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EXECUTIVE SUMMARY 
 

The boreal summer intraseasonal oscillation (BSISO) is characterized by eastward and 
northward propagation of convection and associated large-scale circulation anomalies across 
the north Indian Ocean and South China Sea (SCS). In addition to producing profound 
variability in winds and precipitation in the Philippines Archipelago and other parts of the 
Maritime Continent (MC), the BSISO is associated with active and break cycles of the south and 
east Asia monsoons, has been implicated in the modulation of tropical cyclones across the 
tropics, and is associated with prominent teleconnections to the extratropics. Unfortunately, 
weather forecasting and climate models have traditionally had difficulty in simulating the BSISO, 
which limits the ability to forecast the local and global impacts of the BSISO. The propagation 
mechanisms for the BSISO are poorly understood. The factors that impact propagation of the 
BSISO may include interactions with the ocean, surface flux over land and ocean, higher 
frequency variability including the diurnal cycle and tropical depressions, and the mean wind 
and humidity distribution. The inability of models to properly simulate many of these processes 
limits their ability to properly simulate the propagation of the BSISO and hence predict its future 
evolution. 

The goal of PISTON is to forge a better understanding of the multiscale, air-sea, and 
land-atmosphere interaction processes that regulate BSISO propagation and intensity, develop 
an observational dataset to benchmark model simulations of the BSISO, and use these models 
and observations to address the overarching PISTON hypotheses defined below. PISTON will 
identify processes (e.g. convective and surface) in the MC to which model simulations of the 
BSISO are particularly sensitive, with the goal of improving their representation to enable 
improved prediction of propagating intraseasonal disturbances that transect the Philippines 
Archipelago and MC. PISTON field observations and high-resolution models will foster process 
understanding that leads to improved model and predictions.  
 
PISTON is guided by these four overarching hypotheses: 

● Large scale atmospheric circulation variability over the South China Sea related to the 
monsoon, intraseasonal oscillations, and convectively coupled waves modifies the local 
diurnal cycle and air sea interaction in the coastal regions and nearby open seas. 

● Convection over the Maritime Continent is inherently multi-scale, with large scale flow 
and environment  (e.g., shear, thermodynamic state, etc) setting the context for 
embedded convective systems that range in scale from individual cumulus clouds to 
convectively coupled waves. Small scale convective processes (e.g., interaction with 
complex terrain and coastlines, cloud microphysical processes, and the details of 
convective cold pools), in turn, influence the propagation of larger convective systems 
across the region. 

● 3-dimensional oceanic processes are important to BSISO propagation in the SCS. 
● Local and mesoscale processes related to the presence of land and topography, 

atmosphere-ocean interactions, and atmosphere-land and river-ocean interactions 
influence the development and propagation of the BSISO. These processes include 
land-sea breezes, the diurnal cycle, surface fluxes, gravity waves, convective variability, 
and upper-ocean dynamics, and river runoff. 
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These objectives and hypotheses will be addressed in an observational campaign during 
the late summer of 2018 in the SCS. The observational program will be tightly coupled to a 
ocean and atmosphere modeling program. The observational campaign will consist of about two 
months of shipborne measurements from the R/V Thomas G. Thompson near the West Coast of 
Luzon that will sample the northward-propagating BSISO and interactions with 
offshore-propagating convective disturbances and the upper ocean. Shipborne C-band 
polarimetric Doppler radar and radiosonde observations form the central atmospheric 
observational component for PISTON. Near-surface boundary layer meteorology and surface 
flux observations collected at high-resolution from the ship will sample the turbulent to 
mesoscale coherent structures related to shallow and deep convection, stratiform precipitation, 
and land-sea circulations. Shipborne ocean observations include microstructure profiles to 
estimate heat fluxes in the upper 200-300 m and particularly across the diurnal warm layer and 
seasonal mixed layer. Measurements include concurrent profiles of velocity, temperature, and 
salinity, two subsurface moorings consisting of Acoustic Doppler Current Profilers (ADCPs), 
conductivity, temperature, and depth devices (CTDs) and Oregon State University chi-pods 
every 20-30 m in the upper several hundred meters, and broader spatial surveys to characterize 
the regional oceanography and large-scale gradients. 

A hierarchy of modeling tools will be employed in PISTON including large-eddy models, 
cloud-system-resolving models (CSRMs) that span local to regional domains, and climate 
simulations, forecasts, and reforecasts of global models. Models will be used in the pre-field 
phase, field phase, and post-field phase to inform field campaign deployment, develop and/or 
test science hypotheses, and provide real-time campaign forecasting support at both short 
range (1-3 days) and extended range (3 days to multi weeks). The model hierarchy of models 
will also be subject to scrutiny from PISTON observations to assess their process-level fidelity 
that will provide a path toward model improvement.  

PISTON will include coordination with the NASA Cloud and Aerosol Monsoonal 
Processes-Philippines Experiment (CAMP2Ex) that will operate in the Philippines from 
mid-August to the end of September 2018, the NOAA Climate Variability and Predictability 
(CVP) Program initiative entitled Observing and Understanding Processes Affecting the 
Propagation of Intraseasonal Oscillations in the Maritime Continent Region, and the Years of 
the Maritime Continent international project (and the Philippines component, SALICA, Taiwan’s 
South China Sea Two-Island Monsoon Experiment, described below), among other international 
linkages. 
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1. Introduction 
 
1.1 Introduction to the boreal summer intraseasonal oscillation (BSISO) 
 
Interest in modes of tropical intraseasonal variability has increased substantially during the last 
decade due to the recognition of their importance for subseasonal prediction of the large-scale 
atmospheric state and associated weather extremes, including in the extratropics (e.g., 
Robertson et al. 2015). The intraseasonal timescale is a bridge between weather and climate, 
and tropical intraseasonal modes have important interactions with both longer and shorter 
timescale phenomena. The most prominent mode of tropical intraseasonal variability is the 
Madden-Julian Oscillation (MJO, Madden and Julian 1971), a phenomena characterized by 
coherent fluctuations in winds, moisture, and precipitation at 40-50 day timescales that 
propagates eastward across the Indo-Pacific warm pool at about 5 m s-1. A form of the MJO also 
exists during boreal summer that we will refer to as the boreal summer intraseasonal oscillation 
(BSISO), which is characterized by both eastward and northward propagation (e.g., Fu and 
Wang 2004; Lee et al. 2013). Overall intraseasonal precipitation variance in the tropics shifts 
from a distribution that is more equatorial and Southern Hemisphere-biased during the 6-month 
period centered on boreal winter (the strong variability to the east of the Philippines is an 
interesting exception), to one that is weighted toward the Northern Hemisphere with maxima in 
the South China Sea (SCS), Bay of Bengal, and to the east of the Philippines during boreal 
summer (Figure 1 from Sobel et al. 2010). Notable during both seasons is the relative minimum 
in intraseasonal precipitation variance over the larger islands of the Maritime Continent (MC), 
although this behavior is not as strongly apparent over the Philippines during boreal summer.  

 

 
 
Figure 1. From Sobel et al. (2010). Intraseasonal variations in rainfall for a) November-April and b) 
May-October (mm2 d−2). Daily-averaged TRMM 3B42 precipitation data during 1998-2005 averaged to a 
1° × 1° grid are used.  
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Figure 2. From Lee et al. (2013). Composite 850 hPa wind and OLR anomalies as a function of BSISO 
phase (indicated by P# in each panel).  
 

Figure 2 from Lee et al. (2013) shows a composite lifecycle of the BSISO derived from the 
leading multivariate EOFs of boreal summer 850 hPa zonal wind and outgoing longwave 
radiation (OLR). OLR and 850-hPa winds are composited in this figure. While this figure shows 
evidence of eastward propagation of BSISO convection anomalies across the MC after 
convection initiates in the central Indian Ocean during phase 1, the propagation characteristics 
of the BSISO are more complex than that of the boreal winter MJO (e.g., Wheeler and Hendon 
2004). Significant northward propagation of precipitation and wind anomalies is a well-defined 
characteristic of the BSISO in both the Indian Ocean and SCS. Convection anomalies are 
characterized by a northwest-southeast “tilted rainband structure”  
during certain phases (e.g. Wang and Xie 1997), such as phase 5 when positive convection 
anomalies extend from the Bay of Bengal southeast into the SCS. Northward propagating 
positive convection anomalies are accompanied by westerly wind anomalies near and to the 
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south of the convective center, with easterly anomalies to the north. Given the westerly mean 
low-level flow across the Bay of Bengal and SCS during boreal summer, low-level westerly 
anomalies add constructively to the westerly mean flow to foster positive surface latent heat flux 
anomalies.  

As will be discussed below in Section 1.6 in the introduction to ocean processes and 
air-sea interaction, the combination of surface flux, surface shortwave radiation (produced by 
variations in BSISO cloudiness), and surface momentum flux anomalies engender SST 
anomalies that move northward coherently with the BSISO convective envelope. As shown in 
Figure 3 from Roxy and Tanimoto (2012), which displays composite SST and surface wind 
anomalies relative to maximum intraseasonal SST events in the SCS, cold SST anomalies 
follow periods of westerly wind anomalies, and warm SST follows easterlies. These SST 
anomalies may modulate northward propagation of the BSISO in the SCS, which will be 
discussed in more detail below.  
 

 
Figure 3. From Roxy and Tanimoto (2012). Composite surface wind vector and SST anomalies relative to 
positive SCS intraseasonal events in region bounded by 109–114°E, 9–12°N. 
 

While the 30-60 day BSISO has received the majority of attention in the scientific 
literature, the boreal summer focus of PISTON will also leverage the fact that the SCS and 
surrounding regions support a rich spectrum of boreal summer intraseasonal variability on other 
timescales (e.g., Nakazawa 1986; Tanaka 1992; Hartmann et al. 1992; Chen and Chen 1993; 
Chen et al. 2000; Fukutomi and Yasunari 2002). For example, Fukutomi and Yasunari (1999; 
2002) document the behavior of a prominent 10-25 day mode of boreal summer intraseasonal 
variability that is particularly prominent over the SCS. Lee and Wang (2016) in their study of the 
regional BSISO indices note that while in the Indian Ocean the variability is concentrated in the 
30-45 day band, while the Western Pacific has a broad spectral peak in 10 through 60 days.  In 
the SCS, barotropic conversions between the mean monsoon flow and the 10-25 day eddies 
help maintain these disturbances, although baroclinic conversions become important at higher 
latitudes. Regardless of the cause, the rich diversity of intraseasonal variability in the SCS will 
enhance the likelihood of capturing different intraseasonal basic states during the PISTON field 
phase that will allow state-dependent interactions with synoptic variability, the diurnal cycle, and 
other high frequency disturbances to be examined.  
 
1.2 BSISO impacts 

The BSISO has profound impacts both locally and globally that may be predictable at 
medium range given the slowly-evolving nature of this mode (e.g., Waliser et al., 2003; Slade 
and Maloney 2013), providing urgency to better understanding and simulating this phenomenon. 
The BSISO is associated with active and break periods of the South Asian and east Asian 
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monsoon. The South Asian seasonal mean flow and precipitation are intensified during BSISO 
active phases, with the opposite conditions typically present during BSISO suppressed phases 
(e.g., Goswami and Ajaya Mohan 2001; Goswami 2012). Similarly, monsoon active and break 
periods in the SCS and across east Asia are induced by the BSISO, with the possibility for 
out-of-phase relationships between monsoon conditions between these two regions given their 
geographical separation and the large-scale structure of the northward-propagating BSISO 
(e.g., Chen et al. 2000; Hsu 2005). The BSISO has been implicated in monsoon onset in east 
and south Asia, and a climatological component exists associated with the onset of monsoon 
conditions moving  progressively further north from the SCS to North China from mid-May 
through early August (Wang and Xue 1997; Hsu 2005).  

The BSISO has been implicated in the modulation of tropical cyclones across the tropics, 
including the Indian Ocean, the northwest Pacific, the northeast Pacific, and the Atlantic 
(Liebmann et al. 1994; Maloney and Hartmann 2000a,b; Higgins and Shi 2001; Klotzbach 
2014). Coincident modulation of tropical depression-type disturbances in these basins also 
occur as a function of BSISO phase. For example, tropical depression-type disturbances in the 
Philippine Sea and SCS are substantially more active during low-level westerly phases of the 
BSISO versus easterly phases (e.g., Maloney and Dickinson 2003; Hsu et al. 2011). Tropical 
cyclone (TC) genesis is enhanced during periods of enhanced tropical depression (TD) activity 
in the northwest Pacific (Hsu et al. 2011). Goswami et al. (2003) similarly document a 
substantial increase in the number of monsoon depressions and lows in the Bay of Bengal 
during the convectively enhanced phase of the BSISO there. Bay of Bengal depressions have 
been implicated in extreme precipitation events in South Asia (e.g., July-August 2010 Pakistan 
floods, Houze et al. 2011). A bit farther afield, the BSISO produces significant variability in west 
African rainfall (e.g., Matthews 2004), with easterly wave activity that seeds Atlantic and east 
Pacific tropical cyclone formation being enhanced during periods of enhanced rainfall (Alaka 
and Maloney 2012).The strong influence of the BSISO on tropical cyclogenesis suggests that 
improved prediction of intraseasonal oscillations can improve genesis forecasts at longer lead 
time (Nakano et al. 2015). However, the links between BSISO modulation of the synoptic-scale 
environment and mesoscale organization of the TC are not well understood. Detailed 
observations of the convective character in pre-depression disturbances are lacking, especially 
in the western North Pacific. Further research is required to distinguish cloud clusters that 
continue to organize or fail to develop, and to better understand the physical mechanisms 
involved in convective organization leading to genesis.  

Teleconnections to the extratropics that modulate temperature and precipitation also occur 
in association with the BSISO, but for the sake of brevity these impacts will not be discussed 
here (e.g., Moon et al. 2013). The ability to predict the large-scale pattern associated with the 
BSISO, let alone the various impacts discussed above, is currently limited. Figure 4 from Lee et 
al. (2015) shows the current capability of several forecast models to predict the large-scale 
patterns associated with two leading combined EOFs used to generate the composites in 
Figure 2. Symbols in Figure 4 represent predictability (ensemble mean and single member) 
using a perfect model assumption, and shadings represent the actual prediction skill relative to 
the observed state. Prediction skill is severely limited for the BSISO relative to predictability, with 
prediction skill over 3 weeks lower than predictability using the multimodel mean predictability 
estimate. This highlights room for substantial improvement in forecast model simulations of the 
BSISO. Model biases in simulating the BSISO will be discussed in more detail in the next 
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section.   
  

Figure 4. From Lee et al. (2015). Predictability and prediction skill for the Lee et al. (2013) BSISO 
indices when a) strong and b) weak BSISOs exist in the initial conditions.  
 
1.3 Modeling of the BSISO  

Weather forecasting and climate models have traditionally had difficulty in simulating the 
BSISO. Figure 4 showed the unrealized prediction capability associated with hindcasts of the 
BSISO from weather forecasting models that might be improved through parameterization 
development. Neena et al. (2016) provides a comprehensive analysis of the ability of a suite of 
27 general circulation models to simulate the BSISO. Figure 5 shows a lag regression of Indian 
Ocean precipitation anomalies onto itself as a function of latitude and time, indicating the 
substantial difficulties that many models have in simulating the northward propagation of the 
BSISO. Neena et al. (2016) also showed that success at simulating northward propagation of 
the BSISO is correlated with eastward propagation skill (r ~0.6), although some models 
produced divergent skill between eastward and northward propagation. 

Model propagating patterns are assessed using an index derived by projection of model 
precipitation onto the leading extended EOFs of TRMM 3B42 precipitation anomalies, averaged 
over longitudes characteristic of the Indian Ocean.  Figure 6 shows that the ability to realistically 
represent northward propagation of the BSISO is in part related to the ability of models to 
simulate the tilted NW-SE rainband structure captured in Figure 2 (e.g., most evident in Phases 
1 and 5). Simulations with a better propagation skill, as represented by a pattern correlation of 
the model plots in Figure 5 with the observations (upper left corner plot), tend to produce a 
better composite tilt to the rainband structure. However, simulating this tilted structure remains a 
challenge for models (e.g., Sperber and Annamalai 2008), with Figure 6 indicating that all 
models underestimate the tilt. 

While simulating the propagation characteristics and amplitude of the BSISO remains a 
challenge, previous studies have hypothesized various factors that can lead to improved 
simulations of the BSISO. Some studies have demonstrated that coupling atmospheric models 
to an interactive ocean substantially improves the amplitude and propagation characteristics of 
the BSISO (e.g., DeMott et al 2014; Fu and Wang 2004; Fu et al. 2007); however, this does not 
appear to be the case of all models (e.g., Neena et al. 2016). Coupling a model often affects the 
mean state, which can make it difficult to isolate the direct effects of coupling on BSISO 
simulations from those of mean state changes (e.g., Klingaman and Woolnough 2014). 
Assessing the importance of ocean coupling to BSISO propagation and destabilization is 
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