases, the influence of the Madden—Julian oscillation (MJO) and
convectively coupled equatorial waves (CCEWs) on the modulation of daily rainfall is
evaluated and quantified for the period 1979-2007. In the second part, synoptic and
dynamic causes of early dry-season rainfall events in the Central Highlands region,
which is Vietnam’s main coffee-growing region, are analyzed. From a station rainfall
time series spanning the period 1981-2007, four dynamically different rainfall cases
were selected for an in-depth investigation. The third part of this thesis consists
of an analysis of the causes and predictability of a recent extreme rainfall event in
northeastern Vietnam. The causes of the extreme event in July/August 2015 and its
predictability are investigated using ground- and space-based observations, European
Centre for Medium-Range Weather Forecasts (ECMWF) (re)analyses, and forecasts
from the ECMWF ensemble prediction system.

Rainfall in Vietnam south of 16°N is significantly modulated by the MJO, and by
convectively coupled Kelvin and equatorial Rossby (ER) waves. The MJO and ER

waves exhibit the most coherent signals during the rainy season. However, the strongest
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ER signals occur in central Vietnam, and a pronounced influence of Kelvin waves
is only discernible in the southernmost parts. The analysis also reveals that all three
waves enhance the frequency of intense rainfall during wet phases, and that anomalies
are significantly enhanced when wet or dry phases of the MJO occur concurrently with
the respective phases of Kelvin or ER waves. In terms of thermodynamic causes of
the observed rainfall modulation, at least for the MJO the depth of the moist monsoon
layer and vertical wind shear are enhanced during convectively active phases. The

latter provides favorable conditions for organized convection.

Although the influence of tropical waves in Vietnam is most pronounced during the
rainy season, tropical waves can also cause rainfall during the early dry season in the
Vietnamese Central Highlands. In two of the investigated cases, tropical waves and
their interaction were the causes of substantial rainfall. Nonetheless, extratropically
forced events, as in the other two cases, are more common during the northeast
monsoon. Overall, the synoptic-dynamic analysis of the selected cases reveals that
the spatiotemporal development of the events highly depends on interactions between
large-scale tropical and extratropical wave forcing, synoptic forcing, and orographic

effects.

The 2015 extreme precipitation event in northeastern Vietnam was caused by a tropical—
extratropical interaction that was not documented for this region and season before. A
surface low over the Gulf of Tonkin and northern Vietnam was related to a subtropical
upper-level trough, and caused persistent moisture flux convergence and convection
over the coast of the Quang Ninh province. Strong moisture flux into the region was
caused by an exceptionally strong and persistent monsoon depression over the Bay of
Bengal. In terms of ECMWF ensemble forecasts, predictability of the event emerged
in 72-hour lead-time forecasts, and was strongly related to the correct forecasts of
the intensity and location of the upper-level trough. To conclude, this link between
predictability and large-scale synoptic forcing, along with improved seasonal and
subseasonal forecasts of the MJO and CCEWs suggests opportunities for submonthly

forecasts of dry and wet spells in Vietnam for both seasons.
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Kurzzusammenfassung

Niederschlagsvariabilitdt und Extremniederschlagsereignisse haben eine hohe sozio-
okonomische Relevanz in Vietnam. Die Verfiigbarkeit von SiiBwasser ist zum einen als
Quelle von Trinkwasser fiir die Bevolkerung unentbehrlich und zum anderen essenziell
fiir den Regenfeldbau. Dariiber hinaus bergen Extremniederschlagsereignisse aber die
Gefahr, im Zusammenhang mit Uberflutungen und Erdrutschen Menschenleben zu
gefihrden und zu wirtschaftlichen Schiden zu fithren. Vietnam liegt vollstiandig in
den Tropen und zeichnet sich durch eine Vielzahl verschiedener Landschaftsbilder
aus, die das Wetter und Klima von Vietnam wesentlich beeinflussen und Einfluss auf
regionale Auswirkungen von Extremereignissen nehmen. In den meisten Regionen
von Vietnam fallen mehr als 80% des klimatologischen Jahresniederschlags in der
durch den Siidwestmonsun geprédgten Regenzeit von Mai bis Oktober. Die Trockenzeit
von November bis April ist im Gegensatz dazu durch vorwiegend nordostliche Winde
des ostasiatischen Wintermonsuns gepriagt. Wesentliche Niederschldge sind in der
Trockenzeit vorwiegend auf einen schmalen und flachen Kiistenstreifen im Osten der
Annamitischen Kordillere beschrinkt. Die Niederschldge entstehen hauptsichlich
orografisch durch Hebung an dem Gebirgszug sowie durch verstiarkte Konvektion,
die im Zusammenhang mit einer wiederkehrenden Verstirkung der nordostlichen

Stromung auftritt.

Das Ziel dieser Arbeit besteht darin, den Einfluss von tropischen und extratropischen
Wellen auf Niederschlagsvariabilitit und Extremniederschlagsereignisse in Vietnam
wihrend der Regen- und der Trockenzeit zu untersuchen. Im ersten Teil werden
die Phasen erhohter oder verringerter Feuchtkonvektion von groBskaligen tropis-
chen Wellenphdnomen fiir die Regenzeit in Stidvietnam bestimmt. Der Einfluss der
Madden—Julian oscillation (MJO) und der sogenannten "convectively coupled equato-
rial waves" (CCEWs) auf die Modulation von téglichen Niederschldgen wird anhand
dieser Phasen fiir den Zeitraum 1979-2007 bewertet und quantifiziert. Im zweiten
Teil werden synoptische und dynamische Ursachen von Niederschlagsereignissen in
Vietnams Hauptanbaugebiet von Kaffee, dem zentralen Hochland, in frithen Stadien
der Trockenzeit analysiert. Aus einer stationsbasierten Niederschlagszeitreihe fiir den
Zeitraum 1981-2007 wurden vier dynamisch verschiedene Niederschlagsereignisse
fiir eine eingehende Untersuchung ausgewihlt. Den dritten Teil dieser Arbeit bildet die
Analyse der Ursachen und der Vorhersagbarkeit eines kiirzlich aufgetretenen Extrem-
niederschlagsereignisses in Nordostvietnam. Die Ursachen des Extremereignisses im
Juli/August 2015 und die Vorhersagbarkeit des Ereignisses werden mit bodengebun-

denen und satellitengestiitzten Beobachtungen, (Re-)Analysen des European Centre
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for Medium-Range Weather Forecasts (ECMWF) und Vorhersagen des ECMWF

Ensemblevorhersage-Systems untersucht.

Siidlich von 16°N wird der Niederschlag in Vietnam signifikant durch die MJO und
durch Kelvin und dquatoriale Rossby (ER)-Wellen moduliert. Der Einfluss der MJO
und von ER Wellen ist am kohirentesten. Allerdings haben die ER Wellen den groBten
Einfluss in Zentralvietnam, wihrend Kelvin Wellen lediglich einen Einfluss im siidlich-
sten Teil von Vietnam aufweisen. Die Untersuchung hat aulerdem gezeigt, dass alle
drei Wellen die Héaufigkeit von intensiven Niederschlidgen in feuchten Phasen erhohen.
AuBerdem werden die Niederschlagsanomalien durch das gemeinsame Auftreten der
MJO mit Kelvin oder ER Wellen in gleichen Phasen verstirkt. Thermodynamische
Ursachen fiir die beobachteten Niederschlagsmodulation liegen zumindest fiir die
MJO in einer vergroBerten vertikalen Michtigkeit der Monsunschicht und in einer ver-
starkten vertikalen Windscherung in konvektiv aktiven Phasen. Letzteres ist forderlich

fiir das Auftreten von organisierter Konvektion.

Wenngleich der Einfluss von tropischen Wellen in Vietnam am stédrksten wihrend der
Regenzeit ausgeprégt ist, konnen tropische Wellen auch wihrend der Trockenzeit zu
Niederschlag im zentralvietnamesischen Hochland fiihren. In zwei der untersuchten
Ereignisse waren tropische Wellen und ihre Interaktion der Grund fiir Niederschlag.
Allerdings sind extratropisch gesteuerte Ereignisse wie in den anderen beiden Fillen
wesentlich geldufiger wihrend der Nordostmonsuns. Insgesamt hat die synoptisch-
dynamische Untersuchung der Ereignisse gezeigt, dass der raum-zeitliche Verlauf
wesentlich von der Wechselwirkung zwischen dem Einfluss von groB3skaligen tropis-
chen und extratropischen Wellen, synoptischen Einfliissen und orografischen Effekten

abhéngt.

Das Extremniederschlagsereignis in Nordostvietnam im Jahr 2015 wurde durch
eine tropisch—extratropische Wechselwirkung verursacht, die fiir diese Region und
Jahreszeit noch nicht beschrieben wurde. Ein Tiefdruckgebiet iiber dem Golf von
Tonkin und Nordvietnam stand in Bezug zu einem subtropischen Hohentrog und hat
eine langanhaltende Periode von Feuchteflusskonvergenz und Konvektion iiber der
Kiiste der Quang Ninh Provinz bewirkt. Ein starker Feuchtefluss in die Region wurde
durch ein starkes und relativ stationires tropisches Tiefdruckgebiet iiber dem Golf
von Bengalen hervorgerufen. Drei Tage vor Eintreten des Ereignisses zeigte sich eine
Vorhersagbarkeit in ECMWF Ensemble-Vorhersagen, die stark mit der addquaten
Vorhersage der Intensitit und Lage des Hohentroges zusammenhing. Zusammen-
fassend lasst sich feststellen, dass dieser Zusammenhang zwischen der Vorhersag-

barkeit und dem groBskaligen synoptischen Antrieb, zusammen mit verbesserten
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Vorhersagen der MJO und CCEWs in der Gréenordnung von wenigen Wochen, auf
neue Moglichkeiten der Vorhersage von feuchten und trockenen Perioden in Vietnam

wihrend der Regen- und Trockenzeit hindeutet.
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1 Introduction

1 Introduction

Vietnam is situated in the eastern part of the Indochina Peninsula in Southeast Asia,
and is completely located in the tropics. In north—south direction, the country extends
from about 23.4°N (i.e., approximately the location of the Tropic of Cancer) to about
8.5°N. This corresponds to a linear distance of approximately 1650 km, whereas the
west—east extension ranges between 500 km in the northern part and only 50 km in
the central part of the country. Vietnam borders China in the north, the South China
Sea (SCS) in the east and south, and Cambodia and Laos in the west (Fig. 1). The
topography of Vietnam is characterized by the large flood plains of the Red River
and Mekong River deltas in the north and in the south, respectively, by the northern
highlands that peak at more than 3100 m elevation, and by the Annamese Cordillera in
northern and central Vietnam. The Annamese Cordillera, which is also known as the
Truong Son Mountains in Vietnam, extends rather meridionally over about 1100 km
from Laos to approximately 11°N in Vietnam and forms parts of the border between
the two countries. The highest elevations of this mountain range in Vietnam peak at
about 2700 m at the Lao—Vietnamese border and at about 2600 m in the Vietnamese
Central Highlands. Only a narrow coastal strip is left between the mountain range and

the SCS in central Vietnam.

For several social and economical reasons, the understanding of causes of weather and
climate variability in Vietnam is crucial. Rainfall is very important for the national
electricity production, because hydropower accounts for about 45% of total electricity
production (International Energy Agency 2015). Moreover, water supply by rainfall
is essential for the extensive, rainfed rice production in the Mekong River and Red
River deltas, which is mostly used for domestic consumption (U.S. Department of
Agriculture Foreign Agricultural Service 2016c). For example, a recent drought
in the southern half of Vietnam that was related to the strong 2015/2016 El Nifio
event resulted in a lack of drinking water supply (about 1 million people affected)
and caused damage to large areas of paddy rice due to salt water intrusion in the
Mekong River delta (United Nations 2016). Vietnam is also the most important
producer and the leading exporter of Robusta coffee (U.S. Department of Agriculture
Foreign Agricultural Service 2016a,b), whose cultivation and yields also depend on
the availability and temporal occurrence of rainfall during the growing cycle. However,
export revenues and the economy of Vietnam nowadays rely heavily on the exports of
industrial goods (e.g., consumer electronics and textile goods; General Department
of Customs 2016). A severe flood in Thailand in 2011 (e.g., Promchote et al. 2016),

for example, caused high economic losses in Thailand and a disruption of the global

13
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Figure 1: Topography of Vietnam and adjacent countries. The dashed lines
separate the eight political regions of Vietnam, namely the regions
"Northwest", "Northeast", "Red River Delta", "North Central Coast",
"South Central Coast", "Central Highlands", "Southeast", and
"Mekong River Delta" (numbers 1-8).

supply chain network (Haraguchi and Lall 2014). Therefore, extreme precipitation
events in Vietnam do not only endanger the lives of people, but also bear the risk of
high economic losses related to flooded and damaged infrastructures, and obstructed
access to seaports. This implies that particularly the understanding of causes and
predictability of rainfall variability and extreme precipitation events is essential for the
population and economy of Vietnam. The present thesis will contribute to this general

aim.

1.1 State of research

Mainland Vietnam is commonly divided into seven different climate regions (cf.
Nguyen et al. 2014). Except for the region that is denominated S3 by Nguyen et al.
(2014), the areas of the climate sub-regions correspond approximately to Vietnam’s
political regions (cf. Fig. 1). Only the climate region S3 comprises two political

regions, namely the regions "Southeast" and "Mekong River Delta". Most regions
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of Vietnam are characterized by a rainy season that lasts climatologically from about
May to October and by a dry season from about November to April. The rainy season
coincides with the commencement and northward expansion of the South Asian or
south-west monsoon (e.g., Wang and LinHo 2002; Nguyen et al. 2014; Nguyen-Le
et al. 2014, 2015). While the winds are predominantly southwesterly in the southern
half of Vietnam, wind directions change to a rather southeasterly orientation in the
northern regions of Vietnam (Fig. 2a). Nguyen et al. (2014) attribute this shift to the
presence of the Western Pacific Subtropical High and the northward movement of this
anticyclone during the rainy season. Taking the whole rainy season into consideration,
the highest rainfall amounts occur at the southern tip of Vietnam and on the windward
sides of the Annamese Cordillera and northern highlands (Fig. 2a). On average, the
rainy season peaks in August (e.g., Yen et al. 2011; Nguyen et al. 2014) and provides
at least 80% of total annual rainfall (Nguyen et al. 2014). The latter authors note that
the peak of the rainy season occurs in relation to the locations of the sub-tropical ridge
and the intertropical convergence zone (ITCZ). In contrast to the other regions, rather
dry conditions prevail in the coastal plains on the eastward side of the Annamese
Cordillera during this season (Fig. 2a; Nguyen-Le et al. 2014). This can be related to
the Central Highlands acting as a weather divide and to Foehn effects on the leeward,

1.e., eastward, side of the mountains.

On the contrary, when compared with the other parts of Vietnam, rainfall amounts
are higher in these coastal regions during the dry season (Fig. 2b; Yen et al. 2011).
The dry season is characterized by northeasterly winds of the East Asian winter
monsoon. The northeasterly winds are associated with the semi-permanent Siberian
High that is typically centered over northern Mongolia and climatologically starts
to develop in October due to strong radiative cooling over the Eurasian continent
(e.g., Panagiotopoulos et al. 2005; Jeong et al. 2011; Nguyen et al. 2014). Previous
studies have shown that besides the Siberian High, which is located to the west of
the northeasterly flow, the Aleutian Low on the eastern side also plays an important
role (e.g., Zhang et al. 1997; Ha et al. 2012). During the winter monsoon, rainfall
at the central Vietnamese coast is related to orographic lifting at the mountains of
the Annamese Cordillera (e.g., Xie et al. 2006), and to cold surges and associated
vortices that regularly form over the SCS in October and November and affect Vietnam
while moving westward (e.g., Chen et al. 2012). Mainly in October and November,
rainfall in the Vietnamese central coast regions occasionally might also be affected by
westward-moving tropical cyclones (TCs) that originate from the northwest Pacific
(e.g., Jiang and Zipser 2010; Nguyen-Thi et al. 2012).

15
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Figure 2: Mean daily rainfall (contours) and mean daily 10-meter wind
(streamlines) for (a) the rainy seasons (i.e., May to October) and (b)
the dry seasons (i.e., November to April) in the period 1979-2007.
Sources: Daily rainfall from the station-based,
0.25° x 0.25° latitude-longitude Asian Precipitation—-Highly Resolved
Observational Data Integration Toward Evaluation of Water
Resources (APHRODITE) Monsoon Asia V1101 product (Yatagai
et al. 2012) and 10-meter wind from the 6-hourly,
0.75° x 0.75° latitude-longitude ERA-Interim reanalysis (Dee et al.
2011).

Variability of tropical convection in the intraseasonal 30-60-day period band is dom-
inated by the eastward-propagating Madden—Julian oscillation (MJO; Zhang 2005).
From their analysis of station pressure and upper-air data from Canton Island in the
central Pacific and station pressure data from additional stations in the tropical belt,
Madden and Julian (1971, 1972) concluded that this oscillation results from large-scale
zonal circulation cells that move eastward along the equator. Since the discovery of
this phenomenon, research projects and field campaigns were launched (e.g., the
Dynamics of the MJO (DYNAMO) campaign (Yoneyama et al. 2013) and the U.S.
Climate Variability and Predictability (CLIVAR) MJO working group (Gottschalck
et al. 2010)) to investigate initiation and propagation processes (e.g., Matthews 2000;
Zhao et al. 2013; Li et al. 2015), the structure of the MJO (e.g., Sperber 2003; Kiladis
et al. 2005; Johnson and Ciesielski 2013), and the influence on tropical weather and
climate (Zhang 2013). An influence of the MJO on precipitation was demonstrated for

many tropical regions around the globe, e.g., for the western Pacific and Papua New
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Guinea (e.g., Matthews and Li 2005; Matthews et al. 2013), Australia (e.g., Hendon

and Liebmann 1990; Wheeler and Hendon 2004), South America (e.g., Paegle et al.

2000), West Africa (e.g., Pohl et al. 2009), and East Africa (e.g., Pohl and Camberlin
2006). Furthermore, an influence of the MJO on TCs was shown for the east and west
Pacific (e.g., Maloney and Hartmann 2000a, 2001; Li and Zhou 2013), for Australia
(e.g., Hall et al. 2001), for the Atlantic and the Gulf of Mexico (e.g., Maloney and
Hartmann 2000b; Klotzbach 2010), and for the southern Indian Ocean (e.g., Bessafi
and Wheeler 20006).

Regions of suppressed convection that encompass a center of enhanced large-scale
convection on the eastern and western sides, are connected by the zonal circulation
cells of the MJO (e.g., Zhang 2005). As the MJO approaches a certain region, it is
also reflected in easterly and westerly anomalies of winds in the lower and upper
troposphere, respectively (Kiladis et al. 2005). Vice versa, the latter authors showed
that after the passage of the convective core of the MJO with most intense rainfall,
lower-tropospheric (upper-tropospheric) wind anomalies are westerly (easterly), and
rainfall is rather stratiform. The MJO is most frequently initiated over the Indian
Ocean (e.g., Seo and Kim 2003), where it also exhibits the highest variance of outgoing
longwave radiation (OLR'), which was filtered in the wavenumber—frequency domain
of the MJO, during boreal spring, summer, and fall (e.g., Roundy and Frank 2004). In
general, the MJO influences tropical convection all year round; however, the strongest
influence moves from 5-10°S in the Indian Ocean and western Pacific during boreal
winter to 5-10°N in the SCS during boreal summer (Zhang and Dong 2004). For
Vietnam, previous studies have shown that the MJO does not only modulate convective
activity in the south during the rainy season (e.g., Yokoi et al. 2007), but can also
contribute to extreme events at the central coast of Vietnam in the late rainy season
(Wu et al. 2012). Moreover, Straub et al. (2006) and Tong et al. (2009) have shown
that the MJO can also affect the onset of the SCS summer monsoon.

In the case described by Straub et al. (2006), a convectively coupled Kelvin wave
also played a role in the SCS summer monsoon onset. Kelvin waves are a special
solution of the shallow water equations on an equatorial beta plane; namely, in the

derivation of this solution it is assumed that the meridional wind is zero (e.g., Kiladis

'OLR is frequently used as a proxy for deep convection in the tropics (e.g., Arkin and Ardanuy
1989, and references therein). Longwave radiation that is emitted from the surface or cloud tops is
derived from satellite measurements; high values of OLR correspond to regions with low-level cloud
cover or cloud-free ground and low values correspond to regions with deep convective clouds.

17
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et al. 2009). Generally, the solutions of the shallow water equations, which were
first derived by Matsuno (1966), provide a relation between frequency and planetary
zonal wavenumber for each meridional mode number n and describe the horizontal
dispersion characteristics (Kiladis et al. 2009). Besides eastward-propagating Kelvin
waves, additional solutions of the shallow water equations correspond to the eastward-
propagating eastward inertio-gravity (EIG) waves, and the westward-propagating
equatorial Rossby (ER), mixed Rossby-gravity (MRG) and westward inertio-gravity
(WIG) waves. Concerning the horizontal structures in relation to the equator, a
differentiation is also made between symmetric (Kelvin, n = 1 ER, n = 1 EIG, and
n =1 WIG) and antisymmetric (n = 0 EIG, MRG, n = 2 EIG, and n = 2 WIG) waves.
In the derivation, all waves are considered to be "dry" waves, which means that it is
assumed that the waves do not release latent heat by the formation of clouds and by
precipitation (Wheeler and Kiladis 1999).

Using space-time spectral analyses of brightness temperature, which is another proxy
for deep convection, and OLR in the global tropics between 15°S and 15°N, Takayabu
(1994) and Wheeler and Kiladis (1999) found that spectral peaks in the wavenumber-
frequency domain occur along the dispersion curves of the equatorially-trapped dry
waves from Matsuno’s (1966) theory. Therefore, these waves that account for a large
fraction of tropical rainfall variability (e.g., Kiladis et al. 2009) are frequently referred
to as convectively coupled equatorial waves (CCEWSs). Yasunaga and Mapes (2012)
have demonstrated that CCEWs modulate satellite-derived precipitation estimates in
the tropics over a wide range of temporal and spatial scales. They have shown that
ER and MRG waves rather influence scattered convection and small-scale precipi-
tation systems, while Kelvin and inertio-gravity (i.e., EIG and WIG) waves exhibit
a stronger influence on mesoscale convective systems and stratiform rain. Like the
MIJO, Kelvin and ER waves also influence tropical cyclogenesis, e.g, in the Atlantic
and western Pacific ocean basins (e.g., Kiladis et al. 2009; Schreck and Molinari 2011;
Ventrice et al. 2012; Schreck 2015). Previous studies have also shown that multiple
tropical waves can occur concurrently and interact (e.g., Straub and Kiladis 2003; Ma-
sunaga 2007; Roundy 2008; Masunaga 2009; Yasunaga and Mapes 2012). Although
they are no solution of the shallow water equations, easterly waves exhibit spectral
peaks in the wavenumber-frequency analysis (e.g., Roundy and Frank 2004) and are
therefore also referred to as a CCEW. Easterly waves are frequently also denoted as
tropical depression—type disturbance. Kiladis et al. (2009) noted that easterly waves
predominantly occur over the Pacific, the Atlantic, and sub-Saharan Africa and during
May—October when convection of the ITCZ is most active in these regions. However,

extreme events in central and northern Vietnam that were influenced by easterly waves



1 Introduction

during the northeast monsoon were documented by Yokoi and Matsumoto (2008) and
Wu et al. (2011).

Building on the works of Takayabu (1994) and Wheeler and Kiladis (1999), Dias and
Kiladis (2014) have developed an approach to determine regional power spectra that
emphasize regional differences in CCEW activity in different parts of the tropics. In
the sector that is centered about 90°E and comprises Vietnam, Kelvin and ER waves
seem to have the largest impact besides the MJO. This assessment is corroborated by
seasonal analyses of the variances of space-time filtered OLR and precipitation by,
e.g., Wheeler and Kiladis (1999), Roundy and Frank (2004), and Lubis and Jacobi
(2015). However, these studies suggest that Kelvin wave activity is rather limited to
the equator and therefore mainly affects the southernmost parts of Vietnam, and that
ER waves exhibit the strongest influence at the central Vietnamese coast. The latter
is corroborated by the findings of Yokoi et al. (2007), who analyzed intraseasonal
variations of rainfall over the Indochina Peninsula in the temporal domains of the MJO

and ER waves.

Besides tropical waves, extratropical planetary-scale Rossby waves can also influence
rainfall in the tropics (e.g., Kiladis and Weickmann 1992). Due to barotropic and baro-
clinic instabilities, the west to east oriented polar jet stream meanders in north—south
direction, which is reflected in sequences of troughs and ridges that propagate eastward
(Stull 2015). These sequences are referred to as Rossby waves (after Rossby and Col-
laborators 1939) and typically exhibit four to six meanders of the jet stream. Rossby
waves exhibit an influence on the genesis of extratropical cyclones (Stull 2015), whose
cold fronts occasionally can reach the tropics but then frequently are better described
as shear lines, because the temperature gradient along the frontal zone disappears
(Schultz et al. 1997). Besides the influence on extratropical cyclones, Takaya and
Nakamura (2005) demonstrated that the extratropical Rossby wave train can also cause
an amplification of the Siberian High. Closely related with this semi-permanent high,
amplifications of northeasterly winds, which are referred to as cold surges, regularly
occur over the SCS during the winter monsoon and enhance convection over the SCS
and the Maritime Continent (e.g., Zhang et al. 1997; Chang et al. 2005; Takaya and
Nakamura 2005; Park et al. 2011). Previous studies have also shown that the formation
of Borneo Vortices that further enhance convection in the Maritime Continent can
be associated with cold surges (e.g., Chang et al. 2005; Ooi et al. 2011; Koseki et al.
2014). Generally, mid-latitude influences over the SCS and adjacent countries have
been mostly documented for the East Asian winter monsoon season (e.g., Xie et al.
2006; Yokoi and Matsumoto 2008; Yen et al. 2011; Chen et al. 2012).

19
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1.2 Objectives

The general aim of this thesis is to investigate the influence of tropical and extratropical
waves on rainfall variability and extreme events in Vietnam. More specifically, ground-
based measurements, measurements from remote sensing instruments aboard satellites,
(re)analyses, and/or probabilistic forecasts are employed to focus on three different

aspects:

1. Since large-scale tropical waves potentially influence rainfall variability in
southern Vietnam, tropical waves that significantly modulate daily rainfall in
southern Vietnam were identified, and the rainfall-modulating influence of the
most relevant waves was quantified. Additionally, the effect of concurrence of

the combination of two waves was examined.

2. Substantial rainfall in November—December negatively impacts yields and qual-
ity of the coffee harvest in the Vietnamese Central Highlands, which is the main
coffee-growing region in Vietnam. Therefore, different cases that led to rainfall
during the early dry season in the Central Highlands region were identified, and

the synoptic-dynamic causes of the events were investigated.

3. In July—August 2015, an extreme precipitation event hit northeastern Vietnam
and led to flooding. For this extreme event, the temporal development, the
dynamical causes, and the predictability of extreme rainfall in ensemble forecasts

were analyzed.

These three aspects are discussed in the publications that are presented in the following
sections 2, 3, and 4. In section 5, a summary of the findings is provided and the results

are discussed.



2 Modulation of Daily Rainfall in Southern Vietnam
by the Madden—Julian Oscillation and Convectively
Coupled Equatorial Waves
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ABSTRACT

Rainfall extremes have a large socioeconomic relevance for southern Vietnam. More than 30 million people
live in this low-lying, flood-prone region in Southeast Asia. In this study the influence of the Madden—Julian
oscillation (MJO) and convectively coupled equatorial waves on the modulation of daily rainfall during the
rainy season (May—October) is evaluated and quantified using an extensive station database and the gridded
Asian Precipitation—-Highly Resolved Observational Data Integration Toward Evaluation of Water Re-
sources (APHRODITE) product for different phases of the equatorial waves.

The MJO, Kelvin, and equatorial Rossby (ER) waves significantly modulate daily rainfall in Vietnam south
of 16°N. The MJO shows the most coherent signals across the region, followed by ER waves, whose influence
is strongest in central Vietnam; Kelvin waves only affect the southern parts of Vietnam. For all waves, the
frequency of occurrence of intense daily rainfall larger than 25 mm is significantly enhanced during wet
phases, whereas the magnitude of rainfall anomalies is related to the wave’s amplitude only in the MJO and
ER cases. A novel wave interference diagram reveals strong positive interferences of dry and wet anomalies
when the MJO occurs concurrently with Kelvin and ER waves. In terms of causes of rainfall anomalies, the
waves modulate tropospheric moisture convergence over the region, but a strong influence on the depth of the
monsoon flow and the vertical wind shear is discernible from radiosonde data only for the MJO. The results
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suggest new opportunities for submonthly prediction of dry and wet spells in Indochina.
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1. Introduction

Vietnam is located at the eastern side of the Indo-
china Peninsula bordering the South China Sea (SCS)
and is characterized by a 1650-km north-south exten-
sion from the Tropic of Cancer (about 23.25°N) to the
deep tropics at around 8.5°N. While mountain land-
scapes are found at the northern border with China and
in central Vietnam, parts of northern and southern
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Vietnam are characterized by the extensive and heavily
populated floodplains and deltas of the Red and Me-
kong Rivers. The present study focuses on the southern
part of Vietnam (south of 16°N), comprising the Viet-
namese Central Highlands and the Mekong River delta
region (Fig. 1). Because of its geographic location, the
seasonal climate of Vietnam is dominated by the Indo-
Asian monsoon system (Wang 2006). Except in the
South Central Coast region (Fig. 1), where a boreal fall
rainfall maximum is observed, the remaining part of the
study region has a rainy season between May and Oc-
tober, peaking in August (Yen et al. 2011; Nguyen et al.
2014). The rainy season provides more than 80% of
annual rainfall in the study region (Nguyen et al. 2014).
While the Mekong delta is one of the two major rice-
growing regions of Vietnam and a hot spot of aqua-
culture production, the central highland is the main
coffee growing region in Vietnam (General Statistics
Office of Vietnam 2016). Given the agricultural prac-
tices, forecasting of the rainy season onset and of dry
and wet spells within the monsoon season has a clear
socioeconomic value. This potential value increased in
recent years, since rainfall extremes during the mon-
soon increasingly endanger existing and planned in-
dustrial zones in the low-lying, flood-prone areas of
southern Vietnam (Asian Development Bank 2010),
which has a population of more than 32 million. Finally,
Vietnam’s power supply relies heavily on hydroelec-
tricity (U.S. Energy Information Administration 2015).

Predictability of monsoonal dry and wet spells on
weekly time scales in Vietnam is potentially related to
the Madden—Julian oscillation (MJO; Madden and
Julian 1971, 1972) and convectively coupled equatorial
waves (CCEWs; Kiladis et al. 2009). The MJO and
CCEWs are well-known phenomena that account for
large fractions of intraseasonal and synoptic-scale
tropical convective and rainfall variability (Zhang
2005; Kiladis et al. 2009, and references therein). For the
region under study, Straub et al. (2006) and Tong et al.
(2009) showed that Kelvin waves, which are one im-
portant type of CCEW, along with the MJO, also impact
the onset of the SCS summer monsoon. The practical
forecast limits of the MJO have recently been pushed to
about two weeks (Zhang and van den Dool 2012; Saha
et al. 2014). To exploit this predictability, the impact of
convectively active and wet phases of the MJO and
CCEWs on daily rainfall variability at regional scales
needs to be quantified and understood. To describe the
wave-related in situ rainfall variability and impact on
surface hydrology, multidecadal time series from dense
rain gauge network data or gridded products derived
from these datasets are the preferred source, though
such datasets are rare in the tropics. Nonetheless, some
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FIG. 1. Topographic map of the study area. Names denote dif-
ferent regions of Vietnam, which are separated with dashed lines.
Rainfall stations used in the analysis are indicated with red dots.
The green squares show the locations of the rainfall and radiosonde
station in Ho Chi Minh City (Southeast) and of the radiosonde
station in Da Nang (South Central Coast).

studies identified an influence of the MJO on regional
rainfall based on rain gauge measurements: Wheeler
and Hendon (2004) found an increase in the probability
of extreme rainfall in Australia during convectively ac-
tive phases of the MJO, Matthews and Li (2005) de-
tected spatially coherent rainfall anomalies in the
western Pacific during dry and wet phases of the MJO,
and Pohl and Camberlin (2006) provided evidence of the
influence of the MJO on rainfall in Kenya and northern
Tanzania. As another example, Pohl et al. (2009) in-
vestigated the influence of the MJO on rainfall in West
Africa and found an asymmetric response in the western
Sahel, with the convectively suppressed phase showing a
stronger signal in the rain gauge data.

In addition to these statistical relationships, it is
necessary to understand how the phases of the MJO
and CCEWs change the (thermo-)dynamic environ-
ment that favors certain types of convective systems.
Yasunaga and Mapes (2012) have shown that the in-
fluences of the MJO and CCEWs occur on different
spatial and temporal scales, from scattered convection
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and small-scale precipitation systems to mesoscale
convective systems and stratiform rain. Employing
Tropical Rainfall Measurement Mission (TRMM)
rainfall data, they found that CCEWs modulate rainfall
in a variety of ways: the more divergent Kelvin and
inertio-gravity waves tend to influence mesoscale con-
vective systems and stratiform rain, while more rota-
tional equatorial Rossby (ER), mixed Rossby—gravity
(MRG) waves, and tropical depression-type (easterly
wave) disturbances rather influence rainfall of the con-
vective type and smaller-sized rainfall systems. On the
other hand, they demonstrated that the MJO exhibits
precipitation modification features of both divergent
and rotational waves. The region under study is strongly
influenced by propagating organized mesoscale con-
vective systems (MCSs) during boreal summer (Roca
et al. 2014; Houze et al. 2015). The former study found,
for example, that the fraction of rainfall from MCSs
propagating more than 250km exceeds 50% over the
Indochina Peninsula. Thus, it seems obvious to study the
MJO- and CCEW-related changes to the synoptic-scale
environment in which the MCSs form.

While Wheeler and Kiladis (1999) focused on South-
ern and Northern Hemisphere summer seasons, Roundy
and Frank (2004a) showed the importance of different
waves relative to the overall regional variability of
convection for all four seasons. To demonstrate their
importance, the latter authors created climatologies of
wave-filtered variances for a 10-yr period by application
of wavenumber—frequency filters to outgoing longwave
radiation (OLR) and precipitable water data in the
space—time domains of several CCEWs. They found that
the relative contributions of eastward-propagating parts
of the intraseasonal oscillation, which includes the MJO,
and westward-propagating ER waves are more pro-
nounced over the global tropics than other modes. They
also stress that waves interact with and suppress or en-
hance regional convection, instead of exclusively forcing
convective signals to follow their large-scale divergence
patterns. Several studies have demonstrated that dif-
ferent wave modes do not necessarily occur in isolation
but can occur concurrently and also interact (e.g., Straub
and Kiladis 2003; Masunaga 2007; Roundy 2008;
Masunaga 2009). Yasunaga and Mapes (2012) found
that the activity of the (in their notation) divergent
waves is enhanced in the developing phase of the MJO,
whereas an enhancement of the activity of rotational
waves preferentially occurs in the decaying phase of
the MJO.

In addition to studies with a global perspective on
tropical wave activity (e.g., Wheeler et al. 2000; Lubis
and Jacobi 2015), several studies focused on the Mari-
time Continent and western Pacific regions. However,
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these studies focused on different seasons, did not in-
clude Vietnam in their analysis, did not take into
account a variety of tropical waves, and/or evaluated the
influence of tropical waves only for a short period (e.g.,
Wheeler and Hendon 2004; Matthews and Li 2005; Wu
et al. 2012; Matthews et al. 2013; Xavier et al. 2014).
Yokoi et al. (2007) included Vietnam in their analysis of
intraseasonal rainfall variability over the Indochina
Peninsula, but they did not use a wavenumber—
frequency filter and did not differentiate between con-
vectively active and inactive phases.

In this study, the influence of various large-scale
equatorial waves on intraseasonal rainfall variability
over southern Vietnam during the rainy seasons from
May to October 1979-2012 is investigated and quanti-
fied for the first time using an extensive database of rain
gauge measurements and gridded datasets. This includes
the effects of wave interference and phase-dependent
changes of the waves to the synoptic-scale (thermo-)
dynamic environment. Data and methods are described
in section 2. The modulating influence of the MJO and
CCEWs on rainfall and dynamical fields in southern
Vietnam is discussed in section 3. The results are sum-
marized and discussed in section 4.

2. Data and methods

Satellite-observed OLR is frequently used as a proxy
for deep convection in the tropics (e.g., Arkin and
Ardanuy 1989, and references therein) and, more spe-
cifically, for the detection of tropical intraseasonal var-
iability of convection (e.g., Wheeler and Kiladis 1999).
Therefore, tropical wave activity was analyzed in this
study for the period 1979-2012 using 2.5° X 2.5° daily
NOAA Interpolated OLR data (Liebmann and Smith
1996). To quantify the rainfall-modulating effects of the
MJO and CCEWs, daily rainfall data from the gridded
Asian Precipitation-Highly Resolved Observational
Data Integration Toward Evaluation of Water Re-
sources (APHRODITE) Monsoon Asia V1101 dataset
(Yatagai et al. 2012) were used for the period 1979-2007.
APHRODITE data are available in 0.25° X 0.25° hori-
zontal resolution and are based on rain gauge mea-
surements. In addition, daily rainfall measurements from
stations operated by the Vietnamese National Hydro-
Meteorological Service (NHMS; NHMS 2014, un-
published data) for the period 1979-2012 were analyzed
(Fig. 1, Table S1). Only stations south of 16°N and with at
least 90% data availability were considered. The accu-
mulation period of daily APHRODITE and station data is
1200-1200 UTC [i.e., 1900-1900 local time (LT)]. Even
though APHRODITE used station data, gridding in-
evitably causes smoothing of extremes; thus, the analysis
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of the dense station network has two advantages: (i)
in situ observations preserve topographic rainfall gra-
dients (cf. supplemental material); and (ii) absolute
threshold-based extreme value statistics can be applied.
Moreover, it is very likely that some stations have not
entered the APHRODITE analysis. The waves’ effects
on the dynamical fields were quantified using horizontal
wind components on the 850-hPa pressure level from the
6-hourly ERA-Interim at 0.75° X 0.75° latitude—longitude
resolution (Dee et al. 2011). Daily values were calcu-
lated by averaging over 0000, 0600, 1200, and 1800 UTC
analysis times. Additionally, vertical profiles of the
atmosphere from the Integrated Global Radiosonde
Archive (IGRA; Durre et al. 2006) for the stations Ho
Chi Minh City (WMO station ID 48900; 10°49'N,
106°40'E) and Da Nang (WMO station ID 48855;
16°2’'N, 108°11'E) were analyzed for the period 1979-
2012. For the analysis, zonal and meridional wind com-
ponents from IGRA were linearly interpolated to every
50hPa between the 1000- and 100-hPa pressure levels,
and specific humidity was calculated from vertically in-
terpolated temperatures and dewpoint temperatures.
Only 0000 UTC (0700 LT) profiles were used to avoid
impacts on low-level wind profiles by turbulence in the
daytime boundary layer. Radiosonde data were avail-
able for about 45%-57% of all wave cases, depending
on the radiosonde station and the wave phase. The
ECMWEF four-dimensional variational data assimilation
(4D-Var) system assimilates radiosonde wind and hu-
midity data when available. However, when compared
to ERA-Interim-derived profiles, the radiosonde pro-
files are in situ measurements, and effects of data as-
similation or dates with missing radiosonde data are
excluded.

There are various approaches for the global de-
termination of MJO phases based on circulation-only
indices [velocity potential MJO (VPM) index (Ventrice
et al. 2013)], circulation and convection indices [real-
time multivariate MJO (RMM) index (Wheeler and
Hendon 2004)], or convection-only indices [OLR-based
MJO index (OMI) (Kiladis et al. 2014)]. However, for
consistency reasons and to investigate the effects of
concurrent occurrences of convectively active phases of
multiple waves, different phases of tropical wave activity
were determined regionally following the method orig-
inally proposed by Riley et al. (2011) to determine the
MJO phases. Yasunaga and Mapes (2012) applied this
method to TRMM data to determine the phases and
amplitudes of the MJO and CCEWs. Here, the method
was applied to OLR data averaged between 7.5° and
12.5°N; the longitude for which the phases were de-
termined was 107.5°E. The method is exemplified for
the MJO in Fig. 2. The time series of standardized
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wave-filtered OLR and its standardized temporal change
(tendency) centered at 107.5°E are calculated for May—
October 1984 to construct the phase diagram in Fig. 2c.
The time series for both quantities can be inferred from
the rectangles at 107.5°E in the Hovmoller diagrams of
Figs. 2a and 2b. The color filling of the circles in Fig. 2¢
corresponds to the color coding of the standardized
wave-filtered OLR in Fig. 2a; positive values (red
markers) indicate that regional convection is suppressed
by the equatorial wave, whereas negative values (blue
markers) indicate regionally enhanced convection. In
Fig. 2c, one complete cycle of the MJO is highlighted; it
starts with phase 7 and passes first through phases of
suppressed convection and then through phases of en-
hanced convection in clockwise direction. Note that the
starting and end points of this complete MJO cycle are
marked with green markers and that values outside the
highlighted period and region are shown in grayscale.

In terms of the interpretation of the phase diagram,
phase 1 is the driest phase, since standardized wave-
filtered OLR is at maximum, and its tendency is small or
changing from positive to negative. Vice versa, phase 5 is
the wettest phase, since standardized wave-filtered OLR
is at minimum, and its tendency is small or changing
from negative to positive. In phases 3 and 7, the sign of
standardized wave-filtered OLR changes from positive
to negative and back from negative to positive, re-
spectively. Hence, these phases are in the following re-
ferred to as transition phases. The amplitude of waves is
the distance from the origin of the phase diagram. Only
waves with amplitudes greater than one (i.e., only circles
outside the gray-shaded unity circle in Fig. 2¢) are con-
sidered. OLR data were filtered in the wavenumber—
frequency domains of the MJO and two types of
CCEWs—namely, Kelvin waves and n = 1 ER waves—
by using the canonical wavenumber—frequency filter
after Wheeler and Kiladis (1999). Potential effects of
Doppler shifting by the basic-state zonal flow are
deemed to be relatively small over the region (Dias and
Kiladis 2014) and are already taken into account by fil-
tering for the observed spectral peaks of the selected
wavenumber—frequency domains. In the following, n =
1 ER waves are referred to as ER waves.

Note that MJO phases obtained from the VPM,
RMM, and OMI indices assign convectively active re-
gions on the globe, whereas the method of Riley et al.
(2011) defines phases locally (i.e., phases from global
and regional methods are not equivalent). However,
during May—October, during 84%-99% of days when
amplitudes of global and regional indices are concur-
rently greater than one, the regional index is in phases
3-7 (i.e., wet phases 4-6 and transition phases 3 and 7)
when the global indices are in phases 4-6 (i.e., the



15 AuGusT 2016

a)
1 May

standardized OLR'; 5-_155n

VAN DER LINDEN ET AL.

5805

b)

standardized AOLR'; 5-_q3 son/At

1 Jun

1 Jul

1 Aug

1Sep

L

' T T
90°E 107.5°E  120°E

I
150°E 90°E

107.5°E

120°E 150°E

O
-~

standardized AOLR';s:_ 5 so/At

-4.0 -2.0

T
0.0 20 40

standardized OLR'; 5o_ 125

FIG. 2. Illustration of the method to determine the local phase of the MJO or any CCEW
proposed by Yasunaga and Mapes (2012). (a) Standardized wave-filtered OLR, (b) tendency of
standardized wave-filtered OLR, and (c) phase diagram constructed from (a) and (b). The
example is based on MJO-filtered OLR that was averaged between 7.5° and 12.5°N for May—
October 1984. The local phase is determined for the longitude 107.5°E centered on Vietnam, as
indicated by the rectangle. The color bar shows standardized values (no units). Color filling of
the circles in (c) corresponds to the color coding of the standardized wave-filtered OLR in the

rectangle of (a). For more details, see section 2.

convective envelope of the MJO is located in the
Maritime Continent and western Pacific regions). Even
though the commonly used latitude sector for
wavenumber—frequency filtering is 15°S-15°N (e.g.,
Wheeler and Kiladis 1999), 7.5°-12.5°N was chosen
here to enhance the focus on southern Vietnam. A
comparison of phases with amplitudes greater than one
determined for both sectors showed an agreement of
more than 80% of phases with a maximum of one phase
difference for the period May to October (not shown),
thus justifying the use of the 7.5°-12.5°N sector.

Daily time series of wave phases and amplitudes were
then used to calculate composite anomalies of rainfall
and horizontal wind components for each wave phase.
In these composites, any influence of other wave types
that occur on the same days with an amplitude greater
than one has not been filtered out. Daily anomalies
of wind components were calculated from a daily

climatology, whereas daily rainfall anomalies were cal-
culated relative to the average daily rainfall in the pen-
tad centered about the date of a certain phase. The
statistical significance of anomalies was tested with the
distribution-independent bootstrap method with 10000
samples. Note that the statistical significance of wind
vectors was only tested for the zonal wind component,
because the zonal wind exhibits stronger anomalies
when compared with the meridional wind component.
Anomalies significant at the 5% level are highlighted.
Hereafter, the notations “‘statistically significant” and
“‘significant” are used interchangeably.

3. Modulation of rainfall by large-scale equatorial
waves

Visual inspection of regional power spectra after Dias
and Kiladis (2014) centered about 90°E suggests that the
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FI1G. 3. Wave-filtered daily OLR variance for (a) the Madden—Julian oscillation, (b) Kelvin
waves, and (c) equatorial Rossby waves during May-October.

most relevant CCEWs in southern Vietnam are Kelvin
and ER waves. This assumption is corroborated by
wavenumber—frequency-filtered OLR variances by
Wheeler and Kiladis (1999) and Roundy and Frank
(2004a). These studies, together with Zhang and Dong
(2004) and Fig. 3 also stress the relevance of the MJO for
intraseasonal rainfall variability in southern Vietnam.
Filtering for higher-frequency waves—namely, n = 1
and n = 2 westward inertio-gravity (WIG) waves—was
not feasible because of the use of daily OLR values.
However, Wheeler and Kiladis (1999) have shown that
WIG waves are mostly constrained to regions closer to
the equator, and regional power spectra of Dias and
Kiladis (2014) indicate that WIG waves do not play a
dominant role in the longitude sector centered about
90°E. In addition, influence of MRG and eastward
inertio-gravity (EIG) waves was tested but found to be
weak in southern Vietnam (not shown). This is consis-
tent with recent findings of Kiladis et al. (2016) and Dias
and Kiladis (2016), who showed that convectively cou-
pled MRG and EIG waves occur predominantly in the
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western/central Pacific Ocean. In the following sub-
sections, the impact of each type of the relevant waves
on rainfall in southern Vietnam is discussed. Wave
phases 4-6 (1-2 and 8) are termed wet (dry) phases
throughout all types of waves discussed, because in, for
example, wave-filtered OLR maps, large-scale regions
of enhanced (suppressed) deep convection are discern-
ible in the equatorial belt during these phases. Phases 3
and 7 are termed transitional phases, the former from
dry to wet, the latter from wet to dry.

a. Madden-Julian oscillation

The highest MJO-filtered OLR daily variance (here-
after simply referred to as variance) in the Indian Ocean
and western Pacific regions during May to October oc-
curs over the Indian Ocean (Fig. 3a), where the MJO is
most frequently initiated (e.g., Seo and Kim 2003; Zhang
2005). The extension of high-variance values south and
southwestward of India can be attributed to the seasonal
transition: namely, a northward movement of the MJO
between boreal spring and boreal summer [cf. seasonal
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FIG. 4. Anomalies of APHRODITE rainfall (colors) and ERA-Interim 850-hPa wind (vectors) per phase of the Madden—Julian os-
cillation (P1-P8) during May—October. Stippled areas and green vectors indicate statistically significant anomalies. The numbers in the
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OLR variances in Roundy and Frank (2004a)]. In
Vietnam, the highest variance occurs at the southern tip
of the country and exhibits a strong northward decrease.
However, it is only about half of the MJO variance ob-
served in the peak region in the southern Bay of Bengal.

The MJO exhibits the strongest signals in rainfall and
low-level wind anomalies (Figs. 4, 5, 6a) when compared
with the other waves considered here. Figures 4 and 5
show for each of the eight MJO phases the variation of
APHRODITE and station rainfall anomalies, re-
spectively, which are overlaid with 850-hPa vector wind
anomalies. Figure 6 shows phase-dependent rainfall
anomalies along a south-north station transect. Gener-
ally, there is a good agreement between APHRODITE
and station data when comparing rainfall anomalies
from both datasets for the MJO (cf. Figs. 4, 5), which
points to a regional-scale and coherent influence of the
MJO. Considering all dry phases, statistically significant
APHRODITE anomalies are most widespread in phase
2 over southern Vietnam and adjacent regions (cf.
Figs. 4a, 4b, and 4h). This distinction of phase 2 relative
to the other dry phases can also be observed for station
anomalies (cf. Figs. 5a, 5b, and 5h). There are only four
stations in that phase (located at the coast and mostly
north of approximately 12°N), which show non-
significant rainfall anomalies (Figs. 5b, 6a, Table S2).

During dry phases, station rainfall is suppressed by
about 20%-27% in relation to the long-term mean daily
rainfall (cf. Figs. 5 and S1, Tables S1 and S2). In phase 3,
rainfall anomalies are still predominantly negative
(Figs. 5c, 6a). However, especially for station measure-
ments, anomalies are no longer significant at some lo-
cations in this phase. Phases 1-4 show 850-hPa easterly
wind anomalies (Figs. 5a-d). In these phases, wind
anomalies on the western side of the Annamese Cor-
dillera (Fig. 1), also denominated the Truong Son
Mountains in Vietnam, are generally weaker yet sig-
nificant. The strongest easterly wind anomalies occur in
phase 3 and are most pronounced toward the south
(Fig. 5¢).

In phase 4, rainfall anomalies have turned from neg-
ative to positive south of about 13.5°N (Figs. 4d, 5d), and
in phase 5 the whole region shows significant positive
rainfall anomalies of up to 6mmday ' (Figs. 4e, Se, 6a).
On average, anomalies during wet MJO phases corre-
spond to an increase of approximately 22%-34% in
relation to the long-term mean daily station rainfall (cf.
Figs. 5 and S1, Tables S1 and S2). The northward ex-
tension of rainfall anomalies is in agreement with the
northward propagation of the MJO by interaction with
the Maritime Continent, as demonstrated, for example,
by Zhu et al. (2010). Additionally, the moist monsoon
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layer has already started to deepen in phase 4, as can be
seen from deepening low-level westerlies in the com-
posite vertical profile from Ho Chi Minh City (Fig. 7a).
From phase 4 to 5, 850-hPa anomalous winds in southern
Vietnam turn from significantly easterly to westerly and
stay westerly in phases 6-8 (Figs. Se-h). As expected,
vectors of moisture flux between the surface and 500 hPa
show a similar turn (Fig. S2). However, significant con-
vergence of moisture fluxes in this layer, which contains
nearly 90% of the columnar moisture, already starts in
phase 3 during weakening easterly anomalies. The
highest positive rainfall anomalies occur in phase 6 es-
pecially on the windward side of the Annamese Cor-
dillera from about 13°N northward and also reach up to
about 6mmday ' (Figs. 4f, 5f). A similar but slightly
weaker effect is also discernible in phases 5, 7, and 8.
Thus, low-level westerly wind anomalies associated with
the MJO seem to enhance orographic rainfall on the
windward side of the Annamese Cordillera, whereas
easterly anomalies do not show orographically en-
hanced rainfall on its eastern side. This finding is related
to the fact that the total flow across the mountains re-
mains westerly in all phases. While rainfall anomalies
are predominantly negative in phase 3, anomalies are
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mostly positive in transition phase 7, although anomalies
are not all statistically significant (Figs. 4g, 5g, 6a). As a
consequence, moisture flux convergence anomalies
seem to lead rainfall anomalies by about one phase be-
cause southern Vietnam is already dominated by sig-
nificant moisture flux divergence anomalies in phase 7
(Fig. S2). Overall, the frequency of occurrence of dif-
ferent phases, as indicated in the inset boxes in the
bottom-right corners of the panels in Fig. 4, does not
strongly vary. This invariance is also observed for Kelvin
and ER waves (Figs. 9, 11).

The mean vertical profiles of horizontal winds in Ho
Chi Minh City per MJO phase reveal that not only low-
level winds are modulated by different phases, but also
their vertical profiles (Fig. 7a). After phase 3, when the
minimum vertical extent of westerly winds is reached
with predominantly westerly winds between the surface
and approximately 850 hPa, the depth of the monsoonal
westerlies strongly increases. In phase 6, the maximum
depth is reached when westerly winds prevail between
the surface and about 500 hPa and have also strength-
ened throughout this layer with peak velocities of
10ms~! in the 900-800-hPa layer. This deep moist
monsoon flow favors outbreaks of convection but also
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provides strong lower-tropospheric wind shear, pro-
viding favorable conditions for the organization of
convection on different horizontal scales (e.g., Anber
et al. 2014 and references therein). In phases 5-8, zonal
winds are anomalously westerly between the surface and

about 400 hPa and anomalously easterly in upper levels,
whereas these patterns of wind anomalies are reversed
in phases 1-4. In other words, the wettest MJO phases
are preceded by easterly wind anomalies between the
surface and about 400 hPa, while the driest phases are
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preceded by westerly wind anomalies. Note that the
atmosphere is exceptionally dry in the 900-100-hPa
layer in phase 7. The pattern of low-level easterly
(westerly) and upper-level westerly (easterly) wind
anomalies before the wet (dry) phases is similar to the
profiles of zonal wind anomalies at Diego Garcia in the
central equatorial Indian Ocean, as shown by Kiladis
et al. (2005). These results are also consistent with the
classical scheme of the MJO circulation, as depicted in
Fig. 16 of Madden and Julian (1972).

Dry and wet phases of the MJO also exhibit a dis-
cernible influence on the occurrence of intensity in-
tervals of daily station rainfall (Fig. 8). During wet
phases of the MJO, the frequency of days with less than
1 mm rainfall is reduced by about 28%. On the contrary,
the number of days with at least 1-mm rainfall is in-
creased during wet phases by about 25%, peaking at an
increase of more than 50% in the number of days with at
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least 25-mm rainfall. Rainfall anomalies per wave phase
averaged over all stations corroborate that phases 8 and
1-3 are dry phases, whereas phases 4-7 are wet phases
(Table 1). Moreover, rainfall anomalies in dry and wet
phases are significantly enhanced for higher amplitudes
of the MJO, except in phases 7 and 8 (Table 1).

b. Kelvin waves

In the Maritime Continent region, the highest OLR
variance in the Kelvin wave band is observed close to
the equator (Fig. 3b) and gradually decreases north-
ward toward Vietnam. In the whole latitude belt de-
picted in Fig. 3b, the highest values occur in the central
Pacific and farther northward off the equator. This
northward displacement of Kelvin waves follows the
location of the ITCZ and is consistent with the findings
in previous studies (e.g., Roundy and Frank 2004a;
Kiladis et al. 2009).
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FIG. 8. Influence of wave phases on the frequency of rainfall (RR) intensities (mm day'). Differ-
ences in the number of values in the wet phases 4, 5, and 6 are relative to the number of values in the dry
phases 8, 1, and 2 for the Madden-Julian oscillation, Kelvin waves, and equatorial Rossby waves during

May-October.

As for the MJO, there is generally a good agreement
between APHRODITE and station rainfall anoma-
lies, except for phase 6 of the Kelvin wave, when sta-
tion anomalies are mostly positive but frequently not
significant (Figs. 9f, 10f, 6b, Table S3). In phase 6,
significant station anomalies occur south or east of the
Annamese Cordillera. However, in general there
seems to be no clear influence of the orography on
rainfall anomalies for Kelvin waves. In phases 4 and 5,
statistically significant positive rainfall anomalies oc-
cur mainly southward of 12°N, peaking at 4 mm day !
in phase 5 (Figs. 9e, 10e). Over large parts of southern
Vietnam, phase 1 is the driest phase, with deviations of
up to —3mmday ! relative to the long-term mean.
Station rainfall is enhanced by about 21%-26% dur-
ing wet phases and suppressed by about 19%-23%
during dry phases in relation to the long-term mean
daily rainfall at stations south of 12°N (cf. Figs. 10, S1,

Tables S1 and S3). The influence of Kelvin wave ac-
tivity on 850-hPa winds is not as pronounced as for the
MIJO, most likely because its influence on the hori-
zontal wind field is more concentrated closer to the
equator. This is evident from significant positive
(negative) tropospheric moisture flux convergence
anomalies in phases 3 and 4 (phases 1, 7, and 8) that
again seem to lead rainfall anomalies by about one
phase in southern Vietnam and the adjacent SCS
(Fig. S3). Nonetheless, statistically significant easterly
wind anomalies occur in phases 1 and 4 (Figs. 9a,d). In
contrast to the MJO, Kelvin waves do not exhibit
such a pronounced modification of the composite
vertical profiles of wind and specific humidity in Ho
Chi Minh City, except in phases 7 and 8, when a con-
siderable drying of the lower troposphere is observed
(Fig. S5). The transitional phases 3 and 7 cannot be
considered as entirely dry or wet phases, because

TABLE 1. Influence of wave amplitudes (AMP) on rainfall anomalies during May-October. Anomalies (mm day ') are shown, and
numbers in brackets indicate the number of days in the wave phase and amplitude interval. Bold numbers indicate statistically significant
values. Rainfall anomalies for amplitudes greater than 2 are marked with an asterisk, if the anomalies are significantly different from
anomalies for 1 < AMP = 2. Results are shown for the Madden—Julian oscillation, Kelvin waves, and equatorial Rossby waves.

Wave phase
1 2 3 4 5 6 7 8
MJO AMP>1 —1.8(700) —22(664) —1.0(660) 1.1(649) 2.8(643) 2.4(624) 0.6 (650)  —1.0 (656)
1<AMP=2 -0.8(371) -14(317) —0.7(286) 0.6(252) 1.9(282) 1.2(263) 0.7 (260)  —1.3(287)
AMP >2 —2.8%(329) —2.8%(347) —1.2*%(374) 1.4*(397) 3.4*(361) 3.2*(361) 0.5(390) —0.8 (369)
Kelvin AMP >1 -1.0 (451) —0.7(411) —0.1(334) 0.7(423) 1.2(463) 1.0(395) —0.1(383) —0.6 (377)
1<AMP=2 -12(388) —0.8(349) —0.1(286) 0.8(363) 11(380) 1.0(333) 0.1(324) —0.4(318)
AMP >2 —0.1(63) —0.4 (62) 0.2 (48) 0.2 (60) 1.5 (83) 1.1 (62) —0.8%(59) —1.5%(59)
ER AMP > 1 —1.4 (612) —0.7 (571) 0.2 (588) 1.5(548) 1.9(573) 0.9(582) —0.0(566) —0.7 (584)
1<AMP=2 -15(362) -—0.8(313) —0.7(327) 09(303) 05(319) 03(327) —04(313) —0.8(340)
AMP >2 —-1.2(250)  —0.4 (258) 1.3% (261) 2.2% (245) 3.7*% (254) 1.7* (255) 0.4%(253) —0.5(244)
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FIG. 9. As in Fig. 4, but for Kelvin waves.

anomalies are incoherently positive or negative, and
only few anomalies are significant (Figs. 9c,g, 10c,g,
6b). The dependency between wave phase and daily
rainfall intensity is also less pronounced for Kelvin
waves than for the MJO (Fig. 8). However, the fre-
quency of days with less than 1-mm rainfall is reduced
by 10% and for days with at least 1 mm during wet
phases frequency increased by about 20% when
compared with the number of days in the respective
intervals during dry phases. Area-averaged station
rainfall anomalies do not show a pronounced re-
lationship between amplitude and anomaly (Table 1).

c¢. Equatorial Rossby waves

In accordance with the theoretical horizontal
structures of ER waves (e.g., Kiladis et al. 2009), local
variance maxima of ER wave-filtered OLR occur
northward and southward of the equator (Fig. 3c).
During the rainy season, the OLR variance in the
southern half of Vietnam is about 50%-75% of the
maximum variance that peaks north of the Philippine
Luzon Island. The variance maximum in the Southern
Hemisphere is weaker than that in the Northern
Hemisphere.

During phases 5 and 6, positive rainfall anomalies
are higher on the western side of the Annamese
Cordillera (Figs. 1le,f, 12e,f) because of an en-
hancement of convection in this region. Overall,
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phases 4 and 5 are the wettest phases, with significant
rainfall anomalies of up to about Smmday '
(Figs. 6c, 11d,e, 12d,e). In agreement with the highest
OLR variance in the north of the region, rainfall
anomalies are highest in the north and decrease
southward. This behavior is most pronounced during
phase 5. Compared with Kelvin wave anomalies, ER
waves show a larger-scale and more coherent influ-
ence (cf. Figs. 9, 10 with Figs. 11, 12). In the north of
the region (north of 12°N), where rainfall anomalies
are highest, station rainfall is enhanced by about
24%-36% during wet phases and suppressed by about
17%-27% during dry phases in relation to the long-
term mean (cf. Figs. 12, S1, Tables S1 and S4). On the
contrary, when averaged over stations south of 12°N,
rainfall is enhanced only by about 21%-24% during
wet phases and reduced by about 17%-19% during
dry phases. The transitional phases 3 and 7 do not
show a predominant or significant deviation from the
long-term mean (Fig. 6¢, Table S4). Westerly winds
are significantly enhanced during phases 4 and 5, and
anomalies are easterly during phases 8 and 1; during
the other phases, the wind is not influenced sub-
stantially (Figs. 11, 12). Again, moisture flux conver-
gence seems to precede rainfall anomalies by one
phase (Fig. S4). As for the MJO, westerly wind
anomalies seem to enhance orographic rainfall on the
westward side of the Annamese Cordillera. Because of
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the strongest influence of ER waves in the north of the
area, ER wave influence is more easily discernible in
radiosonde data from Da Nang than from Ho Chi Minh
City (cf. Figs. 7b, S6). In contrast to the MJO, which
modulates the vertical wind and humidity profiles, the
influence of ER waves is more pronounced for com-
posite humidity profiles: the depth of high, lower-level
humidity is clearly increased during wet phases of ER
waves (Fig. 7b). The relation between wave phase and
rainfall intensity is even weaker than for Kelvin waves,
but the influence of wave amplitudes on area-averaged
station rainfall anomalies is more pronounced when
compared with Kelvin wave composites (Fig. 8 and
Table 1), possibly because of the more coherent rainfall
anomalies for ER wave phases (cf. Figs. 10, 12). Pri-
marily for the wet phases, rainfall anomalies are higher
for higher-amplitude ER waves (Table 1).

d. Combined effects of multiple large-scale equatorial
waves

In this section, the modulating influence of the con-
current occurrence of different waves is determined.
Previously, Roundy (2008) and Roundy and Frank
(2004b,c) found interactions between the MJO and
Kelvin waves and between the MJO and ER waves,
respectively. Here, we test the idea that the concurrence
of the MJO and CCEWs can be represented by linear

superposition of the signals of each, although we do not
necessarily expect that to be the case, as for the example
of Kelvin waves within the MJO (e.g., Roundy 2008).
The influence of the concurrent occurrence of differ-
ent MJO phases during certain Kelvin and ER wave
phases on daily station rainfall is evaluated here,
introducing a new type of wave interference diagram
that is schematically illustrated in Fig. 13. The diagram
consists of two levels of phase diagrams: one outer phase
diagram for wave 1 (W1; Fig. 13a; P1w—P8yw;) that re-
fers to the phases of Kelvin or ER waves in this study
and, for each phase of W1, one inset phase diagram for
wave 2 (W2). The inset phase diagram exhibits rainfall
modulation during the simultaneous occurrence of all
eight MJO phases (P1w,—P8w-) during the fixed given
phase of W1. Note that any other combination of MJO
and CCEWs can be used for W1 and W2. Figure 13b is
an example for such an inset phase diagram for phase 1
of W1. The coloring of the phase segments of the outer
and inset phase diagrams in Figs. 13a and 13b suggests
the expected dry (reddish colors, right segments) and
wet (bluish colors, left segments) anomalies during these
phases. Yellow-colored segments indicate the transi-
tional phases. The outer and inset phase diagrams start
with phase 1 in the middle-right position and proceed
clockwise from phase 2 to 8, as indicated by the circle in
Figs. 13a and 13b. The three major components of this
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FIG. 11. As in Fig. 4, but for equatorial Rossby waves.

new diagram, denoted as A, B, and Cin Fig. 13b, provide
more detailed information. Component A includes in-
formation about the name of wave 1, about the wave’s
current phase (Pw;), and about the area-averaged
rainfall anomaly for phase Pyw;. The color of the seg-
ment in component B indicates the rainfall anomaly of
concurrent phases Py; and Py,. The first number in the
inset white box indicates how the anomaly of Py is
modulated, if Pyw; and Pw; occur concurrently, and the
percentage indicates the frequency of this concurrent
occurrence. Since only waves with amplitudes greater
than one are considered (cf. section 2), component C
indicates the percentage of days during phase Py, when
the amplitude of W2 is lower than or equals one. In this
example, component B depicts the segment for Plw,
during Ply;.

Figure 14 shows the phase interference diagram for
Kelvin waves and the MJO. Overall, MJO phases 5 and 6
that are in the top-left corner of the inset W2 phase di-
agram show the largest influence in all Kelvin wave
phases (Fig. 14). Even in the dry Kelvin wave phases 8, 1,
and 2 (right panels of the outer W1 phase diagram), the
concurrent occurrence of the wet MJO phases 5 and 6
results in significant wet rainfall anomalies (i.e., the
MJO overrides the dry signal of the Kelvin waves when
it is in its wet phases). The aforementioned anomalies
are also significantly different from rainfall anomalies in
these Kelvin wave phases when no specific MJO phase is
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required. The strongest influence of the MJO is ob-
served during the transitional Kelvin wave phase 3 when
the MJO is concurrently in phase 5: the area-averaged
rainfall anomaly is increased by 5.6mmday ! in this
combination of wave phases. Rainfall anomalies during
dry Kelvin waves are also amplified by concurrent dry
MJO phases. Dry MJO phases also show an influence
during the wet Kelvin wave phases 4, 5, and 6. However,
rainfall anomalies are mostly not modified significantly
on these days. The strongest drying influence of the
MJO with about —2.6mmday ' occurs for the combi-
nation of Kelvin wave phases 1 and 2 with MJO phases 2
and 1, respectively.

Results for the combination of ER wave phases and
MJO phases (Fig. 15) show similar results as for the
combination of Kelvin waves and the MJO (Fig. 14).
Wet MJO phases also have a significant influence on all
ER wave phases, as can be seen by the blue, stippled
segment on the left side of all outer W1 phase diagram
positions. However, the amplification of positive rainfall
anomalies is more pronounced, and the percentage of
wet MJO phases during wet ER wave phases is generally
higher: namely, 9.9%-13.6% for ER waves versus
10.2%-10.8% for Kelvin waves in phase 5. Additionally,
the frequency of occurrence of ER waves is for all
phases higher than for Kelvin waves (8.8%-10% vs
5.2%-7.2%; cf. Figs. 9 and 11). The strongest modula-
tion of rainfall anomalies occurs for the concurrent
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FIG. 12. As in Fig. 5, but for equatorial Rossby waves.

occurrence of ER wave phase 5 and MJO phase 4
(+ 41mmday '), when area-averaged rainfall anoma-
lies also reach their maximum with more than 6 mm day ..
A possible explanation is that ER waves affect a larger
area of southern Vietnam compared to Kelvin waves (cf.
Figs. 9 and 11). Moreover, the propagation speeds of ER
waves are slower than for Kelvin waves, which might
play an additional role. Overall, the influence of the
MIJO seems to be slightly stronger on ER waves than on
Kelvin waves. The wave interference diagrams shown in
Figs. 14 and 15 have been replotted in the supplemental
material by simply adding or subtracting the MJO
anomalies to each of the phases of Kelvin and ER waves
(Figs. S7 and S8). In this “‘linear response’ case, the
MJO modulates rainfall anomalies almost irrespectively
of the specific phases of Kelvin and ER waves because of
the dominance of the MJO response amplitudes. In re-
ality, the MJO is made up in part of CCEWs, so it likely
modulates, and is modulated by, its nonlinear interac-
tion with those modes.

4. Summary and discussion

The modulating influence of the MJO and CCEWs on
daily rainfall during the rainy season from May to Oc-
tober in southern Vietnam was investigated using an ex-
tensive station database and the gridded APHRODITE

product. Based on filtered variance of OLR in the
wavenumber—frequency domains of several large-scale
equatorial waves, the MJO and convectively coupled
Kelvin and ER waves were selected for an in-depth
investigation. For all waves, different phases from dry
to wet were determined regionally using normalized,
wave-filtered OLR and the normalized temporal
change of wave-filtered values.

The MJO exhibits the largest influence on daily rain-
fall both in terms of magnitude and spatial extension.
Statistically significant deviations from the mean were
found for large regions in southern Vietnam during all
MIJO phases. ER waves also affect the whole region,
with stronger amplitudes in the northern part. On the
contrary, for Kelvin waves, the largest modulation of
rainfall is confined to regions south of 12°N. Overall, the
long-term mean daily station rainfall is enhanced by
about 20%-36% during wet phases of the equatorial
waves and suppressed by about 17%-27% during dry
phases. For all waves, no indication of an asymmetric
response of rainfall to dry and wet phases could be de-
tected. An asymmetric response only arises when con-
sidering the amplitudes of the waves, as ER waves
show a stronger anomaly of area-averaged rainfall for
the wet phases for higher amplitudes. For the MJO, the
amplitude-related response remains symmetric, whereas
any amplitude impact is weak for Kelvin waves,
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rectangle.

possibly because their influence is limited to the south-
ernmost part of Vietnam. The frequency of rainfall in-
tensities depends on the phases of all equatorial waves
considered here. The frequency of days without sub-
stantial rainfall is reduced, and that of days with higher-
intensity rainfall is increased during wet phases when
compared with the number of days during the respective
intensity intervals during dry phases. Again, the stron-
gest signal relates to the wet phases of the MJO; that is,
the probability of extreme rainfall that is potentially
leading to flooding is increased all over southern Viet-
nam. A similar result has been documented previously
by Wheeler and Hendon (2004) for Australia.

For the MJO, 850-hPa winds are anomalously west-
erly during most wet phases and anomalously easterly
during most dry phases of the MJO. These anomalies are
relative to the basic westerly flow. Thus, stronger west-
erlies associated with the MJO, and albeit weaker, with
ER waves seem to further enhance orographic rainfall
on the windward (westward) side of the Annamese
Cordillera, whereas easterly anomalies do not show
orographically enhanced rainfall at its eastern side.
Based on radiosondes from Ho Chi Minh City, it was
found that the MJO also enhances the depth of the moist
westerly monsoon flow and increases deep vertical wind
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shear during wet phases, leading to favorable conditions
for the organization of convection. In radiosondes from
Da Nang, ER wave influence was rather constrained to
follow lower-tropospheric humidity, showing a deeper
moist layer during wet phases when compared with dry
phases. Changes in wind and humidity profiles for Kel-
vin waves were less clear, likely as a result of this signal
being more confined to equatorial latitudes.

The strong, symmetric, and amplitude-related impact
of rainfall in the MJO case opens new avenues for
medium-range weather forecasting for the Indochina
Peninsula. Zhang and van den Dool (2012) and Saha
et al. (2014) have shown that skillful forecasts of the
MJO in the Climate Forecast System (CFS), version 2,
were improved from 6 to 17 days relative to version 1 of
CFS. Recently, Goswami et al. (2015) have shown an
improved representation of CCEWs in super-
parameterized CFS, version 2, runs. Since Straub et al.
(2006) and Tong et al. (2009) demonstrated that the
MJO influences the monsoon onset, this also bears on
the potential of two-week forecasts of the SCS summer
monsoon onset. Forecasting guidance may be aided by
the fact that tropospheric moisture convergence (di-
vergence) leads positive (negative) rainfall anomalies by
one phase that can last up to one week for MJO.
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and Madden—Julian oscillation phases during May—October. Stippled areas and boldfaced numbers with asterisks indicate statistically

significant values. See Fig. 13 and section 3d for details.

Moreover, errors of medium-range ensemble pre-
cipitation forecasts may depend on the MJO amplitude
and phase that may allow for a regime-dependent
postprocessing of ensemble forecasts. Additionally,
these regimes could be used for the evaluation of epi-
sodes of potential drought or flooding. With a concom-
itant further improvement of medium-range CCEW
forecasting, drought or flood forecasting for southern
Vietnam between May and October might even improve
further: this study found that the enhancement and

suppression of convection is significantly amplified if the
MJO wet/dry phases occur simultaneously with the
corresponding phases of Kelvin or ER waves. In this
context, the finding of the impact of the ER (Kelvin)
waves, being more coherent in central (southern) Viet-
nam, is relevant.

The present study yields new insights regarding the
use of a rain gauge-based gridded rainfall product ver-
sus using a relatively dense, but irregularly distributed
rain gauge network. In general, a rather good agreement
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FIG. 15. As in Fig. 14, but for W1 being the equatorial Rossby wave instead of the Kelvin wave.

was found between station and APHRODITE anoma-
lies for waves with a coherent influence on rainfall
in southern Vietnam, namely, for the MJO and for
ER waves. However, in phases for which the signifi-
cant rainfall anomalies start to weaken or strengthen,
APHRODITE tends to smear out significant areas over
regions where several stations do not pass the signifi-
cance test. This pertains to the Kelvin waves in all phases
except 1 (driest) and 5 (wettest), which influence a smaller
area mainly in the southern part of the study region.
There are two potential causes for differences between
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APHRODITE and the station database: on the one
hand, NHMS stations used in this study might not have
been included in the production of the APHRODITE
dataset; on the other hand, regional differences between
neighboring stations that fall into one APHRODITE
0.25° grid might have been smoothed by APHRODITE
production algorithms (cf. supplemental material).
Thus, for local predictions, the use of raw rain gauge
data in assessing the wave influence and to postprocess
ensemble rainfall predictions seems to be a better choice
over the gridded product. This also pertains to
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applications in agronomy and hydrology, where the use
of absolute rainfall thresholds is common.

In terms of weather prediction, the present study
leaves open the question as to what types of moist
convection lead to positive rainfall anomalies during the
wet phases of the waves. All waves cause a moistening of
the troposphere, but only the MJO changes the depth of
the monsoon layer and the vertical profile of winds.
Thus, only the latter suggests improved environmental
conditions for self-organization of convection into
MCSs. Another possibility is that disturbances in the
monsoon flow are more frequently accompanied by
convection because of the very unstable and moist lower
troposphere during the wet phases. Investigating the
modulation of types of convection would be an obvious
next step.

In terms of climate projections, the latest IPCC As-
sessment Report states that future changes in MJO
activity are uncertain (Christensen et al. 2013). How-
ever, Schubert et al. (2013) documented an increase of
MJO variance as a response to a warming climate.
According to our study, this would suggest a stronger
modulation of monsoon rainfall over the Indochina
Peninsula. But even in case of unchanged variance, a
future moister atmosphere could enhance wave-related
rainfall, including extreme rainfall events. Represen-
tation of the MJO and CCEWs in global models has
improved recently, opening a new avenue for research
on regional climate projection in tropical regions.
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Data and Methods

Table S1 provides a list with the geographical information of all National Hydro-
Meteorological Service (NHMS) stations used in the analysis (cf. Figure 1). The table
provides information on station IDs, geographical coordinates, altitudes and mean daily
rainfall during May—October 1979-2007 (cf. Figure S1). The numerical values of daily
rainfall anomalies per station and wave phase for the MJO, and for Kelvin and Equatorial
Rossby (ER) waves are listed in Tables S2, S3, and S4, respectively. These anomaly values
were converted into a color code in Figure 6, with the same north-south arrangement of
stations. Thus Tables S2—S4 is the “numerical” representation of Figure 6, except that only
significant numbers are given. In addition, Tables S1-S4 allow to calculate per station and
wave phases, how significant rainfall anomalies deviate by ratio. Figure S1 serves a double
purpose: it allows for a comparison of APHRODITE Monsoon Asia V1101 and station
climatologies and an assessment of daily rainfall modulation by ratio when compared to
Figures 4,9, and 11. In terms of the former purpose, Figure S1 clearly shows that while the
general climatological rainfall patterns are well reproduced by APHRODITE, some stations
show a considerable difference to the gridded climatology.

For the period May—October 1979-2012, surface to 500-hPa vertically integrated
moisture fluxes were calculated from ERA-Interim data. Only the 1200 UTC time steps from
ERA-Interim have been employed. The moisture fluxes and their divergence were then used
to calculate composite anomalies per phase of the MJO, and Kelvin, and ER waves. The
significance of divergence anomalies was tested with the distribution-independent bootstrap
method with 10,000 samples. Anomalies significant at the 5% significance level are
highlighted.

The vertical profiles shown in Figures S5 and S6, calculated from 0000 UTC

radiosonde ascents in Ho-Chi-Minh City, complement Figure 7a for Kelvin and ER waves.
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Figures S7 and S8 are similar to Figures 14 and 15, except that the color-filling of
the inset phase diagrams shows the sum of the rainfall anomalies of Pw; and the rainfall
anomalies of Pw» (cf. section 3d). This can be interpreted as potential linear superposition of
the MJO (W2) and CCEWs (Kelvin and ER waves; W1). Contrarily to Figures 14 and 15,
numbers in the white inset boxes of the inset phase diagrams show the differences between
the linear sum of rainfall anomalies of Pwi+Pw> and the rainfall anomalies of Pwi. Moreover,
the percentage in the inset boxes indicates the frequency of Pw» relative to Pw, i.e., for

example that a frequency above 100% indicates that Py, occurs more frequently than Pv;.
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Tables

Table S1. List of NHMS stations used in the analysis (cf. Figure 1). The last column shows

mean daily rainfall in the period May—October 1979-2007. Five-digit station IDs are SYNOP

stations and three-digit IDs are regional station IDs.

Mean daily
Latitude Longitude rainfall [mm
Number Station ID  Station Name [°N] [°E] Height [m] day'l]

1 186 Tam Ky 15.56 108.46 5.0 7.9

2 187 Tra My 15.33 108.25 123.0 12.2

3 48863 Quang Ngai 15.13 108.78 8.0 7.5

4 188 Ba To 14.77 108.73 51.0 9.8

5 205 Dac To 14.65 107.83 620.0 9.1

6 191 Hoai Nhon 14.52 109.03 6.0 6.6

7 206 Kon Tum 14.33 108.00 536.0 8.9

8 48866 Pleiku 13.98 108.00 779.0 11.1

9 207 An Khe 13.95 108.65 422.0 5.5
10 48870 Quy Nhon 13.77 109.22 5.0 5.9
11 208 Ayun Pa 13.83 108.45 159.0 5.7
12 48873 Tuy Hoa 13.08 109.28 12.0 6.2
13 212 Buon Ho 12.92 108.27 707.0 7.1
14 218 MDrac 12.73 108.77 419.0 6.4
15 48875 Banmethuot 12.67 108.05 470.0 9.0
16 48877 Nha Trang 12.21 109.20 5.0 4.0
17 213 Dac Nong 12.00 107.68 631.0 11.8
18 220 Da Lat 11.95 108.45 1509.0 7.9
19 196 Cam Ranh 11.91 109.15 16.0 3.8
20 48883 Phuoc Long 11.83 106.98 198.0 12.8
21 221 Lien Khuong 11.75 108.38 957.0 7.0
22 201 Phan Rang 11.58 108.98 6.0 2.7
23 219 Bao Loc 11.53 107.82 841.0 12.2
24 48895 Dong Phu 11.53 106.90 88.6 11.6
25 48898 Tay Ninh 11.30 106.10 10.0 8.7
26 224  Tri An 11.08 107.06 65.0 9.3
27 Cu Chi 10.97 106.48 7.8
28 Thong Nhat 10.95 107.00 8.9
29 48887 Phan Thiet 10.93 108.10 9.0 5.5
30 48896 Bien Hoa 10.92 106.82 13.4 8.6
31 48900 Tan Son Hoa 10.81 106.67 5.0 8.9
32 235 Moc Hoa 10.78 105.93 3.0 7.1
33 Cam My 10.76 107.25 7.9
34 Cat Lai 10.75 106.78 8.7
35 Long Thanh 10.75 106.93 41.0 9.2
36 48909 Chau Doc 10.70 105.13 5.0 5.5
37 202 Ham Tan 10.68 107.76 15.0 8.0
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38 Binh Chanh 10.67 106.57 7.2

40 204 Phu Quy 10.52 108.93 5.0 5.1

42 48903 Vung Tau 10.37 107.08 4.0 7.5

44 48917 Phu Quoc 10.22 103.97 2.0 12.6

46 244 Can Tho 10.03 105.77 3.0 7.5

48 242 Cang Long 9.98 106.20 2.0 7.5

50 249 Bac Lieu 9.28 105.71 2.0 9.0

52 48918 Con Dao 8.68 106.60 9.0 9.5

Table S2. Significant station rainfall anomalies per wave phase during May—October for the

MJO. A list of stations along with the mean daily rainfall per station is provided in Table S1.

Wave Phase
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37 -2.2 -2.5 -1.6 24 2.9 2.7

Table S3. Same as Table S2, but for Kelvin waves.
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Table S4. Same as Table S2, but for ER waves.
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Figure S1. Mean daily APHRODITE rainfall (contours) and station rainfall (circles) for

May—October 1979-2007.
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Figure S2. Anomalies of surface to 500-hPa vertically integrated moisture flux (vectors), and
anomalies of vertically integrated moisture flux divergence (colors) per phase of the Madden-

Julian Oscillation (P1-P8) during May—October. Stippled areas indicate statistically

significant moisture flux divergence anomalies.
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Figure S6. Same as Figure S5 but for Equatorial Rossby waves.
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Kelvin wave and Madden-Julian Oscillation phases during May—October. See text above for

details.
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ABSTRACT

The Central Highlands are Vietnam’s main coffee growing region. Unusual wet spells during the early dry
season in November and December negatively affect two growing cycles in terms of yield and quality. The
meteorological causes of wet spells in this region have not been thoroughly studied to date. Using daily rain
gauge measurements at nine stations for the period 1981-2007 in the Central Highlands, four dynamically
different early dry-season rainfall cases were investigated in depth: 1) the tail end of a cold front, 2) a tropical
depression—-type disturbance, 3) multiple tropical wave interactions, and 4) a cold surge with the
Borneo vortex.

Cases 1 and 4 are mainly extratropically forced. In case 1, moisture advection ahead of a dissipating cold
front over the South China Sea led to high equivalent potential temperature in the southern highland where
this air mass stalled and facilitated recurrent outbreaks of afternoon convection. In this case, the low-level
northeasterly flow over the South China Sea was diverted around the southern highlands by relatively stable
low layers. On the contrary, low-level flow was more orthogonal to the mountain barrier and high Froude
numbers and concomitant low stability facilitated the westward extension of the rainfall zone across the
mountain barrier in the other cases. In case 3, an eastward-traveling equatorial Kelvin wave might have been a
factor in this westward extension, too. The results show a variety of interactions of large-scale wave forcings,
synoptic-convective dynamics, and orographic effects on spatiotemporal details of the rainfall patterns.

1509

1. Introduction

In about the last 20 yr, Vietnam grew to one of the
leading producers and exporters of coffee in the world.
In 2013, Vietnam’s contribution to the worldwide
Robusta (coffea canephora) production was about
40% with an export share of about 23% (U.S.
Department of Agriculture Foreign Agricultural Service
2014), accounting for about 2% of Vietnamese export
revenues (General Statistics Office of Vietnam 2016).
The main coffee growing region of Vietnam are the
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Central Highlands, spanning from about 11° to 15.5°N
and 107° to 109°E and being the southwestern part of
the Southeast Asian Annamese Cordillera' (Fig. 1).
The Central Highlands are aligned parallel to the coast,
are subdivided into a northern and southern part ex-
ceeding 2000 m in elevation with the Dak Lak Plateau
in between (Fig. 1). The dry season in the highlands
commences in November, as can be seen in Fig. 1 of
Nguyen et al. (2014). Their climate region S2 corre-
sponds to the highland region considered here. No-
vember also heralds the start of the coffee bean
harvest. In the November-December period, a return
of substantial rainfall negatively impacts the yields in

! Truong Son (in Vietnamese).
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FIG. 1. Topographic map of the study area. Map of Vietnam and adjacent countries and zoom in on the Central
Highlands region. Numbers in the zoomed map correspond with the locations of stations that are used for the analysis
of rainfall events (Figs. 2, 6, 9, and 12). The stations are listed in Table 1. The dashed lines separate the regions of

Vietnam.

two ways: first, the rains lead to flowering of the buds,
while the ripening coffee beans of the precedent
growing cycle are still on the bush (Alvim 1960;
Crisosto et al. 1992). To avoid damage to the flowers,
the beans are harvested prior to the optimum time.
Second, the subsequent harvest is impacted since the
buds are actually in need of a resting period during the
dry season. Besides impacts on the cultivation of coffee
and other agricultural products, heavy rainfall bears a
risk of flooding and landslides.

The large socioeconomic impacts of wet spells over
the Central Highlands in the early dry season lead us to
thoroughly analyze the synoptic-dynamic causes of such
events. While no such study covering the Vietnamese
Central Highlands for this season is known to the au-
thors, several studies (Yokoi and Matsumoto 2008;
Wu et al. 2011, 2012; Chen et al. 2012a, 2012b, 2015a,
2015b) investigated the causes of extreme rainfall events
along Vietnam’s central and northern coast [i.e., climate

60

regions S1 and N4 in Nguyen et al. (2014)]. Contrary
to the Vietnamese Central Highlands where an ex-
tended rainy season occurs between May and
October, the peak of the rainy season in these regions
is October-November and daily rainfall totals ex-
ceeding several 100mm are not uncommon (Yokoi
and Matsumoto 2008).

A well-known cause of rainfall in the South China Sea
(SCS)? area are northeasterly cold surges during the
November—April winter monsoon season. They are
mainly controlled by planetary-scale dynamics of the
Northern Hemispheric midlatitudes, that then penetrate
the tropics, lead to a surge in low-level northeasterlies
over the SCS, and enhance convection over the Mari-
time Continent including the near-equatorial SCS.

% In Vietnamese notation, the SCS is frequently referred to as the
Vietnam East Sea (e.g., Phan et al. 2015).
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However, tropical influences on cold surges have been
shown in the literature, too; Jeong et al. (2005) and
Chang et al. (2005) found an interaction between
cold surges and the Madden—Julian oscillation (MJO;
Madden and Julian 1972), and Zhang et al. (1997) and
Chen et al. (2004) showed that cold surges are also
influenced by El Nifio-Southern Oscillation (ENSO).
This prominent type of tropical-extratropical in-
teraction has been studied in detail, with many studies
emerging after the First Global Atmospheric Research
Program (GARP) Global Experiment (FGGE) in
1978/79 (e.g., Chang et al. 1979; Chang and Lau 1980;
Johnson and Chang 2007, and references therein).
However, the bulk of the studies concentrated on East
Asia, the SCS, the Maritime Continent and the
December-February (DJF) period (e.g., Johnson and
Zimmerman 1986; Wu and Chan 1995; Chang et al.
2005; Ooi et al. 2011; Park et al. 2011; Koseki et al.
2014). During the DJF period, the northerly wind en-
hancement associated with SCS cold surges reaches at
least the equator and is often associated with the for-
mation of the Borneo vortex (Chang et al. 2005).
Juneng and Tangang (2010) found that the Borneo
vortex intensified during the DJF 1962-2007 period
and that the centers of the vortices moved northwest-
ward closer to the southeastern coast of Vietnam.
Ooi et al. (2011) describe a January 2010 case in which the
Borneo vortex moved northwestward and developed
into a tropical depression affecting southern Vietnam.
However, Yokoi and Matsumoto (2008) highlighted dif-
ferences in cold surges occurring in October-November
and January-February. Basically, early season cold
surges tend to stall in the central SCS at about 10°N,
where at this time of the year the ITCZ is located,
whereas winter cold surges reach the equator.

Yokoi and Matsumoto (2008) and Wu et al. (2011)
point to a role of westward-propagating tropical wave
disturbances for heavy rainfall events along the north-
central Vietnamese coast. These low-level distur-
bances are alternatively termed easterly waves or
tropical depression (TD)-type disturbances. They are
known to be involved in tropical cyclogenesis in the
western Pacific (Frank and Roundy 2006). In the clas-
sical wavenumber—frequency diagram based on out-
going longwave radiation (OLR), they correspond to
2-6-day westward-propagating so-called TD-type dis-
turbances (Kiladis et al. 2006), which have wavelengths
of 2500-3500 km (Kiladis et al. 2009). The latter nota-
tion is used in the present study. Wu et al. (2012)
argued that the concurrent occurrence of the con-
vectively active part of the MJO and a TD-type dis-
turbance led to an extreme rainfall event in central
Vietnam in early October 2010. Yokoi and Matsumoto
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TABLE 1. Geographical information of rainfall stations that were
used in the analysis of rainfall events. The numbering corresponds
with the numbers in Fig. 1. The ordering of stations is from north to
south. Five-digit station IDs are SYNOP stations and three-digit
IDs are regional station IDs.

No. Name (station ID) Lat (°N) Lon (°E) Height (m)
1 Hue (48852) 16.433  107.583 17
2 Da Nang (48855) 16.033 1082 6
3 Quang Ngai (48863) 15.133  108.783 8
4 Dac To (205) 14.65 107.83 620
5 Kon Tum (206) 14333 108 536
6  Pleiku (48866) 13.983 108 779
7  An Khe (207) 13.95 108.65 422
8  Quy Nhon (48870) 13.767 109.217 5
9  Ayun Pa (208) 13383  108.45 159

10 Tuy Hoa (48873) 13.083 109.283 12
11  Ban Me Thuot (48875)  12.667  108.05 470
12 Nha Trang (48877) 12.21 109.2 5
13 Dac Nong (213) 12 107.683 631
14  Da Lat (220) 11.95 108.45 1509
15 Bao Loc (219) 11.533  107.817 841

(2008) claim that the TD-type disturbances occurred
as a result of a Rossby wave response to a large-scale
convection anomaly over the Maritime Continent.
However, multiple tropical wave interactions of the
MJO, convectively coupled equatorial waves (CCEWs;
Wheeler and Kiladis 1999), and TD-type disturbances
on rainfall events in the Indochina Peninsula have
hitherto not been studied.

Therefore, the present paper will employ both clas-
sical synoptic-dynamic and tropical large-scale wave
analyses to study the evolution of early dry-season
rainfall events in the Vietnamese Central Highlands.
The study aims at selecting an, in terms of dynamic
forcings, as diverse as possible sample of anomalous
rainfall events in the period 1981-2007. It shall con-
tribute to an improved understanding of the chain of
atmospheric processes that ultimately lead to rainfall in
Vietnam’s most important coffee-growing region. In
section 2, data and methods are described. Section 3
discusses the four selected rainfall events and section 4
provides a summary and discussion of results.

2. Data and methods

Daily rainfall totals from 15 stations operated by the
Vietnamese National Hydrometeorological Service
(NHMS; NHMS 2014, unpublished data) in the Central
Highlands and adjacent coastland were used (Fig. 1 and
Table 1). In addition, the Asian Precipitation-Highly-
Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRODITE)
Monsoon Asia V1101 gridded rainfall product that is
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based on station measurements was utilized in the
0.25° X 0.25° latitude-longitude resolution (Yatagai
et al. 2012). Station data availability before 1981 and the
end year of the APHRODITE product restrict the in-
vestigations period to November-December 1981—
2007. The 24-h period of daily rainfall in station and
APHRODITE data is 1200-1200 UTC (1900-1900 LT).
The calendar date is assigned to the date of the end of the
24-h period. The three-dimensional wind components,
mean sea level pressure (MSLP) and surface pressure,
geopotential, temperature, specific humidity, and poten-
tial vorticity at standard pressure levels were obtained
from the ERA-Interim reanalysis (Dee et al. 2011) at a
horizontal resolution of 0.75° X 0.75° and a temporal
resolution of 6 hours. Additional surface charts including
fronts were provided by the NHMS. The 6-hourly
NCEP-NCAR reanalysis MSLP data (Kalnay et al.
1996) at a 2.5° X 2.5° resolution were used to calculate a
long-term time series of the Siberian high (SibH) in-
tensity after Jeong et al. (2011). The SibH intensity is the
mean DJF MSLP in the region 40°-65°N, 80°~120°E that is
standardized with respect to the mean and standard de-
viation for 1949/50-2013/14. The corresponding intensity
of the Aleutian low was assessed using the North Pacific
(NP) index (Trenberth and Hurrell 1994). The NP index is
the mean monthly sea level pressure averaged over the
region 30°-65°N, 160°E-140°W.

To describe the evolution of deep convection,
3-hourly Gridded Satellite (GridSat)-B1 climate data
record intercalibrated IR brightness temperature data in
the 11-um window channel (Knapp et al. 2011) at a
resolution of 8 X 8km? were employed. Finally, daily
NOAA interpolated OLR (Liebmann and Smith 1996)
in the latitude belt 0°-15°N was used at a 2.5° X 2.5°
resolution to filter for the MJO, Kelvin, and equatorial
Rossby (ER) waves with the wavenumber—frequency
filter after Wheeler and Kiladis (1999). A 2-10-day
Lanczos bandpass filter (Duchon 1979) that was ap-
plied to NOAA OLR data is used to determine activity
of TD-type disturbances (Wu et al. 2011).

The daily rainfall time series of the nine stations
located in the Central Highlands region (Fig. 1) were
searched for dates matching the following criteria:
1) measurements were available for at least three out of
the nine stations and 2) dates were selected if rainfall
amounts greater than or equal to 10mmday ' were
recorded at three or more stations. If only records from
between three and five stations were available, this
criterion was relaxed to two stations with more than
10mmday !. The 10mmday ! threshold has been
taken after informal interviews with coffee farmers in
the Central Highlands by the third author (Phan et al.
2013). For the period 1981-2007, 90 dates matched these
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criteria in November, and 19 for the climatologically
drier month December. Dates with tropical cyclone
activity were excluded using Joint Typhoon Warning
Center Best Track Data (accessed via http://weather.
unisys.com/hurricane/w_pacific/index.php). Cases were
subjectively selected for an in-depth investigation
based on two criteria: (i) one of the known dynamic
features discussed in the introduction was assumed to
be the major forcing of rainfall (i.e., cold fronts, cold
surges, TD-type disturbance, or active MJO and
CCEW phases); and (ii) subjective synoptic analyses of
MSLP, geopotential, wind, streamfunction, velocity
potential, and OLR confirmed the suitability of the
identified cases. This resulted in four cases named tail
end of a cold front (case 1), TD-type disturbance (case
2), multiple tropical wave interactions (case 3), and
cold surge with Borneo vortex (case 4). The reasons for
the naming are described in section 3.

To study the identified cases, some derived quantities
have been calculated from ERA-Interim. These are
the vertically integrated humidity fluxes, surface con-
vective available potential energy (SF-CAPE), the 100-
400-hPa vertically averaged potential vorticity as in
Frohlich and Knippertz (2008), and the Froude number.
The Froude number, defined here for elevation heights
higher than 400 m as the ratio of wind speed at 850 hPa
and the product of Brunt—Viiséld frequency between
925 and 700 hPa and elevation height, is an approxima-
tion if an air parcel will overpass an obstacle or not. In
case of high wind speeds, low stability, and/or small
obstacle the Froude number is large, and the air parcel
will likely overpass the obstacle. On the contrary, in the
case of a weak wind, high stability, and/or a tall obstacle
the Froude number is smaller than 1, and the air parcel
will not easily overpass the obstacle or will even be
forced to pass along the obstacle.

3. Rainfall events

a. Case 1: Tail end of a cold front (9—15 November
1982)

In the period between 9 and 15 November 1982, the
highest precipitation amounts occurred in the southern
parts of the Central Highlands (Fig. 2a). Rainfall
anomalies with respect to the 1981-2007 period were
also positive in the north, but the central part was drier
than normal. Figure 2b shows the time evolution of
rainfall during the event for the entire study region, as
well as for the northern, central, and southern parts.
Two rainfall maxima occurred during this period: the
first on 9 and 10 November, and the second from
12 November onward; 11 November was rather dry
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FIG. 2. Tail end of a cold front with rainfall characteristics for
9-15 Nov 1982. (a) APHRODITE MA V1101 precipitation
sums (colors, mm) and anomalies (contours, mm) and rain
gauge precipitation sums and anomalies (numbers, sums in mm,
and anomalies in percent of the long-term mean sums). The
reference period for anomalies is 1981-2007. (b) Time series of
area-averaged (11.125°-15.125°N, 107.125°-108.625°E) pre-
cipitation (black solid line), long-term (1981-2007) mean area-
averaged (11.125°-15.125°N, 107.125°-108.625°E) precipitation
(black dashed line) and area-averaged precipitation for north-
ern (13.875°-15.125°N, 107.125°-108.625°E; purple line), central
(12.625°-13.625°N, 107.125°-108.625°E; red line), and southern
(11.125°-12.375°N, 107.125°-108.625°E; blue line) parts of the area
(source: APHRODITE MA V1101). The gray line is the mean
daily rainfall averaged over all nine stations located in the
Vietnamese Central Highlands (cf. Fig. 1).

throughout all parts of the Central Highlands (Fig. 2b).
Therefore, this event can be divided in two periods that
will be discussed below.

The first period of this event was clearly influenced
by a subtropical cold front extending deep into the
tropics. The cold front belongs to a low pressure system
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with its center located over the Yellow Sea at 1800 UTC
9 November 1982 (Fig. 3a). At this time, the cold front
was extending equatorward to about 13°N, and the lo-
cation of the cold front was well reflected in MSLP,
wind speed, and horizontal wind shear (Fig. 3a). The
passage of the cold front can also be seen in the ra-
diosoundings at Hoang Sa® (16°50'N; 112°20'E) be-
tween 1200 UTC 9 November and 0000 UTC
10 November and at Da Nang (16°04'N; 108°21'E, see
Fig. 1) between 1200 UTC 9 November and 1200 UTC
10 November (not shown). Schultz et al. (1997) noted
that midlatitude cold fronts frequently lose their
frontal character when they reach into the tropics and
can better be described as shear lines, because there is
no longer a pronounced temperature gradient but
strong winds. Yet, both upper-air stations show a
considerable drop in low-level temperature on top of a
wind shift during the passage of the low-level cold
front. Thus, though cold fronts are rarely analyzed in
surface charts in the southern SCS, it seems justified
in this case.

The 3-hourly surface analyses of the NHMS also
showed the cold front from Indochina to the Yellow Sea
until 2100 UTC 9 November 1982, whereas at 0000 UTC
10 November 1982 the cold front was no longer drawn
(not shown). Figure 3a shows strong 24-h pressure rise
over mainland Asia peaking at 8hPa (24h)~! over
southern China whereas the pressure fall ahead of the
cold front was on the order of 1-2hPa suggesting
frontolysis. The Yellow Sea low was associated with a
longwave trough, which is reflected both in 500-hPa
geopotential height, and vertically averaged potential
vorticity (Fig. 3b). The trough originated from a wave
disturbance over central Russia on 6 November 1982
and moved eastward with the basic flow (not shown).
At 1800 UTC 9 November 1982, it reached the south-
ernmost position and the trough axis extended south-
ward to about 21°N (Fig. 3b). The trough axis was
identified using the zonal 500-hPa geopotential gradi-
ent as described in Knippertz (2004).

As a consequence of the strong surface anticyclo-
genesis over China, the MSLP gradient tightened in the
postfrontal area over the northern SCS (Fig. 4a),
leading to high wind speeds and arguably leading to
large uptakes of moisture by strong air-sea fluxes.
Though much weaker than the geostrophic wind,
Fig. 4a suggests that the ageostrophic isallobaric wind
was the major cause of an equatorward deflection of
surface winds over the SCS. It is suggested here, that

The Chinese name of this station is Xisha Dao (WMO station
1D 59981).
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FIG. 3. Cold front at 1800 UTC 9 Nov 1982. (a) ERA-Interim mean sea level pressure
(colors, hPa), 24-h change of mean sea level pressure (contours, hPa), 10-m wind (vec-
tors, ms™ '), and cold front from NHMS surface analysis. (b) ERA-Interim 500-hPa
geopotential height (contours, gpm), geopotential height trough axis (bold black line),
and 400-100-hPa vertically averaged potential vorticity (colors, s™'). (c) Surface to
300-hPa vertically integrated humidity flux (vectors, kg m ™~ *s~ 1), humidity flux convergence
(colors, mm day ™ "), and GridSat brightness temperatures (stippling, K).
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the convergence of the isallobaric wind was the major
cause of triggering deep convection over the central
SCS (Fig. 4a) after frontal lifting diminished due to
ongoing frontolysis. Our suggestion is corroborated by
the fact that outbreaks of deep convection over the SCS
occurred well ahead of the surface front in the area of
high northeasterly winds and humidity flux conver-
gence (cf. Figs. 3a and 3c¢). In addition, the convergence
of the isallobaric wind was the main contribution to the
convergence of the total wind over the SCS (not
shown). Note, however, that the small values of the
Coriolis parameter render the interpretation of the
ageostrophic winds critical; thus, ageostrophic wind
vectors are only shown for latitudes north of 10.5°N and
interpreted with caution between 10.5° and 12°N. Fur-
thermore, the isallobaric wind in Fig. 4a results from a
temporal change of MSLP whereas the geostrophic
wind is an instantaneous value.

Precipitation amounts were high in the north of the
Central Highlands due to the cold front passage that
was associated with advection of moist air from the SCS
(Fig. 3c) and orographic ascent (Fig. 4b). A rain
shadow effect for the Dak Lak Plateau (cf. Fig. 2a)
seems likely due to the overall small (i.e., lower than 1)
Froude number, indicating high stability in the pres-
ence of high northeasterly winds (Fig. 4c). The south-
ern part in turn was wetter than normal because the
mountains in the south blocked the flow, represented
by low values of the Froude number (Fig. 4c). There-
fore, orographic lifting of the low-level flow that re-
curved from northeasterly to easterly around the
southern part of the mountains (Fig. 4b) is proposed
as one contributing factor that led to high precipitation
amounts in the south. In addition, SF-CAPE was more
than 1000J kg ' from the southern part of the Central
Highlands southward and in the southern portion of
the SCS (Fig. 4b), suggesting potential instability of
the atmosphere in these regions.

Contrary to the first period of this event, small-
scale convection characterized the second period
lasting from 12 to 15 November 1982 (Fig. 5). The
occurrence of small-scale convection, which was
rather constrained to the south (Fig. 2b), was favored
by the transport of moisture into the south by the
cold front (Fig. 3c). This transport resulted in high
equivalent potential temperatures and SF-CAPE
especially in the south (Fig. 5a), which indicates
instability of the atmosphere in this region. Because
of weak winds, the moist and instable situation per-
sisted between 12 and 15 November and orographic
lifting by the mountains led to the occurrence of small-
scale afternoon convection (e.g., at 0900 UTC 13 No-
vember 1982; Fig. 5b).
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FIG. 5. Cause of high precipitation amounts after passage of
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Interestingly, summed over the whole period, condi-
tions were drier than normal at all coastal stations
(Fig. 2a). This is due to the strong northerly winds,
blowing parallel to the coast and mountain range during
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FIG. 6. As in Fig. 2, but for TD-type disturbance case: rainfall
characteristics for 1-4 Dec 1986.

the first period, and weak circulation during the second
period of the event. During this second period, con-
vection occurred regionally and most likely due to high
instabilities and orographic lifting by the mountains.
Local effects such as mountain—valley breezes or ther-
mal lifting at the mountains might have triggered out-
breaks of small-scale convection during this period.

b. Case 2: Tropical depression—type disturbance
(1-4 December 1986)

The period 1-4 December 1986 was wetter than
normal for the whole region (Figs. 6a and 6b) except for
the southernmost station (Fig. 6a). The highest rainfall
amounts occurred at coastal stations. In the mountains,
the largest positive anomalies were observed in the
northern part of the Central Highlands (Fig. 6a). This
rainfall event was characterized by the passage of a
low-level, westward-moving TD-type disturbance
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(Fig. 7). The 2-10-day bandpass-filtered 850-hPa
winds, depicting TD-type disturbance activity, show a
cyclonic circulation over the western Pacific on 26 No-
vember 1986 that was accompanied by low infrared
brightness temperatures, which indicate enhanced
convection (Fig. 7b). While moving westward, the
pattern of cyclonic circulation and enhanced convec-
tion intensifies until 30 November 1986 when it is lo-
cated over the SCS (Fig. 7b). After having passed the
Philippines on 29 November 1986, the westward
movement of the pattern slows down, and convective
activity is slightly reduced after 30 November 1986
(Fig. 7b). The TD-type disturbance reaches southern
and central Vietnam on 1 December 1986 and en-
hances convection in this region until 3 December 1986
(Figs. 7a and 7b). On 2 December 1986 the center of the
cyclonic circulation of the TD-type disturbance is lo-
cated slightly off the coast of southern Vietnam
(Fig. 8), leading to moisture advection and flux con-
vergence in south-central Vietnam especially to the
right in the direction of the movement of the cyclonic
circulation (Fig. 8a). This area is also affected by
widespread deep convection (Fig. 8a). Rainfall amounts
are higher at the coast (Fig. 6a) and orographic lifting
was stronger (Fig. 8b) when compared with the first
case (Fig. 4b), because the lower-tropospheric winds
were rather zonally oriented from east to west thus
impacting more orthogonal on the Central Highlands
(Fig. 8b). The high Froude number in the presence of
relatively high winds suggests that low stability was
present, facilitating rainfall over and in the lee of the
mountain ridge (Fig. 8c).

After having passed Vietnam, the circulation and
convection starts to weaken over Cambodia and the
Gulf of Thailand, and on 5 December there was no
longer a cyclonic circulation in the bandpass-filtered
wind field (Fig. 7b). An eastward-moving Kelvin
wave, having passed Vietnam longitudes about at the
same time as the TD-type disturbance enhanced
convection rather close to the equator (Fig. 7). The
latter is especially evident on the map of 3 December
1986 in Fig. 7b showing low brightness temperatures
being confined to latitudes south of 10°N. Thus, a di-
rect influence by the convective envelope of the
Kelvin wave on rainfall in the Central Highlands seems
unlikely. However, as demonstrated by previous studies
(e.g., Roundy 2008; Schreck and Molinari 2011; Schreck
2015) the Kelvin wave might have amplified cyclonic
anomalies to its north. Note that there was no con-
vectively active part of an ER wave in the Central
Highlands during this case (not shown). Therefore,
ER wave-filtered contours were omitted for clarity
in Fig. 7a.
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FIG. 7. The TD-type disturbance approaching Vietnam. (a) Hovmoller diagram of wave-filtered NOAA interpolated OLR between
0° and 15°N for Kelvin waves (brown) and TD-type disturbances (blue). Contour intervals are —1, —5, and —15 W m ™~ 2. Hatching indicates
the MJO-filtered OLR < —1 W m 2. The 1-4 Dec 1986 period is delineated by the two black horizontal lines and the Vietnam longitudes
are marked with the two thick vertical black lines. (b) GridSat brightness temperatures (colors, K) and ERA-Interim 2-10-day bandpass-
filtered 850-hPa wind (streamlines) at 0600 UTC for 26 Nov-5 Dec 1986. In (a),(b), the bold dashed line highlights the Kelvin wave and the
bold square-dotted line highlights the TD-type disturbance. The longitude ranges of the Bay of Bengal (BoB), the Gulf of Thailand (GoT),

Vietnam (VNM), the South China Sea (SCS), the Philippines (PHL), and the western Pacific (WPac) are marked above (b).

c¢. Case 3: Multiple tropical wave interactions
(2-5 November 2007)

Between 2 and 5 November 2007, all parts of central
Vietnam were wetter than normal except for two sta-
tions in the southwest of the Central Highlands (Figs. 9a
and 9b). However, the highest positive deviations rela-
tive to the long-term rainfall sum for this period oc-
curred at the coast and decreased inland (Fig. 9b). This
event is characterized by the passage of both eastward-
and westward-moving equatorial waves (Fig. 10a).
Namely, an eastward-moving MJO and Kelvin wave,
and a westward-moving TD-type disturbance and ER
wave all passed with their convectively active centers
being collocated over the southern half of Vietnam on 2
and 3 November 2007 (Figs. 10a and 10b). However, the
tropospheric moisture fluxes and their convergences
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were clearly dominated by the TD-type disturbance on
3 November 2007 (Fig. 11a). The region of maximum
moisture flux convergence is characterized by deep
convection as indicated by low GridSat infrared
brightness temperatures (Fig. 11a). Note that the latter
dataset is independent from ERA-Interim. The SF-
CAPE pattern in Fig. 11b indicates that high potential
instability supported the development of deep convec-
tion in the southern part, whereas in north-central
coastal regions orographic lifting and less deep convec-
tion prevailed (Fig. 11a). It is concluded that rainfall
anomalies were highest at the coast, because the stron-
gest convective signal came from the SCS by the TD-
type disturbance in combination with orographic lifting
(Fig. 11b) and not from the MJO and Kelvin wave that
reached Vietnam after having passed the Gulf of
Thailand.
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FIG. 9. As in Fig. 2, but for the multiple tropical wave interactions
case with rainfall characteristics for 2-5 Nov 2007.

The high Froude number is one explanation that ex-
plains why rainfall reached leeward of the mountain
barrier (Fig. 11c). Apparently, the easterly low-level
flow from the SCS was quite unstable. Another cause
could be the off-equatorial convective signal of a
westward-propagating Kelvin wave that is traceable in
the unfiltered GridSat brightness temperature maps in
Fig. 10b. However, visual inspection of Fig. 10b suggests
the largest impact by the TD-type disturbance followed
by the Kelvin wave. Nonetheless, our analyses leave
open the question as to the quantitative contribution of
the tropical waves to the rainfall events.

d. Case 4: Cold surge with Borneo vortex
(11-15 December 2005)

From 11 to 15 December 2005, positive rainfall
anomalies occurred over the whole region, except at
three stations in the north of the Central Highlands
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(Fig. 12). As for case 3 described in section 3c, the
highest anomalies occurred at the coast and decreased
inland. The major reason for high rainfall amounts
during this period was a cold surge event. The case
satisfied both, the cold surge criteria proposed by
Chang et al. (2005) and Yokoi and Matsumoto (2008),
the latter being more appropriate for boreal fall cases
since the latitude at which the strengths of meridional
winds at 925 hPa are evaluated is 20°N instead of 15°N.
Moreover, Yokoi and Matsumoto (2008) introduced
a temperature criterion making the index more robust
in terms of the thermal signal.

A strong SibH and strong Aleutian low, both known
to be important factors for the occurrence of cold surges
(Park et al. 2011), favored high northeasterly winds from
the East China Sea down to the southern SCS during
case 4 (Figs. 13a and 13b). The DJF 2005/06 SibH
intensity index, as defined in section 2, shows one of the
most intense SibHs in the period 1949/50-2013/14
(Fig. 13b). Figure 13b also documents that December
2005 had the lowest NP index value (cf. section 2),
which is a measure of the intensity of the Aleutian low,
for any December in the period 1949-2013. Addition-
ally, the Aleutian low was located exceptionally far
west with its center located above the Sea of Okhotsk
and the North Pacific (Fig. 13a). After having been
almost stationary since 10 December 2005 over the SCS
north of Borneo, a Borneo vortex started to move
westward on 14 December 2005 (not shown), and
reached the Vietnamese coast on this date. This re-
sulted in moisture flux convergence, deep convection
(Fig. 14a), and an increase of rainfall anomalies par-
ticularly in the south and center of the Central High-
lands (Fig. 12b). Asin cases 2 and 3, the Froude number
gives a clue as to why the rains extended leeward of the
mountain range (Fig. 14c) though lower Froude num-
bers (not shown) in the northern Central Highlands
caused a rain shadow effect, resulting in near-normal
conditions at three leeward stations. Altogether,
Figs. 14b and 14c suggest lifting in stable environments
in the northern part of the Annamese Cordillera,
thus deep convection was restricted to instable areas
south of 15°N (Fig. 14a).

4. Summary and discussion

Synoptic-dynamic causes of early dry-season (November—
December) rainfall events in the Vietnamese Central
Highlands, the major coffee-growing region in Viet-
nam, were analyzed in this study. The 109 rainfall
events that have been considered for an in-depth study
lasted for several days and led to positive rainfall
anomalies relative to the long-term mean throughout
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deep convection.

large parts of the region. The final selection was then
motivated by capturing the diversity of weather pat-
terns that cause anomalous rainfall in the study region
in the period of 1981-2007. Altogether four cases were
chosen: a tail end of a cold front (case 1), a TD-type
disturbance (case 2), multiple tropical wave in-
teractions (case 3), and a cold surge with Borneo vortex
case (case 4). To study the four selected cases, a variety
of data sources have been used, ranging from station
surface and upper-air observations, hand-analyzed
weather maps from the national weather service, sat-
ellite data, gridded station-based data products to
NCEP-NCAR, and ECMWF reanalyses. In addi-
tion, both classical synoptic and tropical large-scale
wave diagnostics were employed to obtain a thor-
ough description of the synoptic dynamics of the
rainfall events.

The tail end of a cold front case in November 1982
(case 1) describes a situation in which the cold front
characteristics were maintained deep into the tropics

down to about 13°N. Deep convection develops over
the SCS ahead of the cold front where convergence of
low-level ageostrophic isallobaric winds have likely
contributed to triggering of convection in the pre-
frontal moist and instable atmosphere. The enhanced
low-level northeasterly winds transported high equiv-
alent potential temperature air from the SCS toward
the southern Vietnamese Central Highlands where this
air mass stalled and caused a multiday period of af-
ternoon convective outbreaks. Rainfall in the northern
highlands occurred in a relatively stable situation and
was restricted to the time of the cold front arrival. This
blocking effect due to low Froude numbers is known to
have an effect on frontal systems (Houze 2012).

A westward-traveling TD-type disturbance, was in-
strumental in causing rainfall during case 2. Though
the low-level winds blew almost orthogonal to the
coastline and mountain range, the rain shadow effect
was decreased by an instable lower troposphere, as in-
dicated by high Froude numbers. In case 3, four tropical
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FI1G. 11. Influence of tropical waves on Vietnam at 0600 UTC 3 Nov 2007. (a) Surface to
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FIG. 12. As in Fig. 2, but for the cold surge with the Borneo vortex
case with rainfall characteristics for 11-15 Dec 2005.

waves were involved in the rainfall events: a TD-type
disturbance, and active phases of the MJO, Kelvin, and
ER waves. While the TD-type disturbance has the
clearest signature in the deep convection, the relative
contribution of each wave type could not be quantified
though unfiltered GridSat brightness temperature sug-
gests off-equatorial convection affecting the study re-
gion in association with an eastward-moving Kelvin
wave (Fig. 10b). Case 4 is a cold surge case, satisfying the
Chang et al. (2005) and Yokoi and Matsumoto (2008)
cold surge criteria. A related Borneo-type vortex started
to move westward, further enhancing the northeasterly
flow on the windward side of the mountains. As in cases
2 and 3, the Froude number indicated that rainfall could
spread across the mountain range due to low stability,
especially in the southern part of the highlands.

While case 1 shows some similarities to the cold surge
event of 2-3 November 1999 described in Yokoi and
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Matsumoto (2008), noteworthy differences exist. First,
case 1 does not fulfill the cold surge criteria of Yokoi and
Matsumoto (2008) and no cold front was analyzed over
the SCS and Indochina Peninsula in their study.
Figure 14c of Yokoi and Matsumoto (2008) shows that
in their cold surge-southerly wind (CS-SW) composite
case in which a TD-type vortex in the central SCS causes
southerlies over the SCS, rainfall is observed in the
Central Highlands area. However, during case 1 no TD
is present, thus it is not a CS-SW case.

The four cases presented reveal complex large-scale,
synoptic, and local orographic interactions that ulti-
mately determine the spatiotemporal characteristics of
rainfall events. Common to all cases is that the synoptic
forcing removed the climatological orographic effect of
windward rains from relatively warm clouds and
downstream dryness over the mountains by providing
the moisture, instability, and vertical lifting that lead to
outbreaks of deep convection over the mountains and
partially the coast. The MJO and types of CCEWs are
involved in cases 2 and 3, but direct influences by the
waves’ convective envelopes are not discernible in ca-
ses 1 and 4 that are more related to midlatitude dy-
namic forcing. However, the MJO and Kelvin wave are
known to remotely influence rainfall by modifying the
large-scale circulation (e.g., Roundy 2008; Zhang et al.
2009; Schreck and Molinari 2011; Schreck 2015). These
remote influences might also have impacted the evo-
lution of rainfall in cases 1 and 4. This study primarily
aimed at identifying, categorizing, and understanding
rainfall events over the central Vietnamese mountains.
Clearly, determinations of the frequency of certain
events, their predictability on weekly time scales, and
the future change of occurrence and intensity are left
for future research. Because of the association with
large-scale extratropical and tropical wave forcing,
1-2-week predictability of these events in a probabi-
listic sense could be explored and measures to at least
dampen the impact on cultivation of coffee could be
developed.

Given the data paucity over the Central Highlands
and the relatively coarse resolution of ERA-Interim,
our conclusions will require further verifications and
extensions. Ideally, to explore the transition mecha-
nisms from the heavy rainfall coastal region to the dry
highland during late fall-early winter over a distance
of about 50-100 km, a field campaign could provide the
necessary surface and upper-air data. This should be
complemented by modeling studies at convection-
resolving resolutions. For example, our proposed
mechanisms might not exclusively explain rainfall
dynamics over highlands. Second in composite-like
approaches, the frequency and climatological relevance
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FIG. 13. Cold surge and Borneo vortex. (a) ERA-Interim mean sea level pressure (colors, hPa) and 925-hPa wind (vectors, ms™ ') at
0600 UTC 14 Dec 2005. The black—white box indicates the region to identify a vortex as a Borneo vortex following Chang et al. (2005).
(b) Siberian high intensity (SibH intensity; thin black line) and its 5-yr running mean (thick black line) and North Pacific index (NP index;
blue line) for December. The period is 1949/50-2013/14, and the DJF SibH index is assigned to the year of the December. The SibH
intensity for DJF 2005/06 and the NP index for December 2005 are marked with the red circles.

of the cases shall be explored. This includes the in- Nifio events, respectively. On the contrary, case 3 oc-
vestigation of a potential linkage to remote indirect in- curred during a La Nifia event.

fluences like equatorial waves and ENSO. Note that cases Nguyen et al. (2014) have shown a statistical signifi-
1 and 2 occurred during strong and developing El cant increase of dry-season rainfall in the Central
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Highlands region. The recent recovery of the SibH,
as documented by Jeong et al. (2011) until 2009/10,
is still ongoing until 2013/14 (cf. Fig. 13b). A strong
SibH favors the occurrence of cold surges, which are
potentially leading to an enhancement of rainfall in the
Central Highlands. In addition, Juneng and Tangang
(2010) demonstrated that the Borneo vortex moved
closer to Vietnam and showed a stronger zonal wind
component. By revealing important dynamic causes of
rainfall, the present study might help in assessing past
and future variability of early dry-season rainfall
events in Vietnam’s major coffee growing region.
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ABSTRACT

A record-breaking rainfall event occurred in northeastern Vietnam in late July—early August 2015. The
coastal region in Quang Ninh Province was hit severely, with station rainfall sums in the range of 1000—
1500 mm. The heavy rainfall led to flooding and landslides, which resulted in an estimated economic loss of
$108 million (U.S. dollars) and 32 fatalities. Using a multitude of data sources and ECMWF ensemble
forecasts, the synoptic—-dynamic development and practical predictability of the event is investigated in detail
for the 4-day period from 1200 UTC 25 July to 1200 UTC 29 July 2015, during which the major portion of the
rainfall was observed. A slowly moving upper-level subtropical trough and the associated surface low in the
northern Gulf of Tonkin promoted sustained moisture convergence and convection over northeastern
Vietnam. The humidity was advected in a moisture transport band lying across the Indochina Peninsula and
emanating from a tropical storm over the Bay of Bengal. Analyses of the ECMWF ensemble forecasts clearly
showed a sudden emergence of the predictability of the extreme event at lead times of 3 days that was
associated with the correct forecasts of the intensity and location of the subtropical trough in the 51 ensemble
members. Thus, the Quang Ninh event is a good example in which the predictability of tropical convection
arises from large-scale synoptic forcing; in the present case it was due to a tropical-extratropical interaction
that has not been documented before for the region and season.

1. Introduction

In the period from 1200 UTC 25 July until 1200 UTC
3 August 2015, northeastern Vietnam was hit by an ex-
treme precipitation event. During this period, coastal

& Supplemental information related to this paper is available
at the Journals Online website: http://dx.doi.org/10.1175/
WAF-D-16-0142.s1.

Corresponding author e-mail: Roderick van der Linden,
rvdlinde@uni-koeln.de

DOI: 10.1175/WAF-D-16-0142.1

stations in Vietnam’s northeastern Quang Ninh Prov-
ince (Fig. 1) reported accumulated rainfall totals
between about 1000 and 1500 mm. These were the
highest-ever recorded rainfall sums in this region for the
abovementioned 9-day period. The exceptionality is il-
lustrated by the fact that the observed values were partly
more than fourfold as high as the observed absolute
station maxima in the last 40-50 years. Not surprisingly,
the extreme rainfall event led to catastrophic flooding
and landslides, which resulted in 32 fatalities and an
estimated economic loss of $108 million [U.S. dollars;
United Nations (2015)].

© 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).
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59644) radiosonde stations.

According to D.-Q. Nguyen et al. (2014), northeastern
Vietnam can be separated into two distinct climate
zones, termed N2 and N3, that are characterized by a
single rainy season that lasts from about May to Octo-
ber. The climate zones N2 and N3 correspond with the
political regions ‘“Northeast” and “Red River Delta,”
respectively. Monthly rainfall totals in these regions
normally peak in July and August (e.g., D.-Q. Nguyen
et al. 2014; Phan et al. 2009), which is partly related to
the activity of the ITCZ (K. C. Nguyen et al. 2014).

Several factors that can lead to extreme rainfall in the
study region during the rainy season have been docu-
mented in previous studies. The mei-yu front, along
which mesoscale convective complexes form, is a syn-
optic feature that causes extreme rainfall in the early
part of the rainy season. With the northward progression
of the Southeast Asian monsoon, the mei-yu front de-
velops in May and June (Yihui and Chan 2005; Xu et al.
2009). Although the mei-yu front mainly affects a region
from southeastern China, across Taiwan, and farther
northeastward to the East China Sea, northeastern
Vietnam is also frequently affected by the rainbands
that are associated with this front (Xu et al. 2009). The
South China Sea usually is the main moisture source, but
sometimes moisture is also transported from the Bay of
Bengal to the mei-yu front (American Meteorological
Society 2016). Other synoptic systems affecting the
study region with copious rains are tropical cyclones
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(TCs) that originate in the northwest Pacific and enter
the South China Sea. Although the TC season peaks in
August in the northwest Pacific region and accounts for
11%-15% of the total monthly rainfall across this region
in July and August (Jiang and Zipser 2010), northeast-
ern Vietnam is climatologically not frequently affected
by TCs during the peak of the rainy season. This could
be attributed to recurving TC tracks and to a strong wind
shear over the Gulf of Tonkin, which inhibits TC gene-
sis. Nguyen-Thi et al. (2012) also found that total rainfall
in northeastern Vietnam (Mong Cai station) is not
dominantly influenced by TC-related rainfall.

Previous studies put a focus on extreme events in
Vietnam occurring during the transition from the rainy
to the dry season in October and November (e.g., Yokoi
and Matsumoto 2008; Chen et al. 2012; Wu et al. 2011;
Wu et al. 2012; Van der Linden et al. 2016a). In these
cases, interactions between tropical large- and synoptic-
scale waves, the Borneo vortex, boreal fall cold surges of
the northeasterlies over the South China Sea with the
ITCZ, and the orography of the central Vietnamese
coast caused catastrophic rainfall, reaching or exceeding
the values observed in the Quang Ninh Province event.
For example, in the city of Hue more than 700 mm of
rainfall was measured in a 3-day period related to the
combined influence of a tropical disturbance and the
Madden-Julian oscillation (Wu et al. 2012). Among
the above-cited studies, Wu et al. (2011) is the only one
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TABLE 1. Geographical information on the five stations in Quang
Ninh Province (cf. Fig. 1) from which hourly rainfall measurements
are available. Five-digit station ID numbers indicate a surface
synoptic observation (SYNOP) station and three-digit station IDs
are regional station IDs.

No. Station name Station ID Lat (°N) Lon (°E) Height (m)

1 Mong Cai 48838 21.52 107.97 7
2 Quang Ha 097 21.45 107.75 10
3 Cua Ong 094 21.02 107.35 60
4 Co To 093 20.98 107.77 70
5 Bai Chay 092 20.97 107.07 87

describing an extreme rainfall event near our study re-
gion in the Red River Delta. It affected the vicinity of
Vietnam’s capital Hanoi during October-November
2008, when more than 800 mm of rainfall was mea-
sured in only 3 days. The event was caused by the
combined influence of a tropical disturbance, which had
formed over the South China Sea, and a strong north-
easterly monsoonal flow. Wu et al. (2011) argue that the
interplay between the disturbance and the monsoonal
flow resulted in a strong convergence of low-level winds
over northern Vietnam and caused the extreme event.
The extreme precipitation event in northeastern
Vietnam in late July—early August 2015 could not be
assigned to any of the above-described processes. It was
not associated with a TC, and the other processes occur
during other seasons of the year or across other regions
of Vietnam. As a consequence, the first major aim of this
study is to disentangle the synoptic—dynamic causes of
this extreme precipitation event. The second major goal
is to study the practical predictability of the event using
the European Centre for Medium-Range Weather
Forecasts (ECMWF) ensemble forecast system. It is
known from other monsoon systems that the pre-
dictability of day-to-day variations of tropical rainfall is
low as a result of the chaotic nature of convection,
sometimes barely exceeding forecasts based on clima-
tology (e.g., Lafore et al. 2017; Milton et al. 2017). Thus,
not surprisingly, the severity of the event and particu-
larly the location of the maximum rainfall were not well
forecasted by the national numerical weather prediction
system of Vietnam’s National Center for Hydrometeo-
rological Forecasting (Du Duc et al. 2016). However,
even though convective activity is highly stochastic,
synoptic controls on convection can cause predictability
(Sohne et al. 2008; Lafore et al. 2017). It will be shown in
the present study that the Quang Ninh extreme event
is a salient example in which the correct ensemble pre-
diction of a subtropical trough about 3 days before the
event significantly raised the predictability of the tropi-
cal monsoon convection. This predictability would have
been sufficient in skill and lead time to ensure that
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protection measures could be taken and warnings could
be timely issued (Jones and Golding 2014).

The data used for the analysis are described in section 2.
To achieve the above-mentioned two major goals, the
results section was divided into three parts. Section 3
discusses the spatiotemporal characteristics of the rainfall
event, which is followed by an in-depth analysis of the
dynamical causes of the event in section 4. The practical
predictability is studied in section 5 using 51 members of
the ECMWF Ensemble Prediction System (EPS) at
forecast lead times up to 10 days. Finally, section 6
provides a summary and discussion of the results.

2. Data and methods

The present study took advantage of a multitude of
data sources. The in situ evolution of the extreme event
was analyzed using station measurements provided by
the Vietnamese National Hydrometeorological Service
(NHMS; NHMS 2015, unpublished data). Precipitation
measurements were provided at daily resolution (1200—
1200 UTC, i.e., 1900-1900 LT) for 44 stations that are
located in Quang Ninh Province and the adjacent area
(Fig. 1). NHMS also provided hourly rainfall measure-
ments for four coastal and one island station in Quang
Ninh Province (Fig. 1 and Table 1). For a classification of
the event in terms of its statistical extraordinariness,
historical daily time series for these five stations were
available from the NHMS database; data availability at
the individual stations during the period 1960-2012
ranges between 23 and 53yr (cf. the x axis labels in
Fig. 2). Further data provided from NHMS were daily
1200 UTC radiosonde profiles from Bach Long Vy Is-
land located in the center of the Gulf of Tonkin (Fig. 1)
for the period 25-28 July 2015. The latter were com-
plemented by upper-air data from Beihai (China) along
the northern coast of the Gulf of Tonkin (cf. Fig. 1)
taken from the Integrated Global Radiosonde Archive
(IGRA; Durre et al. 2006).

To diagnose the larger-scale evolution of deep con-
vection and rainfall, two gridded satellite products and
one gridded surface radar product were utilized. To as-
sess the precipitation in nongauged areas and over the
waters of the Gulf of Tonkin, the recently released
satellite-based NASA Global Precipitation Measure-
ment (GPM) Integrated Multisatellite Retrievals for
GPM (IMERG) product (Huffman et al. 2015), which is
the successor to NASA’s Tropical Rainfall Measure-
ment Mission (TRMM) 3B42 product (Huffman et al.
2007), was employed. NASA GPM IMERG data are
available at 0.1° X 0.1° latitude-longitude and 30-min
resolution, but were accumulated to daily values to
match the accumulation period of the daily station data.
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FIG. 2. Box-and-whisker plots of accumulated rainfall (mm)
during 1200 UTC 25 Jul-1200 UTC 3 Aug. The availability of
historical data is indicated below the station names. The blue dots
and the large boldface numbers below the blue dots indicate the
accumulated rainfall (mm) during the same period in 2015 and the
smaller numbers indicate the accumulated rainfall (mm) during
the period 1200 UTC 25 Jul-1200 UTC 29 Jul 2015. The percentage
of rainfall during the shorter period relative to the whole period is
indicated by the percentages in parentheses.

The few available validation studies of the NASA GPM
IMERG product suggest at least the same performance
as the NASA TRMM 3B42 version 7 product (e.g., Guo
et al. 2016; Prakash et al. 2017). Measurements from the
geostationary Multifunctional Transport Satellite-2
(MTSAT-2), which is operated by the Japan Meteoro-
logical Agency, were used to identify deep convection.
Particularly, brightness temperatures at 0000 and
1200 UTC from the 10.8-um MTSAT-2 infrared channel
that are available in 0.04° X 0.04° latitude-longitude and
30-min resolution were utilized here. Finally, radar re-
flectivity data from the C-band precipitation radar in
Phu Lien at 5-min resolution were available for the
period 25-28 July 2015 (cf. Fig. 1; NHMS 2015,
unpublished data).

For a description of the dynamical causes and the
practical predictability of the extreme precipitation
event, various ECMWF products were downloaded
from the ECMWEF archive. The horizontal wind and its
divergence, geopotential height, temperature, specific
humidity, and potential vorticity were taken from 0000
and 1200 UTC ECMWEF operational analyses at 13
pressure levels between 1000 and 200 hPa at 0.125° X
0.125° latitude-longitude resolution. Additionally, mean
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sea level pressure data from this analysis were em-
ployed. Sea surface temperatures (SSTs) during the
extreme event were analyzed using the daily, 0.25° X
0.25° NOAA Optimum Interpolation SST version 2
high-resolution dataset (Reynolds et al. 2007). To assess
the exceptionality of the total column water content
during the event with respect to the period 1986-2015,
the ECMWF ERA-Interim reanalysis was used at
0.75° X 0.75° latitude—longitude resolution (Dee et al.
2011). Daily accumulated surface evaporation was re-
trieved from the same reanalysis.

Precipitation, mean sea level pressure, and 200-hPa
geopotential height fields at 0.25° X 0.25° latitude-
longitude resolution from the control and 50 perturbed
forecasts of the ECMWF EPS system were retrieved at
lead times of 240, 168, 144,120, 96, 72, 48, and 24 h. From
the EPS data archive, gridded fields of the extreme
forecast (EFI) and the shift of tails (SOT) indices as well
as quantiles of the model climatology for 24-h pre-
cipitation totals were downloaded. The underlying
model climatology, necessary to calculate the three pa-
rameters for various forecast lead times, is computed
with the ECMWF model cycle 41r1 for the previous
20yr, but forecasts with 11 members start only every
Monday and Thursday (ECMWF 2015). For a given
date, the model climatology is based on 1980 values, that
is, 20yr X 11 members X 9 start dates centered on the
week of interest (ECMWF 2015). These three variables
allow for a probabilistic, space- and time-dependent
practical predictability assessment of the extreme
event with respect to the model climate (Zs6tér 2006; cf.
section 5). First note that EFT and SOT are integral
measures to assess the likelihood of an extreme event,
but the information on the underlying statistical mo-
ments of the probability density function (PDFs) are
lost. Thus, we have also calculated the PDFs and cu-
mulative distribution functions (CDFs) at grid points
using the quantiles. Second, the term practical pre-
dictability is used here to avoid confusion with “intrinsic
predictability,” the latter referring to regime-dependent
theoretical limits of predictability, which is not studied
here.

The operational analyses were used to calculate ver-
tically integrated moisture flux vectors (cf. Peixoto
and Oort 1992) between the surface pressure and the
300-hPa pressure level. The use of surface pressure en-
sures the corrections for orography and moisture flux
convergence were computed using a centered finite-
difference approach. The vertically averaged potential
vorticity between the 500- and 200-hPa pressure levels
was determined from the operational analysis as in
Frohlich and Knippertz (2008). The 200-hPa trough axes
were calculated from the operational analysis and EPS
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FIG. 3. NASA GPM IMERG accumulated rainfall (mm) during
1200 UTC 25 Jul-1200 UTC 3 Aug 2015.

forecasts using zonal geopotential gradients at 200 hPa
as in Knippertz (2004).

3. Description of the extreme precipitation event

Between 1200 UTC 25 July and 1200 UTC 3 August
2015, record-breaking rainfall was observed along the
northeastern Vietnamese coast between Ha Long Bay
and the border region of Vietnam with China. At five
stations in northeastern Vietnam, rainfall sums ranging
between 1000 and 1500 mm were recorded during this
period (Fig. 2). Based on the NASA GPM IMERG sat-
ellite product, the highest rainfall sums occurred over the
Gulf of Tonkin, peaking at over 1000mm (Fig. 3), but
rainfall sums over northeastern Vietnam, comprising
mainly Quang Ninh Province, still reached between 750
and 1000 mm. During this period, other rainfall maxima
occurred over Laos on the windward (i.e., westward) side
of the Annamese Cordillera and in northwestern Viet-
nam. The five stations along the coast in northeastern
Vietnam and on Co To Island in the Gulf of Tonkin
(cf. Fig. 1 and Table 1), for which hourly rainfall mea-
surements were available, reported rainfall totals very
close to or above 1000mm (Figs. 2 and 4a). The period
1200 UTC 25 July-1200 UTC 3 August 2015 can be
subjectively divided into two periods: one period with
heavy and persistent rainfall over the Gulf of Tonkin,
southeastern China, and northeastern Vietnam from
1200 UTC 25 July until 1200 UTC 29 July 2015 (Figs. 4b
and 5) and another period from 1200 UTC 29 July until
1200 UTC 3 August 2015 with rather regional convection
(cf. Fig. 5) that also occurred farther inland over Vietnam
(cf. Figs. 4a and 4b). The recurrent outbreaks of regional
convection during the second period, which followed the
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FIG. 4. NASA GPM IMERG and station rainfall in the study
region for the two rainfall periods. (a) Accumulated rainfall (mm)
during 1200 UTC 25 Jul-1200 UTC 3 Aug 2015 (contours and col-
ored dots) and percentage of accumulated rainfall during 1200 UTC
25 Jul-1200 UTC 29 Jul 2015 relative to the whole period (red
stippling; based on NASA GPM IMERG). (b) Accumulated rainfall
(mm) during 1200 UTC 25 Jul-1200 UTC 29 Jul 2015. The thin
orange lines denote the 500-m surface elevation.
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diurnal cycle at some stations (e.g., Fig. 5b), were favored
by high moisture, low stability, and low-level winds
blowing orthogonal to coastal mountain chains (not
shown). For the whole period, the observed rainfall
amounts in 2015 were at least twice as large as the his-
torical station rainfall maxima for the same period
(Fig. 2). For the stations Cua Ong, Co To, and Bai Chay,
they even reached 3-4 times the climatological maxima
within their respective observation periods given in Fig. 2.
Overall, the climatological median and maximum rainfall
amounts are higher at the two stations in the north when
compared with the other stations farther south (Fig. 2),
which means that the statistical extraordinariness of the
event is even greater at the stations farther south.
During the first period, which is indicated by the gray
vertical dashed lines in Fig. 5, more than 50% of the total
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FIG. 5. Hourly rainfall at the five NHMS stations in Quang Ninh
Province (cf. Fig. 1 and Table 1). The dashed vertical lines define
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rainfall during the heavy precipitation event was ob-
served (Figs. 2 and 4a), which corresponds to 682—
963 mm (about 55%-74% of rainfall during the whole
period) at the five stations (Fig. 2). During the first
period, a pronounced gradient of rainfall between the
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Gulf of Tonkin including coastal mainland regions and
regions farther inland can be observed both in station
data and satellite measurements (Fig. 4b). In contrast to
other inland stations, four stations that are located in the
mountainous central area north of the study region ob-
served more than 150 mm rain during the first period
(Fig. 4b). This obvious difference between station
measurements and NASA GPM IMERG observations
might be related to orographic effects, because these
stations are mostly located in windward regions at
higher elevations (cf. Fig. 1). Another difference is the
general dry bias of NASA GPM IMERG (Fig. 4), even
though closer scrutiny would need to take the inherent
problems of pixel-to-gauge comparisons into account.
Brightness temperatures as low as 200K indicate deep
convection over the Gulf of Tonkin and at the coast
across northeastern Vietnam (Fig. 6). However, espe-
cially from 1200 UTC 28 July 2015 onward, convection
also spread inland and affected the whole region north
of Vietnam.

On an hourly basis, the maximum rainfall during the
first period ranged between 51.7mmh ™" in Mong Cai
(Fig. 5a) and 87.6mmh~! in Bai Chay (Fig. 5e). Al-
though the maximum hourly rainfall was observed in Bai
Chay, rainfall during the first period was not as persis-
tent as for the other stations and was considerably
weaker after 0700 UTC 28 July 2015 (Fig. 5e). In Co To,
the period of heavy precipitation was even shorter and
ended at about 1200 UTC 27 July 2015. In the following,
the focus is put on the first period because of 1) the
persistence of rainfall, 2) the fact that the highest (sta-
tion) rainfall amounts were almost exclusively observed
in regions close to the coast, and 3) the large-scale dy-
namical forcing (see section 4).

4. Synoptic—dynamic development

Strong convection was linked to a weak surface low in
the Gulf of Tonkin and northeastern Vietnam during the
first period (Fig. 6). During the first period, the surface
low weakened, and its center slowly moved westward
from the northeastern coast to north-central Vietnam
(Fig. 6). While moving slowly westward, the low was
associated with low-level wind convergence (see Fig. S1
in the online supplement to this article) and de-
stabilization of the atmosphere (not shown), thus pro-
moting the heavy rainfall in the region under study. The
formation of the cyclone and its movement was associ-
ated with a 200-hPa trough, which was located northwest
of Vietnam over southern China, as indicated by the solid
lines in Fig. 7. Between 1200 UTC 25 July and 1200 UTC
29 July 2015, the 200-hPa trough moved westward
and gradually weakened (Fig. 7) until it was no longer
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detectable after 1200 UTC 29 July 2015 (not shown). The
trough was present in the mid- to upper troposphere as
evidenced by the 200-500-hPa vertically averaged poten-
tial vorticity fields; Fig. 7 shows a trough of 2 potential
vorticity units (PVUs, where 1 PVU = 10 *K kg 'm?s ™)
slightly to the east of the geopotential height trough axis
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at 1200 UTC 25 July 2015. Thereafter, areas with
2 PVU can only be detected east of the geopotential
height trough axes, which are associated with an upper-
level cyclonic vortex (Fig. 7). However, the extent of
the areas with 2 PVU decreased considerably in the
following days (until 1200 UTC 29 July 2015; Fig. 7,
bottom).

Inspection of radar loops from Phu Lien (cf. Fig. 1 for
the location of the radar) revealed that the maximum
radar reflectivity occurred in a band on the eastern flank
of the surface low. This band was located mainly over the
Ha Long Bay and the adjacent coastline (e.g., 1200 UTC
27 July 2015; Fig. S2). Along with the westward dis-
placement of the trough, the regions of maximum rain-
fall moved from the Gulf of Tonkin closer to the coast
(not shown). Moreover, deep convection also affected
regions farther inland as a result of the westward dis-
placement of the weakening trough, especially from
1200 UTC 28 July 2015 onward (Fig. 6). While the
horizontal trough axis was tilted positively (i.e., from
southwest to northeast) on 25 July 2015, it was oriented
more meridionally between 26 and 28 July 2015 (Fig. 7).
The 200-hPa geopotential height trough showed a pos-
itive tilt again on 29 July 2015, although the trough was
already less pronounced by this date (Fig. 7), especially
when also taking the vertically averaged potential vor-
ticity into consideration. Note that cyclogenesis over the
Gulf of Tonkin was not supported by a classical “‘right-
entrance subtropical jet region configuration” since the
jet to the west of the trough was located too far north-
west of the region (Fig. 7).

Moisture was transported to northeastern Vietnam
across the Indochina Peninsula by a strong and persistent
moisture flux between the surface and the 300-hPa level.
The transport band emerged from the southern flank of a
strong monsoon depression over the northern Bay of
Bengal between 1200 UTC 25 July and 1200 UTC 29 July
2015 (Fig. 8). The monsoon depression was almost sta-
tionary between 26 and 29 July 2015 and developed into
the tropical storm Komen that was tracked on 30 and
31 July 2015 (WMO 2015). Note that strong vertical shear
typically suppresses tropical cyclogenesis over the Bay of
Bengal during this season (Yanase et al. 2012). The
moisture flux was further enhanced over the South China
Sea and the Gulf of Tonkin, which was possibly related to a
moisture uptake over SSTs in excess of 28°C; the surface
evaporation was estimated to be in the range of
8-10mmday ' by ERA-Interim (Fig. S3). The moisture
flux contributed to high amounts of total column water
(slightly more than 70 mm) that corresponds to an exceed-
ance of the 95th percentile for the 30-yr period 1986-2015
above the coast of northeastern Vietnam (Fig. S4). Above
the Gulf of Tonkin, even the 98th percentile was exceeded.
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90°E

Associated with the westward movement of the
trough, the change of the tilt of the horizontal trough
axis, and the westward displacement of the surface low
over northern Vietnam, tropospheric moisture flux
changed from a rather zonal orientation on 1200 UTC
25 July 2015 to an increasingly meridional orientation
from 1200 UTC 26 July 2015 onward (Fig. 8). Convec-
tion was most likely triggered by tropospheric moisture
flux into and moisture flux convergence over the study
region. Skew T-logp diagrams for Bach Long Vy Island
and Beihai along the northern coast of the Gulf of
Tonkin indicate lifting condensation level pressures of
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about 980 hPa at 1200 UTC 27 July 2015 (Fig. 9). Thus, a
lifting of near-sea surface parcels by only about 200-
300m was sufficient to cause their free ascent to tropo-
pause levels at about 125 hPa. Figure 9 also shows that
the atmosphere was very moist (precipitable water
values between 60 and 70mm) with only moderate
convective available potential energy (CAPE) values
between 1200 and 1900J kg™ !, hinting at synoptically
forced convective ascent of moisture-laden air masses,
but not at strong convective organization.

The moisture flux convergence was most pronounced
along the coast of northeastern Vietnam and could be
rather attributed to speed convergence resulting from
surface friction at the coast than to directional conver-
gence in this region (Fig. 10). Only on 27 July 2015 may
the directional convergence have also played a role over
the northern Gulf of Tonkin. In particular when mois-
ture fluxes are oriented orthogonal toward the coastline,
interactions with orography play a role (cf. Figs. 4 and
10). This is most pronounced in northern Quang Ninh
Province and in southeastern China; the moisture flux
was strongest on 26 and 27 July 2015 but it was almost
parallel to the coast. On the other hand, the moisture
flux vectors had substantial components orthogonal to
the coastline of northeastern Vietnam on 29 July 2015.

5. Representation in ECMWF Ensemble
Prediction System forecasts

Numerical weather and climate prediction models
have considerable biases in tropical rainfall forecasts

(e.g., Webster et al. 2010; Li and Robertson 2015) that
are also lead time dependent. Thus, it is recommended
to compare probabilistic forecasts with the lead-time-
dependent model climatology instead of comparing
simulated precipitation amounts quantitatively with
observed precipitation amounts. The underlying as-
sumption to infer evidence of an imminent extreme
rainfall event is that if the forecast is “‘extreme” com-
pared with the model climatology, the observed rainfall
amount shall be considered extreme when compared
against the real climatology (ECMWF 2015). This ap-
proach also has advantages in that problems with rain
gauge densities and errors in satellite-derived rainfall
estimates are circumvented.

In other words, for the case under study it shall be
evaluated at which lead times, if any, extreme 24-h
precipitation totals were forecasted in the Gulf of Ton-
kin area with respect to the EPS model climatology. One
simple evaluation approach is to plot CDFs of the model
climatology and the 51 EPS members for a grid point in
the target area. The ensemble forecast CDFs at a
grid point near Cua Ong (cf. orange dot in Fig. 1) are
plotted in Fig. 11 for the forecast verification time
0000 UTC 27 July 2015; that is, the precipitation accu-
mulation period is the 24-h period before this time. It is
striking for this grid point that the forecasts remain close
to the model climatology until 72h before the event,
when almost 50% of all members of the 0000 UTC
27 July 2015 forecast indicated 24-h rainfall in excess of
50mm between T + 72 and 48h. For 1-day lead-time
forecasts, the CDF shifted substantially to even higher
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precipitation amounts, giving a clear indication of an
imminent extreme event. For this lead-time forecast, 1
of the 51 ensemble members reaches precipitation
amounts of about 290 mm day ™ '. This is lower than the
amount that was measured in Cua Ong (433 mm day '),
but higher than the NASA GPM IMERG rainfall
amount (106.2 mm day ~'). Thus, this analysis shows that
not until 3 days before the event, was an indication of the
extreme event evident from ECMWF EPS forecasts.

To gain more spatiotemporally extensive and quan-
titative information on imminent extreme events,
ECMWEF calculates and archives two indices, the EFI
and SOT (cf. section 2), for various forecast lead times
and several surface variables; among them is 24-h total
precipitation accumulation. Qualitatively, the EFI for a
given lead time can be understood as the area between
the red line (CDF of the model climatology) and the thin
black lines (CDF of the 51-member ensemble forecasts)
in Fig. 11. The EFI used here is normalized, meaning
that it ranges between —1 and +1. A high EFI is in-
dicative of an EPS forecast distribution that is consid-
erably different from the model climatology (Lalaurette
2003), and a value of EFI = 1 signifies that all members
exceed the highest value of the model climatology.
Following ECMWF (2015), the weather is likely “un-
usual” or “very unusual” for EFI values from 0.5 to 0.8
or above 0.8, respectively. In Fig. 12, EFI values higher
than 0.5 are colored. The area between the CDF of the
climate and the ensemble forecast can be quite small (in
fact, negative values may occur if the forecast CDF is to
the left of the model CDF), yet a few members can show
extreme daily precipitation values; that is, both curves
differ at the tail of the distribution. For the forecaster,
this yet signifies a threat of an extreme event. The SOT
index has been introduced to quantify this behavior. The
index is defined as

soT(90) 2OV =29

0,(99) — 0,(%)
where 0.(90) and Q.(99) are the 90th and 99th quantiles
of the climatological CDF, whereas Qf(90) is the 90th
quantile of the forecast CDF (Hewson 2014). If the SOT
index is greater than zero, at least 10% of the ensemble
members exceed the 99th percentile of the model cli-
matology (ECMWF 2016). A pronounced shift of tails is
for example evident in Fig. 11 between 72- and 24-h
lead times.

As evident from Fig. 12, the EFIs for the 24-h lead-
time forecasts indicate extreme 24-h rainfall over
northeast Vietnam, the Gulf of Tonkin, and southeast-
ern China for all days between 0000 UTC 26 July and
0000 UTC 29 July 2015. To ensure that protection
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measures can be taken and warnings can be issued in a
timely fashion, lead times of up to 72h are desirable
(Jones and Golding 2014). The EFIs are slightly weaker
for 72-h lead-time forecasts but still indicate extreme
rainfall over the study region (Fig. 12). For the same
forecast lead times and for the same region, SOT index
values greater than zero from 27 July 2015 onward in-
dicate that extremes at the tail of the EPS distribution,
which exceed the 99th percentile of the model clima-
tological CDF, are also present. Note that the forecast
lead time, at which a first indication of an event is given,
and the intensity of the extreme event in terms of its
representation in EFI and SOT do not substantially
change for longer than 24-h accumulation periods
(not shown).

From a dynamical point of view, it is interesting to
understand why the predictability appeared relatively
abrupt for about 3-day lead times. The analyses pre-
sented in section 4 strongly suggested that the presence
of the 200-hPa geopotential height trough, its geo-
graphical position, and its axis alignment played an im-
portant role in the evolution of this extreme event in
northeastern Vietnam. For this reason, the representa-
tion of the extreme event in the ensemble forecasts (i.e.,
the occurrence of extremes with respect to the model
climatology) was evaluated in connection with the oc-
currences and locations of troughs in the ensemble
forecasts. For 27 July 2015, the first indication of an
extreme event in northeastern Vietnam is given by EFI
values greater than 0.5 in the 96-h (4 day) lead-time

forecast (Fig. 13). A trough could be detected for most
ensemble members at this forecast lead time, but the
spread of the locations and tilts of the trough axes is
rather large. For forecast lead times greater than 96h, a
significantly decreasing number of ensemble members
showed the trough at all, and if so, the spread of the
locations of the trough axes further increased; for these
forecast lead times, the EFI and SOT index also gave no
indication of an extreme event. For the 72-, 48-, and 24-h
lead-time forecasts, the EFI and SOT index values in-
crease along with a sharpening of the ensemble forecasts
of the trough axes. Sharper and more accurate forecasts
of the trough axes went along with less spread in mean
sea level pressure contours and thus the depiction of the
surface low described in section 4 (cf. Figs. 13 and S5).
Interestingly, although the spread of the trough axes is
higher for the 72-h lead-time forecast, the EFI and SOT
are higher at the Vietnamese coast when compared with
the 48-h lead-time forecast (Fig. 13). This could be re-
lated to the fact that most members with 48-h lead times
locate the trough axes west of the location that was de-
termined with the ECMWEF operational analysis. On the
contrary, trough axes determined with 72-h lead-time
forecasts tend to be centered around the ECMWF op-
erational analysis.

To further strengthen the assumptions concerning the
role of the upper-level trough in the extreme event, the
trough axes of the ensemble members with the highest
and lowest 10% of area-averaged rainfall (20.5°-21.75°N,
106.75°-108.5°E) were compared. Figure S6 illustrates
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that it is mainly the ensemble members that correctly
simulate the position and tilt of the upper-level trough
that reach the highest forecasted rainfall amounts. This
is most evident for lead times of 96h or more. In
summary, it appears that the position and tilt of the
trough axes in individual ensemble members played an
important role in the rainfall distribution in the target
region. Overall, for all 24-h lead-time ensemble fore-
casts during the period 26-29 July 2015, the spread of
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the trough axes was comparable to that on 27 July 2015
(not shown). Moreover, the locations of the trough axes
also enclosed the locations of trough axes determined
with the ECMWF operational analysis on these days
(not shown).

The analysis of the ECMWF ensemble predictions
corroborated the notion that the synoptic forcing of the
extreme event by the subtropical trough and associated
surface low was instrumental. About 3 days before the
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F1G. 13. ECMWF EFI (colors), SOT index (black contours;
contour levels 0, 1, and 5), ECMWF EPS 200-hPa geopotential
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200-hPa geopotential height trough axis (orange line) at 0000 UTC
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after the lead times in the inset boxes denote the numbers of the
51 ensemble members for which a trough axis was analyzed. Stip-
pling indicates NASA GPM IMERG rainfall amounts above
50 mm day .
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event, most members forecasted the trough axis in the
correct position, and it was not until then when the
predictability of the 24-h rainfall totals swiftly emerged
from the climatological predictability. In general, the
ensemble predictability of 24-h rainfall totals for a given
station or grid point barely increases compared with
climatology in many parts of the tropics because of the
stochastic nature of convection. The Quang Ninh ex-
treme event is a salient example of a case where if a
strong synoptic forcing is present, the predictability of
convection can suddenly appear once the synoptic
forcing processes are well forecasted.

6. Summary and discussion

Record-breaking precipitation amounts were ob-
served along the northeastern coast of Vietnam in late
July—early August 2015. Rainfall amounts of up to
1500 mm were measured at coastal stations in Quang
Ninh Province during the 9-day period from 1200 UTC
25 July until 1200 UTC 3 August 2015. The event led to
flooding, landslides, damage to infrastructure, and loss
of life. The observed rainfall amounts were up to 4 times
the climatological maxima during this period. Up to
74% of the total precipitation measured for the whole
period was observed at the coast during the four-day
period from 1200 UTC 25 July until 1200 UTC 29 July
2015. The present study focused on this first period,
when the regions of peak rainfall were mainly limited to
the northeastern coast of Vietnam, the Gulf of Tonkin,
and southeastern China.

Rainfall during the first period was associated with a
surface low over the Gulf of Tonkin and northern
Vietnam, in which deep convection was continuously
triggered by synoptic-scale tropospheric moisture flux
convergence. The formation of the low and its temporal
displacement was linked with a 200-hPa geopotential
subtropical trough, whose axis was located northwest of
Vietnam over southern China and which moved west-
ward and weakened until it was no longer detectable
after the first period. Associated with the retrograde
displacement of the trough, the onshore component of
the tropospheric moisture flux intensified. Outflow
from a strong and persistent monsoon depression over
the Bay of Bengal, which was upgraded to a tropical
storm on 30 July 2015 and which caused disastrous
rainfall over Myanmar, was the main moisture source of
the extreme event in northeastern Vietnam, but this
outflow did not initiate this event. Singh et al. (2001)
found that monsoon depressions form more frequently
and farther north in the Bay of Bengal during El Nifio
years. Therefore, the strong 2015/16 El Nifio, which was
still developing in July—August 2015, might have been a
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factor in the strong moisture transport that was ob-
served. The Madden-Julian oscillation (e.g., Madden
and Julian 1972) and convectively coupled equatorial
waves (e.g., Kiladis et al. 2009) that are known to
modulate rainfall in different parts of Vietnam during
the rainy season (e.g., Yokoi et al. 2007, Lubis and
Jacobi 2015; van der Linden et al. 2016b) did not indicate
an influence on convective activity during this event
(not shown).

Reliable forecasts of extreme events in this region,
which is highly dependent on revenues from coal pro-
duction and tourism, are crucial for issuing flood
watches and for taking precautionary measures in suf-
ficient time ahead of the event. The EFI and SOT in-
dices gave an indication of an imminent extreme event
about 3 days in advance. It was found that the presence
and correct axis location of the 200-hPa subtropical
geopotential trough and the associated surface low in
probabilistic forecasts were the most important factors
affecting the predictability of heavy rainfall in north-
eastern Vietnam. In parallel to the improved pre-
dictability of these synoptic forcings, the practical
predictability of the extreme rainfall event improved
too.

Thus, the major findings of this research can be sum-
marized as follows:

¢ A slowly moving subtropical trough and associated
surface low in the northern Gulf of Tonkin promoted
steady moisture convergence and long-lasting convec-
tion over northeastern Vietnam.
e The moisture stemmed from a moisture transport
band across the Indochina Peninsula that originated
from a tropical storm in the Bay of Bengal, but the
abovementioned tropical-extratropical interaction
caused moisture convergence and rainfall.
Analyses of the ensemble forecasts clearly showed a
sudden emergence of the predictability of the extreme
event at lead times of 3 days in association with the
correct intensity and location of the subtropical trough
in the forecasts.

To the best of the authors’ knowledge, such a tropical—
extratropical interaction for this region and season has
not been documented before. It is a salient example that
the low predictability of tropical monsoonal convection is
enhanced by the presence of an extratropical synoptic
forcing. Thus, it is a suitable contribution to the recently
launched WMO High Impact Weather within the World
Weather Research Programme (HIWeather) initiative
under the research theme “‘Predictability and Processes”
(Jones and Golding 2014). However, in terms of pre-
dictability, our investigation should be complemented by
the investigation of a multimodel ensemble forecast for
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the present and other cases to shed light on the question
on how often such a tropical-extratropical interaction
enhances convective-scale predictability.

For West African winter monsoon rainfall, such an
enhancement of predictability has been shown to extend
to almost 1 week (Davis et al. 2013). In addition, S6hne
et al. (2008) have shown that cloud forecasts during the
West African summer monsoon increased when a syn-
optic forcing from an African easterly wave is present.
Currently, a major research initiative is ongoing that
tries to better exploit the predictability of West African
monsoon dry and wet spells when an extratropical
Rossby wave train induces interactions with the Saharan
heat low and the West African monsoon (http:/
wavestoweather.de). Within this context, the present
case study opens avenues of further research to de-
termine the frequency of such tropical-extratropical
interactions and their impact on the predictability of
monsoon rains for the northern Indochina Peninsula and
southern China.
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Figure S1: ECMWEF operational analysis 1000-hPa and 925-hPa wind (vectors) and wind

divergence (colors) between 1200 UTC 25 July 2015 and 1200 UTC 29 July 2015.
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Figure S5. ECMWF EPS 1007-hPa mean sea level pressure for 0000 UTC 27 July 2015 and
(top to bottom) 144-hour, 120-hour, 96-hour, 72-hour, 48-hour, and 24-hour lead times.
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Figure S6: ECMWF operational analysis 200-hPa geopotential height trough axis (green line)
and ECMWF EPS 200-hPa geopotential height trough axes for the five ensemble members
with the highest precipitation amounts in the area 20.5°-21.75°N and 106.75°-108.5°E (blue
lines) and for the five ensemble members with the lowest precipitation amounts (yellow
lines). Results are shown for 0000 UTC 27 July 2015 and (top to bottom) 144-hour, 120-hour,
96-hour, 72-hour, 48-hour, and 24-hour lead times. The numbers after the lead times in the
inset boxes denote the number of the 10 ensemble members for which a trough axis was
analyzed. The colors indicate the difference between the mean precipitation amounts for the
five members with highest amounts and for the five members with the lowest amounts near
northeastern Vietnam. Stippling indicates NASA GPM IMERG rainfall amounts above 50

mm day ™.
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Rainfall extremes have a large socioeconomic relevance for the low-lying, flood-
prone delta regions in northern and southern Vietnam and for mountainous regions
in northern and central Vietnam that are prone to landslides. Moreover, agricultural
practices in northern and southern Vietnam, namely rice cultivation, and cultivation
of coffee in the Vietnamese Central Highlands highly depend on the availability and
timeliness of rainfall. In this thesis, causes of rainfall variability and extreme events in
Vietnam are investigated by means of ground- and satellite-based observations and
(re)analyses. Additionally, ensemble forecasts were evaluated for the predictability
of a recent extreme precipitation event. The main objectives are: (i) to assess which
large-scale tropical waves modulate rainfall in southern Vietnam and to quantify their
modulation; (ii) to assess which synoptic-dynamic mechanisms lead to rainfall in the
Vietnamese Central Highlands during the early dry season; and (iii) to analyze an
extreme precipitation event in northeastern Vietnam and to assess the predictability of

this event.

The main part of this thesis consists of three publications that are presented in sections
2, 3, and 4. In the following, the findings of the three publications are summarized.
After this, the results are discussed and potential future research that can build on the
findings is presented.

5.1 Summary of Publication 1

Using an extensive station database and the station-based APHRODITE Monsoon
Asia V1101 product for the 29-year period 1979-2007, it was shown in publication
1 (section 2; van der Linden et al. 2016b) that the MJO and convectively coupled
Kelvin and ER waves significantly modulate daily rainfall in southern Vietnam during
the rainy season from May to October. Variances of OLR that was filtered in the
wavenumber—frequency domains of these large-scale tropical waves revealed that
these waves exhibit the strongest influence on deep convection in Vietnam south of
16°N. To investigate the influence of the MJO and CCEWs in different phases of
enhanced or suppressed convection, eight phases are determined regionally using
normalized, wave-filtered OLR and the normalized temporal change of wave-filtered
OLR.

The MJO influences almost the whole domain of southern Vietnam and also exhibits

the largest magnitudes of rainfall anomalies during all phases. Although showing
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weaker modulations of daily rainfall, ER waves still influence the whole region.
However, the largest deviations from the long-term mean are found for ER waves in
the north of the study region due to the horizontal structure of ER waves with a dipole
of enhanced or suppressed convection on both sides of the equator. The influence of
Kelvin waves is confined to regions south of 12°N and can also be explained by the
wave’s horizontal structure. Overall, station rainfall is enhanced by about 20%—-36%
during the wet phases (i.e., phases of enhanced convection) of the three waves, while
it is suppressed by about 17%-27% during the dry phases (i.e, phases of suppressed
convection). Wet phases also show a tendency towards more intense rainfall when
compared with the frequency of precipitation intensity intervals during dry phases. By
an enhancement of the mean westerly flow at the 850-hPa level during wet phases,
the MJO and ER waves seem to enhance orographic rainfall on the windward (i.e.,
westward) side of the Annamese Cordillera. The MJO also leads to a deepening of the
moist westerly monsoon flow and to an increase of vertical wind shear, which gives
favorable conditions for the organization of convection. While ER waves rather only
lead to an enhanced depth of the lower-tropospheric moist layer during wet phases,
Kelvin waves do not show a pronounced influence on the wind and humidity profiles in
southern Vietnam. It was also shown that rainfall anomalies are significantly enhanced,
when wet or dry phases of the MJO occur concurrently with the respective phases of
Kelvin and ER waves.

5.2 Summary of Publication 2

In publication 2 (section 3; van der Linden et al. 2016a), synoptic and dynamic causes
of early dry-season rainfall events in the Vietnamese Central Highlands are investigated
using ground-based observations, hand-analyzed weather maps of the national weather
service, satellite-based observations, and reanalyses. Rainfall during the early dry
season in November and December in Vietnam’s main coffee growing region affects
yield and quality of potentially two growing cycles. Daily rainfall measurements from
nine stations in the Central Highlands for the period 1981-2007 were used to select
four dynamically different cases that led to wet spells. The cases that were selected
for an in-depth investigation are: 1) Tail end of a cold front, 2) tropical depression
(TD)-type disturbance, 3) multiple tropical wave interaction, and 4) cold surge with a

Borneo Vortex.

In November 1982 (case 1) a cold front of a low pressure system over the Yellow

Sea extended southward to about 13°N. Ahead of the cold front, convection in the
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moist and unstable atmosphere over the SCS was likely initiated by convergence of the
low-level ageostrophic isallobaric winds. After passage of the cold front, rainfall was
rather characterized by afternoon convection that was facilitated by high equivalent

potential temperature air from the SCS that stalled over the southern part of the Central

Highlands after it was transported into this region by enhanced northeasterly winds.

On the contrary, rainfall in the northern part mainly occurred in direct relation to the

cold front.

A westward-moving TD—-type disturbance was the main cause of high rainfall amounts
in December 1986 (case 2). Although the low-level winds were directed almost
orthogonal towards the mountains of the Annamese Cordillera, the effect of the
mountain range acting as a weather divide was suppressed by lower-tropospheric
instability and strong low-level winds. During the multiple tropical wave interaction
case in November 2007 (case 3), four tropical waves, namely a TD-type disturbance,
and convectively active phases of the MJO, Kelvin and ER waves, contributed to
enhanced convection over the Central Highlands. Overall, deep convection seemed
to be most directly influenced by the TD—-type disturbance, although the relative
contribution to the modulation by each wave could not be quantified objectively.
However, the analysis suggests that convection over the Central Highlands was also
remotely affected by an eastward-moving Kelvin wave, whose convective core was

rather confined to the equator.

Two commonly used cold surge criteria were satisfied in case 4 that occurred in
December 2005. A Borneo Vortex, which was related to the cold surge, moved
northwestward towards the coast of southern Vietnam, and additionally enhanced
convection and low-level northeasterly winds. Along with low stability, rainfall could
pass over the mountain barrier especially in the southern part of the highlands due to the
location of the Borneo Vortex. To conclude, this study reveals that the spatiotemporal
development of early dry-season rainfall in the Central Highlands highly depends on

the interaction between large-scale, synoptic, and orographic effects.

5.3 Summary of Publication 3

In late July/early August 2015, an extreme precipitation event hit northeastern Vietnam.

The event led damage to infrastructures and loss of life due to flooding and landslides
that were caused by the torrential rainfall. The causes of this extreme event in
northeastern Vietnam and its predictability are investigated; the results are presented

in publication 3 (section 4; van der Linden et al. 2017). At coastal stations in the most
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severely hit Quang Ninh province, rainfall amounts between about 1000 and 1500
mm were measured in the nine-day period between 25 July 2015 and 3 August 2015.
Rainfall amounts in 2015 were up to four times the climatological maxima for this
period. The study focuses on the four-day period from 25 July 2015 until 29 July
2015, when the most intense rainfall was observed directly at the coast of northeastern
Vietnam, above the Gulf of Tonkin, and in southeastern China. In the first period, up

to 74% of the total rainfall during the whole period was observed at the coast.

Rainfall during the first period was associated with a surface low above the Gulf of
Tonkin and northeastern Vietnam. The formation of the low and its movement over
time was related to a subtropical upper-level geopotential trough that was located north-
west of Vietnam and gradually moved westward. The main cause of the continuity of
deep convection was a persistent synoptic-scale convergence of tropospheric moisture
flux over the Gulf of Tonkin and the northeastern coast of Vietnam. Along with the
westward movement of the trough and the surface low, a moisture flux component
orthogonal to the coast intensified an led to an even stronger moisture flux conver-
gence. The main moisture source of this event was a strong and persistent monsoon
depression over the Bay of Bengal. This kind of tropical—extratropical interaction was

not described for this region and season before.

The extreme forecast index (EFI) and the shift of tails (SOT) index are two com-
plementary indices provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF) to indicate if ensemble forecasts are extreme with respect to the
model climate (cf. Zs6tér 2006). The space- and time-dependent EFI and SOT index
indicated that an extreme event in ECMWF ensemble prediction system forecasts was
imminent about three days in advance (72-hour lead time forecasts). Interestingly,
it was found that predictability of this extreme event was most strongly related to
the presence and location of the upper-level trough and the associated surface low
in probabilistic forecasts. In other words, the predictability of extreme rainfall in
northeastern Vietnam arose from enhanced predictability of the subtropical upper-level

trough.

5.4 Discussion and Outlook

To sum up, this thesis has demonstrated that rainfall variability and extreme precipi-
tation events in Vietnam are influenced by a multitude of tropical and extratropical
factors. In the first part (section 2) it was shown that large-scale tropical waves sig-

nificantly modulate daily rainfall in Vietnam south of 16°N during the rainy season
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from May to October. Overall, the MJO and convectively coupled Kelvin and ER
waves exhibit the strongest modulations of rainfall. However, these three tropical wave
modes and additionally TD—-type disturbances, which are likewise regarded as a type
of CCEW, were also involved in early dry-season rainfall events in the Vietnamese
Central Highlands in November and December (cf. section 3). Nonetheless, rainfall
events over the SCS and adjacent countries during the dry season, which is character-
ized by northeasterly winds that originate from the midlatitudes, are more commonly
influenced by extratropical Rossby wave trains. Finally, in section 4 it was shown that
a tropical—extratropical interaction, which was hitherto not documented for the region
and season, was the cause of an extraordinary extreme rainfall event in northeastern

Vietnam during the rainy season.

The strong influence of the MJO and Kelvin and ER waves on the modulation of
rainfall bears the potential for improved medium-range weather forecasts in southern
Vietnam. From version 1 to version 2 of the NCEP Climate Forecast System (CFS),
the predictability of the MJO improved from 6 to 17 days (Zhang and van den Dool
2012; Saha et al. 2014). Moreover, a recent study suggested that CCEW's were better
represented in super-parameterized CFS version 2 forecasts (Goswami et al. 2015).
This also suggests a potential predictability of early dry-season rainfall events in the
Central Highlands on weekly timescales due to the association of the events with
large-scale tropical and extratropical wave forcings. In section 4, it was already shown
that the short-term predictability of an extreme event in the tropics arose from an

extratropical synoptic forcing.

Building on the results of publication 1, an obvious next step would be to investigate
the thermodynamic modulation by the MJO and CCEWs more extensively, e.g., to
gain more insight into precipitative processes. The influence of tropical waves on the
occurrence of different types of convection and rainfall could also be investigated.
The vertical structures of the atmosphere in southern Vietnam already suggested
that convectively active phases reveal at least for the MJO favorable thermodynamic
conditions for the organization of convection. Moreover, it was shown that convectively

active phases of the MJO lead to a pronounced deepening of the moist monsoon flow.

In terms of numerical weather and climate prediction models, the method that was
used to regionally determine different phases of tropical wave-related enhancement
or suppression of deep convection (cf. section 2) could be used to assess the repre-
sentation of the MJO and CCEWs in numerical models. To circumvent a possible
underrepresented variability of convection in the models, the 200-hPa zonal wind or
the divergent component of the 200-hPa wind could be used instead of OLR to deter-
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mine wave activity (cf. Hendon and Wheeler 2008; Ventrice et al. 2013). In addition
to the seasonal and subseasonal predictability in (super-parameterized) CFS forecasts,
the analysis by Hung et al. (2013) suggests that the representation of tropical wave
modes in general circulation models improved from Coupled Model Intercomparison
Project (CMIP) phase 3 (CMIP3) to CMIP5 models.

In principle, the method to regionally determine different phases of tropical wave
modes is applicable to every tropical region, given that the MJO or CCEWs exhibit
an influence on convection there. However, the method possibly would need to be
adjusted to the characteristics of the study region. At the moment, wave phases are
determined only for one longitude that is centered above Vietnam, because the country
has such a small west-to-east extent and because of the relatively large spatiotemporal
scales of tropical waves that influence deep convection in Vietnam. For countries or
regions that are zonally more extended and/or where higher-frequency waves also play
a role, multiple longitudes might need to be considered to thoroughly capture their

influence.

In publication 2, four representative early dry-season rainfall events were exemplar-
ily investigated. In a next step, historical rainfall time series from stations in the
Vietnamese Central Highlands could be searched for the recurrence of events of a
particular type, e.g., to investigate the relative importance of the individual cases
and to determine trends of their frequency and intensity. Moreover, the publication
left open the question about the predictability of the representative cases. In any
case, improved forecasts of the MJO and CCEWs on weekly timescales (Zhang and
van den Dool 2012; Saha et al. 2014; Goswami et al. 2015), and predictability related
to subtropical synoptic forcing (cf. section 4) suggest that the events could be forecast.
This bears the potential to take protection measures in sufficient time to minimize
the influence on the cultivation of coffee. However, a field campaign complemented
with convection-resolving modeling could help to better understand the short-distance
transition mechanisms from the heavy rainfall coastal region to the dry highlands.
Finally, the 3-day predictability of the extreme event that was analyzed in publication
3 (cf. section 4) ensures that warnings could be issued in sufficient time and that
protection measures like temporary barriers or evacuations could be arranged for
comparable extreme events in future. Therefore, it should be explored if the event
was also forecast by other ensemble prediction systems, or if the use of multi-model
ensembles would be beneficial. Ultimately, it can be assessed if this finding could be
implemented in operational weather forecasting of the Vietnamese national weather

service.
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A general observation is that a dense network of ground-based rainfall observations
is extremely important particularly in the tropics. Long and homogenous station
time series are indispensable for climatological analyses, for analyses of past extreme
events, but also for the evaluation of numerical weather and climate prediction models.
In section 2 it was shown that the use of raw station measurements should be favored
over a gridded, station-based dataset especially if the influence of tropical waves on
rainfall anomalies is less coherent, and if regional differences between neighboring
weather stations occur. However, Page et al. (2004) have shown that a large fraction of
historical daily rainfall observations from partly more than 1000 stations in Vietnam
are not yet digitized. Therefore, particularly in the tropics, many investigations also
rely on satellite-based precipitation estimates. A widely used multi-satellite data
product is the NASA Tropical Rainfall Measurement Mission (TRMM) 3B42 product
(Huffman et al. 2007). In 2015, the TRMM mission ended after 17 years and was
succeeded by the NASA Global Precipitation Measurement (GPM) mission (Hou et al.
2014). Early studies that compare the performace of the TRMM 3B42 product and the
GPM Integrated Multi-satellite Retrievals for GPM (IMERG) product (Huffman et al.
2015), which is the successor of TRMM 3B42, suggest that the two products perform
at least equally (e.g., Guo et al. 2016; Prakash et al. 2016).
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