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ABSTRACT 13 

The Propagation of Intraseasonal Oscillations (PISTON) field campaign took place in the 14 

waters of the western tropical North Pacific during the late-summer and early-fall of 2018 and 15 

2019. During both research cruises, the Colorado State University SEA-POL polarimetric C-Band 16 

weather radar obtained continuous 3D measurements of oceanic precipitation systems. This 17 

study provides an overview of the variability in convection observed during the PISTON cruises, 18 

and relates this variability to large-scale atmospheric conditions. Using an objective 19 

classification algorithm, precipitation features are identified and labeled by their size 20 

(isolated/sub-MCS/MCS) and degree of convective organization (nonlinear/linear). It is shown 21 

that although large mesoscale convective systems (MCS’s) occurred infrequently (present in 22 

13% of radar scans), they contributed a disproportionately large portion (56%) of the total rain 23 

volume. Conversely, small isolated features were present in 91% of scans, yet these features 24 

contributed just 11% of the total rain volume, with the bulk of the rainfall owing to warm rain 25 

production. Convective rain rates and 30-dBZ echo top heights increased with feature size and 26 

degree of organization. MCS’s occurred more frequently in periods of low-level southwesterly 27 

winds, and when low-level wind shear was enhanced. By compositing radar and sounding data 28 

by phases of easterly waves (of which there were several in 2018), troughs are shown to be 29 

associated with increased precipitation and a higher relative frequency of MCS feature 30 

occurrence, while ridges are shown to be associated with decreased precipitation and a higher 31 

relative frequency of isolated convective features. 32 

  33 
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 34 

1. Introduction and Background 35 

a) The PISTON Field Campaign 36 

Convection and precipitating cumulus in the tropics are of fundamental importance to 37 

the atmospheric system, with impacts spanning local to global scales. The structure of 38 

precipitating systems is known to directly influence the vertical distribution of latent heating 39 

(Houze 1997; Cifelli and Rutledge 1998; Schumacher et al. 2007), and the organization of 40 

mesoscale convective systems (MCS’s) has been shown to impact momentum transport 41 

through the troposphere (LeMone 1983; LeMone et al. 1984). During boreal summer, the 42 

western North Pacific “warm pool” region is characterized by frequent deep convection.  This 43 

region is influenced by the low-level westerlies and moisture associated with the Asian Summer 44 

Monsoon (itself a major component of the global weather system), as well as numerous 45 

westward moving disturbances in the form of easterly waves (Reed and Recker 1971) and 46 

tropical cyclones (Ramsay 2017). Also, an important phenomenon in this region is the Boreal 47 

Summer Intraseasonal Oscillation (BSISO; Wang and Xie 1997; Lee et al. 2013), marked by an 48 

envelope of pronounced convection which propagates from the Indian Ocean northeastward 49 

into the western North Pacific. The BSISO has important teleconnections to other areas in the 50 

tropics and extratropics (Moon et al. 2013; Lee et al. 2017). For these reasons, the western 51 

North Pacific is an enticing region to study. 52 

During the late-summer and early-fall of 2018 and 2019, the Propagation of 53 

Intraseasonal Oscillations (PISTON) field campaign took place in western North Pacific Ocean on 54 

board the R/V Thomas G. Thompson (2018, hereafter referred to as TGT) and R/V Sally Ride 55 
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(2019, hereafter referred to as SR) (Figure 1). PISTON originally targeted the South China Sea 56 

near the west coast of the Philippines, but refusal of an international marine research 57 

agreement forced PISTON to relocate to international waters east of the Philippines. Although 58 

no well-defined BSISO oscillation materialized over the course of 69 operational days at sea (20 59 

Aug – 8 Sept, 14 Sept – 12 Oct 2018; 5 - 24 Sept 2019), a wide variety of interesting weather 60 

conditions were observed. Conditions at the ship varied from fair-weather cumulus and calm 61 

seas to intense precipitation and disturbed sea states, the latter situation associated with 62 

mesoscale convective systems (MCS’s) and the outer rainbands of typhoons overrunning the 63 

ship locations. An overview of the large-scale conditions encountered during the 2018 cruise is 64 

covered in Sobel et al. (2020).  65 

On board the ships were a suite of scientific instruments, acquiring measurements of 66 

the ocean and atmosphere. A key instrument was the Colorado State University SEA-POL radar, 67 

a C-Band polarimetric Doppler radar designed for deployment at sea (Rutledge et al. 2019a,b). 68 

In addition to providing traditional radar measurements of precipitation intensity and radial 69 

velocity, SEA-POL measured a suite of polarimetric variables. The polarimetric variables not only 70 

allow for insights into the microphysical properties of storms, but also enable more accurate 71 

measurements of rain rate (Thompson et al. 2018). Detailed information on SEA-POL, as well 72 

some results from its first deployment at sea (SPURS-2017), can be found in Rutledge et al. 73 

(2019a,b).  74 

b) Convective morphology 75 

The structure and morphology of precipitating systems in the tropics have important 76 

implications on the vertical distributions of heating and momentum transport. Convection in 77 
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the tropics crosses a wide spectrum of sizes and organizations, from shallow, isolated cells a 78 

few kilometers in width (characterized by warm rain processes; Schumacher and Houze 2003), 79 

to MCS’s hundreds of kilometers wide with organized lines of deep convection and broad areas 80 

of stratiform rain (Houze 2014). These systems drive unique latent heating profiles, with 81 

shallow convection warming the lower troposphere, deep convection warming the entire 82 

troposphere with a peak in the mid-levels, and stratiform precipitation warming the upper 83 

troposphere while cooling the lower levels (Houze 1989, Schumacher et al. 2007, Tao et al. 84 

2010). Accurate representation of these latent heating profiles in large scale models has been 85 

shown to increase agreement with observations, through generation of a more accurate Walker 86 

Circulation (Hartmann et al. 1984). With respect to momentum transport, MCSs with linearly 87 

organized convective features tend to add momentum in the upper (lower) levels against 88 

(along) the direction of propagation (LeMone 1983, LeMone et al. 1984). By characterizing the 89 

modes of convection observed during PISTON, this study aims to provide insight which could be 90 

used to improve the representation of latent heating and momentum transport in the western 91 

North Pacific. 92 

 To begin characterizing convective modes, it is desirable to partition radar-observed 93 

precipitation into specific categories dictated by their morphology. Rickenbach and Rutledge 94 

(1998) manually classified TOGA COARE radar scans into categories by area (MCS and sub-MCS) 95 

and organization (linear and nonlinear). Xu and Rutledge (2015) (hereafter referred to as XR15) 96 

improved upon this methodology by developing an automated objective feature classification 97 

algorithm which assigned different morphology classifications to each feature within a radar 98 

scan, rather than classifying an entire scan under one group, as was done in the manual 99 
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classification scheme used by Rickenbach and Rutledge (1998). The present study, as discussed 100 

in Sec. 2c, incrementally improves the feature identification algorithm by modifying the criteria 101 

used for linear/nonlinear classification, as well as introducing an “isolated” classification for 102 

small convective features.  103 

c) Easterly waves 104 

Easterly waves are a leading mode of convective variability in the tropics (Chang 1970; 105 

Burpee 1972; Lau and Lau 1990). Easterly waves are often the precursors of tropical cyclones 106 

(Avila and Pasch 1992; Molinari et al. 1997; Dunkerton et al. 2009) and are in fact occasionally 107 

referred to in the literature as “tropical depression-type” disturbances. In the western North 108 

Pacific, easterly waves form from mixed Rossby-gravity waves, which originate along the 109 

equator and turn northward as they interact with the confluence zone along the monsoon 110 

trough (Dickinson and Molinari 2002, Maloney and Dickenson 2003). 111 

As these waves primarily exist over the open ocean, in situ observations of easterly 112 

waves have been sparse, particularly over the West Pacific. Previous studies have relied 113 

primarily on satellite (e.g. Kiladis et al. 2006), sounding, or modelling (e.g. Donner et al. 1999) 114 

data to describe the 3D variability of convection across easterly waves. Easterly waves were not 115 

a focus of study during TOGA COARE (Godfrey et al. 1998) and studies of easterly wave 116 

passages during KWAJEX (Sobel et al. 2004, Schumacher et al. 2007, Wang and Zhang 2015) did 117 

not examine the vertical structure of convection associated with these waves. Petersen et al. 118 

(2003; hereafter defined as P03) used data from the C-band Doppler radar on board the R/V 119 

Ronald H. Brown to characterize the nature of convection and its vertical structure in different 120 

phases of the easterly waves observed during EPIC. However, EPIC took place in the East Pacific, 121 
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where the source of easterly waves is different – as East Pacific easterly waves are tied to 122 

African easterly waves which re-intensify over central America (Serra et al. 2008, Whitaker et al. 123 

2020) while the source of West Pacific easterly waves is less understood, possibly arising due to 124 

wave accumulation (a process whereby a zone of confluence, such as that in the West Pacific 125 

where trade easterlies meet monsoon westerlies, enhances wave activity, see Maloney and 126 

Dickinson 2003; Serra et al. 2008). Fortunately, during PISTON 2018, several easterly waves 127 

passed over the ship (Sobel et. al 2020). Using the method outlined in P03 (described in detail 128 

in Sec. 2d) this study identifies easterly wave periods and analyzes the variability in atmospheric 129 

conditions and convective morphology across each wave phase. 130 

Overall, the purpose of this study is to provide an overview of precipitation observed by 131 

SEA-POL, and to relate the variability in convection to the synoptic patterns documented during 132 

each PISTON cruise. Although the SEA-POL radar can only observe precipitation over a relatively 133 

small area, broader-scale implications can be inferred by relating this convection and its 134 

associated impact on the atmosphere to the synoptic patterns it occurred in. Although this 135 

study does not directly address the impact of West Pacific convection on the climate, it does 136 

provide a foundation for future work to build upon by linking convective morphologies to 137 

different synoptic regimes. An overview of data sources and analysis methods is given in Sec. 2. 138 

A brief summary of the large-scale conditions and significant weather events is given in Sec. 3a. 139 

Statistics of precipitation feature morphologies and the conditions they occurred in is given in 140 

Sec. 3b. An analysis of the easterly waves observed during 2018 is given in Sec. 3c and Sec. 4 141 

summarizes the main findings and conclusions. 142 
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2. Data and Methodology 143 

a) SEA-POL radar 144 

During the 69 operational days of PISTON over both phases, the SEA-POL radar operated 145 

nearly continuously, with only a handful of short (2-3 hour) shut-downs needed for 146 

maintenance or due to very rough seas (the longest outage was on 24 September 2019, when 147 

SEA-POL was shut down for 24 hours for repairs).  In the 2018 operations, SEA-POL obtained 148 

360° plan position indicator (PPI) volume scans every 15 minutes, reducing to a 10-minute 149 

interval in 2019. Multiple elevation sweeps were done in each volume scan, with the exact 150 

angles depending on the type and location of echoes present. In general, scanning strategies 151 

were chosen which captured the vertical extent of echoes. For example, higher elevation angles 152 

were used when storms were closer to the ship. These scanning strategies were designed and 153 

programed prior to start of the field campaign. To avoid illuminating the ship’s bridge area, a 154 

115° (80°) sector to the aft of SEA-POL was blanked in 2018 (2019; the reason the sector size 155 

was smaller in 2019 was due to the smaller ship, SR, compared to the TGT used in 2018). Nearly 156 

7000 volume scans were collected. Range-height indicator (RHI) scans were also performed 157 

both in both phases, however these scans are not examined in the present study. More detail 158 

on SEA-POL and its technical specifications can be found in Rutledge et al. (2019a,b). 159 

The SEA-POL dataset was rigorously quality controlled by the CSU Radar Meteorology 160 

team prior to analysis. First, non-meteorological echoes such as sea clutter, side-lobe clutter, 161 

second-trip echoes, and other artifacts were removed. Specific differential phase (KDP) 162 

calculation and attenuation correction of reflectivity (Z) and differential reflectivity (ZDR) was 163 

then performed based on the process outlined in Wang and Chandrasekar (2009). Using the 164 
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National Center for Atmospheric Research (NCAR) RadX software package 165 

(https://www.eol.ucar.edu/software/radx), radar data was then interpolated on to a 300x300 166 

km cartesian grid with 15 vertical levels, with grid spacings of 1km in the horizontal and 0.5 km 167 

in the vertical. Radar data were then partitioned into convective and stratiform pixels using the 168 

method of Steiner et al. (1995). Finally, rain rate was calculated at each grid point using Z, ZDR, 169 

and KDP, based on the method outlined in Thompson et al. (2018).  170 

b) Precipitation features 171 

An improved precipitation feature identification and classification algorithm, based on 172 

the method outlined in XR15, is utilized in this study. First, using the gridded radar dataset, 173 

precipitation features were identified in each scan by grouping adjacent pixels exceeding a 174 

reflectivity threshold (17 dBZ) at a given level (2km). This threshold was chosen in XR15 to 175 

match the minimum detectable reflectivity of the NASA TRMM satellite-based radar which was 176 

also being used in that study. Although TRMM data is not used in the current work, the 17 dBZ 177 

threshold was found to capture the majority of features and was therefore retained to facilitate 178 

comparisons with the results of XR15. After grouping, the radar echo of each feature was then 179 

fit with an ellipse, based on the mass distribution tensor eigenvalues of the raining points 180 

(Medioni et al. 2000, Nesbitt et al. 2006). In the event that a feature contained multiple distinct 181 

convective elements (as detected by the Steiner et al. 1995 algorithm), each of these 182 

convective “sub-features” was fitted with its own ellipse. This differs from the work of XR15, 183 

where convective ellipses were computed to encompass all convective points within a feature, 184 

regardless of whether these points were connected or not. Fitting separate ellipses to each 185 

distinct convective element allows for more accurate classification of the linearity of the 186 
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convection. For each feature, statistics such as area, mean rain rate, and echo top height were 187 

then calculated. 188 

Once features were identified, a decision tree (Figure 2) was used to classify features by 189 

their morphology. As in XR15, features were labeled as “sub-MCS” or “MCS” based on their 190 

overall size. This study also adds the additional size category of “isolated” for features with a 191 

maximum horizontal dimension of less than 20km. Sub-MCS and MCS features were then 192 

classified further as “nonlinear” or “linear” based on the length and aspect ratio of the largest 193 

convective sub-feature contained within the broader echo pattern. Examples of the different 194 

types of precipitation features are provided in Figure 3. For both sub-MCS and MCS features, 195 

the aspect ratio of the largest convective feature was required to be less than 0.4 to be 196 

classified as linear. Furthermore, for the sub-MCS classification, the largest convective feature 197 

also needed to be at least 70% the length of the encompassing main feature. For the linear MCS 198 

classification, the largest feature required a length exceeding 50km. If the largest convective 199 

feature within a sub-MCS or MCS did not meet both criteria, the feature was classified as 200 

nonlinear. The linearity of isolated features, which are typically short-lived and unorganized, 201 

was not considered. The specific thresholds and parameters in the classification decision tree 202 

were tuned based on a manual, subjective analysis of the algorithm’s performance. Sensitivity 203 

tests show that, although the specific values of the results presented hereafter do change 204 

slightly based on the thresholds and parameters used in classification, the changes are not 205 

dramatic and, more importantly, the relative relationship between different morphologies 206 

remains the same. 207 
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c) Atmospheric soundings 208 

Vaisala RS41-SGP radiosondes were launched from the TGT and SR every three hours 209 

during operational periods of PISTON, making measurements of atmospheric temperature, 210 

relative humidity, pressure, and wind speed with a measurement frequency of 1 Hz. Sounding 211 

data was then quality controlled as outlined in Ciesielski et al. (2014) and interpolated to 5 hPa 212 

intervals. The PISTON sounding operations were overall very successful, with 535 successful 213 

launches (375 in 2018, 160 in 2019). Only a few launches failed to reach the tropopause 214 

(balloons launched into moderate or heavy rain would occasionally get stuck/pop around the 215 

melting layer, likely due to ice accretion).  216 

d) Easterly wave detection 217 

Following methodology of previous studies (e.g. Reed and Recker 1971; Burpee 1974; 218 

Burpee 1975; Thompson et al. 1979; P03), 700 hPa meridional wind (v) speed/direction was 219 

used to diagnose easterly wave phases in the PISTON 2018 sounding data. No easterly waves 220 

were observed in 2019 (the weather was primarily influenced by a monsoon depression; see 221 

Sec. 3a(2)), therefore the 2019 dataset is excluded from the easterly wave analysis. In order to 222 

isolate the easterly wave signal, a Butterworth bandpass filter was applied to the 5 hPa-223 

interpolated sounding data to emphasize signals with periods of 3-7 days. Based on the 224 

magnitude/sign of v, each sounding profile was then defined as being in one of four wave 225 

phases: ridge, northerly, trough, or southerly. Ridges and troughs were defined as times when 226 

the magnitude of v was less than 2 m s-1, with ridges being in a transition from northerly to 227 

southerly wind, and vice versa for troughs. Periods when v was less than -2 m s-1 were labeled 228 
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as northerly, and periods when v was greater than 2 m s-1 were labeled as southerly. Put more 229 

succinctly: 230 

- Ridge: transition from southerly to northerly, |v| < 2 m s−1 231 

- Northerly: v < -2 m s−1 232 

- Trough: transition from northerly to southerly, |v| < 2 m s−1 233 

- Southerly: v > 2 m s−1 234 

 235 

As this method only looks at the local meridional wind direction without context of the 236 

larger environment it was occurring in, a baseline assumption is that variation in the meridional 237 

wind is primarily due to easterly wave activity. This was largely true for the 2018 cruise (Sobel 238 

et al. 2020), with the notable exception of when tropical cyclones passed near the ship. Periods 239 

which were significantly impacted by typhoon activity (i.e. when in the “monsoon tail” of Jebi, 240 

see Sobel et al. 2020), were subjectively identified and removed. 241 

e) Other data sources 242 

Tropical cyclone track and intensity data were obtained from the IBTrACS database 243 

(Knapp et al. 2010, Knapp et al. 2018). Gridded reanalysis of meteorological fields was obtained 244 

from the fifth-generation European Centre for Medium-Range Weather Forecasts Reanalysis 245 

product (ERA5, Hersbach et al. 2020). Gridded global precipitation estimates from the 246 

Integrated Multi-satellite Retrievals for GPM (IMERG) Version 6 dataset (Tan et al. 2019) are 247 

also used in this study. Sea surface temperature was calculated by the National Oceanic and 248 

Atmospheric Administration Physical Sciences Laboratory (NOAA PSL) using the COARE 3.6 249 

algorithm (Edson et al. 2013, documentation on most recent version available at 250 

ftp://ftp.etl.noaa.gov/BLO/Air-Sea/bulkalg/cor3_6/), based on an infrared radiometer and 251 
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towed thermistor.  The COARE algorithm accounts for sharp gradients in temperature on the 252 

skin of the ocean surface which cannot be captured by the radiometer/thermistor alone.  253 

3. Results 254 

a) Overview of cruises 255 

Although a well-defined BSISO event did not occur in either the 2018 or 2019 PISTON 256 

cruises, both cruises did experience a variety of atmospheric conditions, both large-scale and 257 

locally. This section will discuss the large-scale conditions that occurred during each cruise and 258 

relate these large-scale patterns to time series of PISTON radiosonde and ship radar 259 

measurements. 260 

1) 2018 261 

Sobel et al. (2020) examined the large-scale conditions during the 2018 cruise. The 262 

cruise was generally characterized by a background easterly flow, with embedded westward 263 

moving disturbances (easterly waves) which propagated over the operations area on the time 264 

scale of a few days. This was particularly true in the first leg of the 2018 cruise (late August – 265 

early September). In addition to these easterly waves, the cruise was also punctuated by six 266 

tropical cyclones, all of which passed to the north of the TGT with a range of intensities. The 267 

climatological number of tropical cyclones (TC) within a 20°x20° box centered at 133 °E, 15 °N 268 

during the PISTON operations period (20 August – 12 October 12 2018) is 5.9, as calculated 269 

from the IBTrACS dataset. During these TC passages, the TGT experienced enhanced low-level 270 

westerlies, as the monsoon flow to the west expanded eastward and merged with the inflow on 271 

the southern flanks of the cyclones. These “monsoon tails” (i.e. a belt of strong southwesterly 272 
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winds and enhanced precipitation linking the monsoon region to the inflow of the storm) are 273 

discussed briefly in Sobel et al. (2020) and are a likely topic of future investigation. 274 

A time-height plot of sounding data is shown in Figure 4. In mid- to late-August and in 275 

early-October, periods of 5-day oscillations between northerly and southerly winds can be seen 276 

in the meridional wind (Figure 4c). These signatures mark easterly wave passages, as 277 

mentioned previously (also see discussion in Sec. 2d, Figure 15). Extended periods of low-level 278 

westerlies (e.g. 1-5 September, 23-27 September) occurred when TC’s passed to the north of 279 

the TGT. During these TC periods an easterly wave signal (i.e. a 5-day oscillation of meridional 280 

winds) is not evident. An intrusion of dry air can be seen in the relative humidity field (Fig 3a) 281 

towards the end of the cruise, starting in the upper-levels around 5 October and descending to 282 

the mid- and lower- levels over the next few days. Sobel et al. (2020) attributes this period of 283 

subsidence and drying to a suppressed phase Intraseasonal Oscillation (ISO) that propagated 284 

across the study region during this time.  285 

A time series of area-mean rain rate as observed by SEA-POL is shown in Figure 4d. 286 

Significant events are annotated. The highest mean rain rates generally occurred with the 287 

passage of rain bands associated with the TCs. The exception to this was an MCS which was not 288 

associated with a TC that impacted the ship on the night of 7 September. The highest area-289 

mean rain rate values were generally in the 1-2 mm hr-1 range, which is similar to what was 290 

seen by the C-Band radars in TOGA-COARE (Rickenbach and Rutledge 1998) and DYNAMO 291 

(XR15). In late-September to early-October, Typhoon Kong-Rey passed within 400km of the 292 

ship. A snapshot of this event from September 30th at 21:30 UTC is shown in Figure 5. This 293 

passage is marked by a period of strong westerlies and increased rain rates (Figure 4d). At the 294 
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time of Kong-Rey’s closest proximity to the TGT, wind gusts of 15 m s-1 and significant wave 295 

heights of up to 4.5 m were observed at the ship. After the passage of Kong-Rey, precipitation 296 

was almost completely absent. This period coincided with the suppressed phase ISO discussed 297 

earlier.  298 

Figure 4d shows some evidence of a rainfall peak approximately every 5 days. It is 299 

tempting to link this pattern to easterly waves, which occur on similar time scales. However, 300 

because the signal in Figure 4d is conflated with tropical cyclone precipitation, the apparent 301 

pattern in rain rate cannot be strictly tied to easterly wave processes. 302 

2) 2019 303 

Sounding time-height and SEA-POL rain rate time series plots for 2019 are given in 304 

Figure 6. Unlike the 2018 cruise, which featured numerous easterly waves and tropical 305 

cyclones, the “weather” during the 2019 cruise was mainly influenced by a single system. A 306 

large monsoon depression (e.g. Beattie and Elsberry 2012), labeled as Invest 95W by the Joint 307 

Typhoon Warning Center (JTWC), meandered about the West Pacific for the duration of the SR 308 

cruise. From 10 September onward, the variability in sounding winds (Figure 6b,c) is primarily 309 

tied to the location of 95W and where within its broad cyclonic circulation the SR was situated. 310 

The monsoon depression initially formed to the southeast of the operations area (Figure 7), 311 

placing the ship in the NW quadrant under northeasterly winds. 95W then moved to the north 312 

of the ship, fluctuating in degree of organization and intensity. On 19 September, 95W finally 313 

consolidated and strengthened into Tropical Storm Tapah, as it moved to the NW of the ship, 314 

placing the SR in a region of strong southwesterly inflow. At this point, another monsoon tail 315 

formed (Figure 8), as was common in the 2018 cruise. Fluctuations in rain rate recorded by SEA-316 
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POL (Figure 6d) after 10 September can primarily be tied to fluctuations in the strength of 317 

95W/Tapah, with MCS’s embedded within the larger-scale tropical storm rain bands moving 318 

across the radar observational domain.  319 

b) Precipitation features 320 

A time series of precipitation feature count, mean 30-dBZ echo top heights, and mean 321 

rain volume is shown in Figure 9. Linear and nonlinear features are grouped together for this 322 

analysis. For both the 2018 and 2019 cruise, small isolated features occurred most frequently, 323 

MCS’s occurred the least frequently, and sub-MCS’s fell approximately in the middle. Isolated 324 

features were present almost throughout the duration of both cruises. Note that for this 325 

feature count, which is calculated as a count per 3-hour window, a single feature may be 326 

counted multiple times if it persists for multiple scans within the 3-hour window. However, this 327 

multiple-counting effect is expected to be approximately equal for all morphologies, so it is still 328 

a valid metric to use. 329 

Examining the 30-dBZ echo top heights (Figure 9b,e), isolated features generally had the 330 

lowest heights, MCS’s had the highest, and again sub-MCS features fell in the middle. It is 331 

interesting to note that there was not much fluctuation in mean 30-dBZ echo top height for 332 

isolated and sub-MCS over time for either cruise (MCS’s were infrequent, so conclusions about 333 

their temporal consistency are not made here). A possible exception to this is near the end (6 334 

October onwards) of the 2018 cruise, where the mean 30-dBZ height of isolated features 335 

appears to decrease by 1-2 km. This coincides with the dry air intrusion seen in Figure 4a, as 336 

well as the arrival of the suppressed phase ISO noted by Sobel et al. (2020), both of which 337 

would have acted to reduce echo intensity. Also note that the 30-dBZ echo top height of 338 
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isolated features rarely gets above the freezing level. This suggests that ice-based processes 339 

were infrequent in these echoes, rather these features were associated with warm rain 340 

processes. However, it is important to consider that this plot includes features at all stages in 341 

their life cycles, not just at their maximum intensity. It is probable that the mean echo height of 342 

isolated features would be higher if features were only considered at their maximum intensity. 343 

This is point is touched on in a later section. 344 

Rain volume (defined as mean rain rate of a feature multiplied by its area) is dominated 345 

by MCS’s, for both cruises (Figure 9c,f). Individual peaks in the rain volume time series match 346 

well with the peaks in area-mean rain rate in Figs. 4d and Figure 6d, as typhoon rain bands 347 

contained large MCS’s with strong embedded convection. Note that although the scale of the y-348 

axes on Figure 9c and Figure 9f are too large too show it, isolated features also contribute a 349 

relatively small but consistent rain volume of around 100 km2 mm hr-1. 350 

Statistics of the different feature morphologies are plotted in Figure 10. The ubiquitous 351 

nature of isolated cells is once again apparent, with isolated features identified in 91% of the 352 

SEA-POL scans (Figure 10a). With increasing size (isolated to sub-MCS to MCS) and organization 353 

(nonlinear to linear), the morphology frequency decreases. A different pattern is apparent for 354 

rain volume (Figure 10b). Despite only being present in 13% of SEA-POL scans, MCS’s (linear and 355 

nonlinear combined) contributed 56% of the total rain volume. In addition to their larger area, 356 

Figure 10c and Figure 10d also show that convective cells within MCS’s tended to have higher 357 

rain rates and higher 30-dBZ echo top heights, both consistent with increased intensity. For the 358 

case of a nonlinear MCS especially, we speculate that this increased cell intensity may be due to 359 

cells being less susceptible to entrainment as they are embedded within stratiform areas. 360 
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Interestingly, mean convective rain rate and 30-dBZ echo top heights of convective cells with 361 

linear configuration tended to be enhanced relative to their nonlinear counterparts. The reason 362 

for this is unclear and is not examined in this study. Overall, the large raining area of MCS’s, 363 

combined with their intense embedded convection, allowed for MCS’s to dominate the rain 364 

volume contribution, despite their infrequent occurrence.  365 

Isolated features on the other hand contribute 11% of the rain volume, despite being 366 

present 91% of the time. However, 11% is a non-negligible portion of the total rain. It should 367 

also be noted that this analysis considers features at all stages in their lifecycle, not just at their 368 

maximum intensity. Weak isolated features which are just forming or nearly dissipated are 369 

included in this calculation and will bring down the mean convective rain rates and 30-dBZ echo 370 

top heights. This effect can clearly be seen in the 30-dBZ echo top height boxplot for isolated 371 

features, where the entire lower quartile of the data consists of features with reflectivity < 30 372 

dBZ (i.e. a 30-dBZ echo top height of 0 km).  The impact of this can also be seen in the 373 

skewedness of the convective rain rate distribution, which has a long upper tail. This is likely 374 

and artifact of the relatively short lifespan of these isolated cells, and the fact that their peak 375 

intensity is rather brief. The “forming” and “dissipating” stages of these cells’ lifecycles make up 376 

a large portion of their existence, and therefore SEA-POL was more likely to sample cells in one 377 

of these weaker stages at any given time.  However, when isolated features were sampled at 378 

near maximum intensity, they had convective rain rates on par with that of sub-MCS’s and 379 

MCS’s (although again these rain rates were relatively short in duration). While MCS’s at 380 

various points in their lifecycles are also included in this analysis, even the weakest MCSs likely 381 

had some embedded convection remaining in it, so they are not as susceptible to this factor. 382 
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The 11% rain contribution from isolated cells is in close agreement with Rickenbach and 383 

Rutledge (1998), who found that isolated convective cells accounted for 12% of the total rainfall 384 

observed by the two TOGA COARE ship radars. 385 

c) Precipitation features vs. environmental conditions 386 

In this section we examine the relationship between precipitation feature morphology 387 

and environmental conditions. First, the influence of active monsoon conditions (defined as 388 

periods with strong southwesterly winds) on feature morphology is examined. Figure 11 shows 389 

the distribution of convective morphologies by wind direction. Here, a wind vector was 390 

associated with each feature based on the mean low-level (1000-850 hPa) wind recorded by the 391 

sounding launched nearest to the time of the feature’s occurrence. A feature was labeled as 392 

having occurred in a southwesterly regime if the magnitude of the southwesterly component of 393 

the wind vector associated with that feature was greater than 3 m s-1. Because of the unequal 394 

sampling of southwesterly and non-southwesterly regimes, the following resampling method 395 

was preformed to insure equal representation. Each SEA-POL scan was first labeled as occurring 396 

in a southwesterly or non-southwesterly regime, following the method above. One thousand 397 

radar scans were then chosen at random from each regime, and the precipitation features were 398 

then tallied from these scans. Comparisons between other wind regimes were also performed, 399 

but showed little-to-no difference in feature frequency. Because of this, and because the 400 

southwest monsoon flow is of particular importance in this region, this study will focus only on 401 

the difference between designated southwest and non-southwesterly regimes 402 

Figure 11 shows that approximately equal numbers of isolated and sub-MCS features 403 

occurred in southwesterly and non-southwesterly regimes. MCS’s, however, were far more 404 
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common in the southwesterly regime. This agrees with the results of Xu and Rutledge (2018) 405 

and Chudler et al. (2020), which showed that larger features were more frequently present 406 

over the South China Sea during periods of strong southwesterly flow. These studies attributed 407 

this increase to the enhanced mid-level moisture, surface hear/moisture fluxes, and wind shear 408 

present during periods of strong southwesterly flow. Although the current study is examining a 409 

different region (east of the Philippines rather than west), it seems reasonable that the same 410 

explanation applies here. However, the focus of Xu and Rutledge (2018) and Chudler et al. 411 

(2020) was on the BSISO (active BSISO phases are associated with southwesterly winds), and 412 

there was no significant BSISO activity during PISTON. Additionally, many of the southwesterly 413 

wind regimes during PISTON (specifically during 2018) occurred when a typhoon was passing to 414 

the north of the ship, and the increase in MCS’s may have been induced by the passing 415 

typhoons, especially their outer rain bands. As discussed previously, the rain on the southern 416 

flank of these typhoons were often enhanced with a belt of southwesterlies (a “monsoon tail”) 417 

connecting the typhoon to the core monsoon region, which could enhance precipitation and 418 

possibly MCS activity. Regardless of the exact mechanism, a consistent correlation between 419 

enhanced southwest monsoon flow and MCS frequency is noted between this current study, Xu 420 

and Rutledge (2018) and Chudler et al. (2020).  421 

Figure 12 shows the distribution of low-level (1000-850 hPa) wind shear (Figure 12a), 422 

convective available potential energy (CAPE, Figure 12b), and sea surface temperature (SST, 423 

Figure 12c) associated with the five convective morphologies. Although the distributions in the 424 

figure are similar and overlap to a degree, there are statistically significant differences in the 425 

median values (as indicated by the notches in the boxplots, see figure description) for different 426 
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morphologies, which will be discussed here. MCS’s tended to occur in higher wind shear 427 

regimes than isolated or sub-MCS’s. Increased low-level wind shear has been shown to lead to 428 

an increase in convective organization, which may have aided the formation of MCS’s (Thorpe 429 

et al. 1982; LeMone et al. 1998; Lang et al. 2007). However, mesoscale flow features within 430 

MCS’s can also act to increase low-level shear (i.e. a descending rear inflow jet). Therefore, it 431 

cannot be ruled out that the observed increase in shear may be due to processes within MCS’s 432 

themselves, rather than changes background environmental conditions. An example of this is 433 

provided in Figure 13, which shows a vertical cross section of an MCS observed by SEA-POL 434 

during PISTON 2019. Here, a descending rear inflow jet can be seen underlying a region of 435 

front-to-rear outflow, leading to strong vertical wind shear. Unlike wind shear, CAPE is notably 436 

lower for MCS’s than for other morphologies. This could be a result of soundings that were 437 

launched into MCS’s, or soundings that experienced surface air that had been modified by 438 

nearby MCS’s. For example, these MCS’s likely produced substantial cold pools, evaporative 439 

cooling below their stratiform components, and reduced solar heating of the surface due to 440 

cloud shading. Each of these processes would serve to reduce the low-level temperature, which 441 

would in-turn reduce surface-based CAPE. This relationship can be seen in Figure 14. In addition 442 

to CAPE being lower near MCS’s, Figure 14 also shows that lower surface-1.5 km mean 443 

temperatures correlate with decreasing instability. Furthermore, convective air motions within 444 

the MCS’s themselves may reduce instability by adjusting the local temperature profile towards 445 

moist adiabatic, i.e., the convective adjustment process. This is all to say that there are several 446 

reasons to expect lower instability in and around MCS’s, as seen in Figure 12. Similarly, the 447 

SST’s associated with MCS’s are slightly lower than other morphologies, likely due to extensive 448 
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cloud shielding and reduced solar insolation. For sub-MCS’s, linear systems tended to form in 449 

higher-shear environments that nonlinear systems. This agrees with previous studies that 450 

highlighted the importance of low-level shear in generating organized convective lines (Houze 451 

and Cheng 1997; Rotunno et al. 1988; LeMone 1998; Weisman et al. 1988; Weisman and 452 

Rotunno 2004; Liu and Zipser 2013). 453 

d) Easterly waves 454 

This section will examine the how environmental conditions and precipitation feature 455 

statistics varied over different easterly wave phases observed during the 2018 cruise. Details on 456 

the methodology used for wave phase detection can be found in Sec. 2d.   457 

Figure 15 shows a time-height plot of meridional wind (v), both with and without a 3-7 458 

bandpass filter applied (Figure 15a and Figure 15b, respectively). A timeseries plot of 700mb 459 

wind, with easterly wave phases marked, is also provided in Figure 15c. As expected, the 460 

bandpass filter effectively culls out variation in the meridional wind on the timescale of easterly 461 

waves. Oscillations in the meridional wind on a timescale of 3-5 days are clearly seen in the 462 

filtered plot. Wave phases are also marked in the middle of the plot, as labeled by the 463 

automated detection algorithm discussed in Section 2d. Northerly (southerly) phases 464 

correspond with a filtered 700 hPa wind of less than -2 m s-1 (greater than 2 m s-1), and toughs 465 

and ridges fall in-between. The 18 September – 4 October period was not considered in this 466 

analysis, as that period was significantly influenced by the passage of Typhoon Trami and Super 467 

Typhoon Kong-Rey. Overall, only two full wave events were captured, in addition to two 468 

“partial” wave events. However, the ship made a run north just before port call (to make 469 

oceanographic transects ahead of a typhoon), and in doing so moved out of the wave, so the 470 
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other phases were not captured. In total, 4 northerly periods, 4 troughs, 2 ridges, and 5 471 

southerly periods were detected. Given this relatively small sample size, the following 472 

discussion may not necessarily be representative of all easterly waves in this region, and 473 

caution should be exercised in generalizing results. However, the uniqueness of these 474 

measurements makes this analysis valuable.  The wave phases as labeled by the automated 475 

detection algorithm were subjectively verified through manual inspection of ERA5 wind and 476 

pressure fields. Although the ship did move around during the field campaign, the spatial extent 477 

of the movement during easterly wave passages was small compared to the size of the waves 478 

themselves, so results should not be significantly impacted. 479 

Radiosonde measurements were composited by wave phase (shown in Figure 16). The 480 

composited meridional wind appears as expected, with a southerly wind signal throughout the 481 

column associated with the southerly phase, and northerly wind associated with the northerly 482 

phase (Figure 16b). The zonal wind pattern (Figure 16a) shows an easterly (westerly) anomaly in 483 

the trough (ridge) phase from the surface to about 500 hPa, with some evidence of a reversal in 484 

direction above that level. For temperatures (Figure 16c), southerly (northerly) phases featured 485 

warm (cold) anomalies throughout most of the column, with the exception of the surface-900 486 

hPa level, wherein the anomalies were shifted about 90 degrees, and warm (cold) anomalies 487 

were found in the ridge (trough) phase. For relative humidity (Figure 16d), troughs (ridges) 488 

were associated with moist (dry) anomalies throughout the column.  489 

The relations discussed above differ in several ways from the results of P03. Looking at 490 

easterly waves in the East Pacific, P03 found that u and v were positively correlated. However, 491 

in this study, u and v appear to be about 90-degrees out-of-phase, with v peaking in southerly 492 
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phases and u peaking in troughs. This is important, as a positive correlation of u and v is needed 493 

for barotropic conversion of eddy available potential energy to kinetic energy (Maloney and 494 

Dickinson 2003; P03). The fact that the waves observed during PISTON apparently did not 495 

feature positively correlated u and v winds (i.e. the waves were not tilted in the horizontal 496 

plane) suggests that these waves were drawing their energy from some other process. P03 also 497 

noted a westward tilt with height in the waves they analyzed, suggesting the possibility of 498 

baroclinic energy conversion (e.g. Lau and Lau 1992, Maloney and Dickinson 2003), but no 499 

significant tilt is evident in Figure 16, so baroclinic contribution to wave growth also appears to 500 

be insignificant for the PISTON waves. This leaves diabatic heating as the remaining possible 501 

energy source, wherein the latent heat release and rising air within convection leads to 502 

generation of eddy kinetic energy. This is further supported by the fact that area-mean rain rate 503 

anomalies maximize in the trough and southerly phases (not shown), which matches the 504 

location of positive temperature anomalies in Figure 16c. Additionally, P03 found that at low 505 

levels, warming (cooling) occurred in the northerly (southerly) phase, while this study finds 506 

warm (cold) low levels in the ridge (trough) phase. Overall, it is not too shocking that the 507 

structure of the PISTON easterly waves differs from those analyzed in P03, as they occurred in 508 

different areas of the world (the West and East Pacific, respectively), where the sources and 509 

energetics differ substantially (Thorncroft and Hoskins 1994a; Thorncroft and Hoskins 1994b; 510 

Dickinson and Molinari 2002; Maloney and Dickinson 2003, see discussion in Section 1c).   511 

To further examine these waves and their horizontal structure, ERA5 700 hPa 512 

geopotential height and wind vector data were collected within 10 degrees of the TGT and 513 

composited by easterly wave phase (Figure 17). Also plotted is the precipitation frequency 514 
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derived from IMERG. Note that the x- and y-axis of these plots are not absolute geographical 515 

coordinates of longitude and latitude, but rather indicate a distance from the ship. The general 516 

structure of the geopotential height lines and wind barbs follows what one would expect to see 517 

in easterly waves, which have “inverted trough” structures (Frank 1969). The ridge phase 518 

(Figure 17a) shows some evidence of a southwest-to-northeast tilt with increasing latitude, 519 

however this tilt is less clear in the other phases. It is apparent in Figure 17c that the trough 520 

phase features the highest probability of precipitation. In the northerly (southerly) panel, the 521 

trough of the wave lies to the east (west) of the ship, and is co-located with a region of 522 

enhanced precipitation. In the trough panel, much of the map is covered in higher precipitation 523 

probabilities. This agrees with the results of Figure 16, which showed higher relative humidity 524 

anomalies associated with troughs. 525 

Looking at precipitation features again, Figure 18 shows the number of precipitation 526 

features as a function of convective morphology and the easterly wave phase within which they 527 

occurred in. Some patterns are evident, however the unequal sampling of wave phases during 528 

the cruise requires cautious interpretation of this table. For example, although the highest 529 

number of isolated features occurred in southerly phases, this is at least in part due to the fact 530 

that southerly phases were simply sampled more often than the other phases. On the other 531 

hand, even though only slightly more linear MCS’s occurred during troughs than during 532 

northerly or southerly phases, troughs were sampled much less frequently than northerly or 533 

southerly phases, so the high number of linear MCS’s is more significant in this regard.  534 

The issue of unequal sampling can be overcome with a random-sampling method, 535 

similar to what was described in Sec. 3c. Each radar scan was first labeled by the wave phase it 536 
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occurred in. Again one-thousand scans were randomly sampled (with replacement) for each of 537 

the 4 phases. Precipitation features were then identified and classified from the resulting 4,000 538 

scans, which had an equal number of samples from each wave phase. Figure 19 shows the 539 

distribution of wave phases that different feature morphologies occurred under, based on this 540 

re-sampled SEA-POL data. Compared to other feature types, isolated features were most likely 541 

to occur during ridge phases. As mentioned previously, ridges were typically associated with 542 

reduced relative humidity anomalies throughout the column. These relatively dry conditions 543 

were apparently enough to suppress the formation of even moderate-sized sub-MCS’s (and 544 

certainly MCS’s). On the other hand, clearer skies may have led to increased solar insolation 545 

and SST increases, which promote the formation of the isolated cells. These shallow cells may 546 

be important in moistening the lower troposphere to support more widespread convection 547 

later, similar to the “discharge-recharge” theory for Madden-Julian Oscillation onset (Bladé and 548 

Hartmann 1993; Xu and Rutledge 2016). 549 

On the other end of the size and organization spectrum, linear MCS’s were by far most 550 

likely to occur in the troughs of easterly waves. The high moisture content seen during troughs 551 

apparently led to conditions which were conducive for large, organized MCS’s. The MCS’s 552 

themselves may also be contributing to the high moisture content seen in Figure 16. 553 

Furthermore, these MCS’s also produced broad regions of stratiform rain, which leads to a top-554 

heavy heating profile (Houze 1989, Schumacher et al. 2007, Tao et al. 2010). This is consistent 555 

with Figure 16c, which shows more heating aloft in the trough phase. There is also some 556 

evidence of deep vertical shear in the meridional wind plot of Figure 16, which may have acted 557 

to expand stratiform regions through detrainment of ice hydrometeors from deep convection 558 
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(Houze 2004; Yamada et al. 2010). While linear MCS’s occurred most often in troughs, 559 

nonlinear MCS’s were relatively more likely to be associated with southerly phases. As 560 

southerly phases follow trough passages, it seems plausible that this transition from linear to 561 

nonlinear could be a result of the main convective line of MCS’s weakening or moving out of 562 

range of SEA-POL as the trough axes passed. On the other hand, sub-MCS’s were more likely to 563 

be found in northerly phases than MCS’s. Northerly phases follow ridges (which featured a 564 

relatively high number of isolated features) and precede troughs (which featured a large 565 

number of MCS’s), so there is evidence that the northerly phases are a sort of “transition zone’ 566 

from small isolated features to large MCS’s. This transition from sub-MCS’s (which typically 567 

have a relatively high convective fraction) to nonlinear MCS’s (which have a high stratiform 568 

fraction) as the wave transitions from northerly to trough to southerly agrees with the findings 569 

of P03, who noted a transition from convective to stratiform rainfall across the trough axes.  570 

4. Summary and Conclusions 571 

During the PISTON field campaign, the CSU SEA-POL radar sampled convection across a 572 

broad spectrum of sizes and organizations. Although no discernable BSISO event occurred, the 573 

ships encountered a wide variety of other interesting large-scale atmospheric phenomena, such 574 

as easterly waves and typhoons. The purpose of this study was to analyze the convection 575 

observed by SEA-POL during PISTON, and to tie the variability in convective morphology to the 576 

large-scale conditions the convection was embedded within.  577 

During the 2018 cruise (particularly in the first half), much of the variability was 578 

characterized by the passage of easterly waves on 3-5-day time scales. The 2018 cruise was also 579 

marked by the passage of several tropical cyclones, the outer rainbands of which impacted the 580 
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ship as the storms moved to the north. Several of these storms also produced “monsoon tails”, 581 

wherein a belt of southwesterly winds and enhanced precipitation connected the core of the 582 

monsoon region over the South China Sea and Bay of Bengal to the southern flank inflow of the 583 

cyclones. These monsoon tails and associated rainfall tended to persist in the operations area 584 

even after the tropical system had moved well away from the ship. The largest precipitation 585 

events during 2018 were generally tied to the passage of these typhoons. 586 

While 2018 featured numerous easterly waves and typhoons all impacting the ship 587 

separately, the weather on the 2019 cruise was mainly controlled by one phenomenon: a large 588 

monsoon gyre which meandered about the western North Pacific for most of the operational 589 

period. Designated as Invest 95W by the JTWC, the broad cyclonic system fluctuated in intensity 590 

and organization for much of the cruise, before eventually becoming Tropical Storm Tapah. 591 

Variation in wind profiles at the ship was mainly tied to the location of 95W/Tapah, and 592 

variation in precipitation tied to fluctuations in the monsoon gyre’s organization. 593 

An automated precipitation feature detection/classification algorithm (which was 594 

updated from the XR15 method to more accurately distinguish linear convective feature) was 595 

run on both years of the SEA-POL dataset. It was found that occurrence frequency and rain 596 

volume contribution had an opposite relation the feature size. That is, smaller features 597 

occurred more frequently but produced less of the total rain, while larger features occurred 598 

infrequently but produced a disproportionate fraction of the rain. For example, isolated 599 

features (< 20km in length) were present in 91% of radar scans, and contributed 11% of the 600 

total rain volume. Conversely, MCS’s (area > 2000km2) were present in only 13% of scans yet 601 

were responsible for 56% of the total rain volume. Larger features also tended to be more 602 
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intense, as defined by larger mean convective rain rates and taller 30-dBZ echo top heights. It is 603 

hypothesized that this is a result of convection in larger features being shielded from 604 

entrainment of dry air. Linear features also tended to be more intense than their nonlinear 605 

counterparts, possibly due to the impact of vorticity balance between cold pools and wind 606 

shear (Rotunno et al. 1988, Weisman et al. 1988, Weisman and Rotunno 2004). 607 

Precipitation feature statistics were examined as a function of the environmental 608 

conditions which they occurred in. It was found that southwesterly wind regimes brought a 609 

higher likelihood of MCS’s, while non-southwesterly regimes featured all morphologies at 610 

approximately equal frequencies. The finding of more MCS’s in southwesterly wind regimes, 611 

which can be thought of as periods with an active monsoon flow, agrees with the results of Xu 612 

and Rutledge (2018) and Chudler et al. (2020), which linked the increase in feature size to an 613 

increase in wind shear and mid-tropospheric moisture. Similarly, MCS’s were also found to 614 

preferentially form when low-level wind shear was greatest. Conversely, CAPE and SST’s were 615 

found to be lower when MCS’s were present. This may be a result of the MCS’s themselves 616 

impacting the environment in ways that reduce CAPE and SST’s. Linear sub-MCS’s were found 617 

to occur in higher low-level wind shear than nonlinear sub-MCS’s, agreeing with previous 618 

studies suggesting that low-level wind shear is important in generating organized convective 619 

lines (Houze and Cheng 1997; Rotunno et al. 1988; LeMone 1998; Weisman et al. 1988; 620 

Weisman and Rotunno 2004; Liu and Zipser 2013). 621 

Finally, the environmental conditions associated with the different phases of easterly 622 

waves was examined, as well as the precipitation features that occurred in them. Before 623 

summarizing these results, it is important to note that only a small sample of waves (2 full 624 
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waves and 2 partial waves) were observed during PISTON. Therefore our results are likely not 625 

necessarily representative of all easterly waves in the region, and caution should be exercised 626 

in making any general conclusions. That being said, to our knowledge there have been no in-627 

situ field campaign measurements of easterly waves in the northern West Pacific, so the results 628 

are still valuable and could serve as a focus of further research. 629 

Vertical profiles of u and v were found to be 90-degrees out-of-phase, in contrast with 630 

previous studies which showed positive correlation between the two. This has important 631 

implications to barotropic conversion and energy extraction from the mean flow, which is 632 

thought to be a main source of energy for easterly waves in this region. Because positive 633 

precipitation anomalies were correlated with positive temperature anomalies, it is possible that 634 

the easterly waves observed during PISTON relied on diabatic heating as a main source of 635 

energy. One explanation for the apparent lack of barotropic processes is that these waves were 636 

observed further east than the region where maximum strengthening usually occurs, so 637 

perhaps baroclinic conversion processes had not yet begun. It was also found that the trough 638 

(ridge) of waves were associated with moist (dry) relative humidity anomalies, also in slight 639 

contradiction to previous analysis. With regard to precipitation features, ridges featured a 640 

relatively high number of isolated features, troughs a high number of linear MCS’s, and 641 

northerly and southerly phases were found to act as a transition zone between the two.  642 

Several other areas of future research exist for the PISTON dataset. While this study 643 

focused on large scale conditions and statistics of precipitation features, future studies will 644 

examine individual convective events on a case study basis, using the SEA-POL polarimetric data 645 

and detailed vertical cross-section scans. The polarimetric data in particular will provide 646 
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important insights to the microphysical characteristics of convection in the West Pacific, and 647 

analysis on this topic is already underway. The impact of rainfall on the ocean surface (and vice 648 

versa) using a freshwater lens detection algorithm such as in Thompson et al. (2019) is also an 649 

enticing avenue for future work. Although this study primarily examined convection within the 650 

120km range of SEA-POL, it also lays the foundation for future work looking at the impact of 651 

this convection on the global climate system. For example, because this study links convective 652 

morphologies to environmental conditions and synoptic patterns, analysis on the frequency at 653 

which these conditions and patterns occur would lead to insights on the broader-scale impacts 654 

of this convection on the atmosphere. Overall, the suite of scientific instrumentation on board 655 

the TGT and SR captured a multitude of atmospheric and oceanic measurements, and the 656 

multifaceted dataset affords exciting opportunities to comprehensively examine the weather 657 

phenomena which were observed. 658 
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Data Availability 668 

Data from the PISTON field campaign, including the sounding and SEA-POL radar 669 

datasets used in this research, are available to download at https://www-air.larc.nasa.gov/cgi-670 

bin/ArcView/camp2ex. IMERG satellite data can be downloaded from NASA Goddard Earth 671 

Sciences Data and Information Services Center 672 

(https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHH_06/summary). ERA5 datasets can be 673 

accessed at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. IBTrACS 674 

data can be accessed at https://www.ncdc.noaa.gov/ibtracs/.  675 
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Figure 1: Ship tracks for the 2018 (20 Aug – 8 Sept, 14 Sept – 12 Oct 
2018) and 2019 (5 - 24 Sept 2019) PISTON cruises. Outlined circles mark 
the location of radiosonde launches. 
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Figure 2: Decision tree for precipitation feature classification. Convective aspect ratios and 
lengths are determined by the largest convective feature within the encompassing feature. 
Convective length fraction is defined as the length of the largest convective feature divided by 
the length of the whole feature. 
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Figure 3: SEA-POL composite reflectivity images showcasing examples of the different types of 
precipitation features used in this study. Each feature is outlined with a color corresponding to 
its feature type, as provided in the legend on the bottom. The grey wedge indicates the portion 
of SEA-POL’s scope which was blanked in order to avoid radiating the ship’s bridge. 
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Figure 4: Time-height timeseries of relative humidity (a), zonal wind (b), and meridional wind (c) 
and unconditional area-averaged rain rate as measured by SEA-POL (d) during the 2018 cruise. 
The thin gray line in (d) is the mean value from every SEA-POL scan, while the thicker blue line is 
a 24-hour rolling mean. Notable events are annotated in the rain rate plot around the time the 
occurred. The blank space in mid-September coincides with when the ship was in port and not 
taking measurements. 
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Figure 5: IMERG precipitation (green-blue fill), ERA5 SSTs (purple-orange fill), 10m wind 
speed, and MSLP (black contours) on the left, and SEA-POL reflectivity at the same time on 
the right. The location of Typhoon Kong-Rey is noted by the orange marker. The grey wedge 
indicates the portion of SEA-POL’s scope which was blanked in order to avoid radiating the 
ship’s bridge. This image is part of a movie covering the entire cruise, available at 
http://radarmet.atmos.colostate.edu/piston/. 
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Figure 6: As in Figure 4, but for the 2019 PISTON Cruise. Note that the time scale on the x-axis is 
different than in Figure 4. 
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Figure 8: As in Figure 5, but depicting Tropical Storm Tapah and its monsoon-tail, which was 
impacting the ship at the time. 
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Figure 7: As in Figure 5, but during the 2019 cruise. The large monsoon gyre 95W can been seen 
centered around 137 °E, 12.5 °N. 
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Figure 9: Time series of precipitation feature count (a,d), 30-dBZ echo top height (b,e), and rain 
volume (c,f) for the PISTON 2018 (a,b,c) and 2019 (d,e,f) cruises. Data was binned every 3 
hours. Feature count shows the total number of features that occurred in each 3-hour bin, 
while 30-dBZ echo top height and rain volume show the mean value for all features of a given 
type in each 3-hour bin. 
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Figure 10: SEA-POL precipitation feature occurrence frequency (a), rain volume fraction (b), 
convective rain rate distribution (c), and 30-dBZ echo top height distribution (d) from both 
PISTON cruises. Boxplot whiskers represent the 5th and 95th percentile of the data. Notches 
around the boxplot median values represent the confidence interval around the median, as 
calculated using a Gaussian-based asymptotic approximation. 
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Figure 11: Distribution of wind directions at time of occurrence for different 
feature morphologies.  Southwesterlies and Non-southwesterlies we 
sampled equally using the random-sampling method, described in Sec 3c. 
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Figure 12: 1000-850 hPa wind shear (a), convective available potential energy (CAPE, b), and 
sea surface temperature (SST, c) statistics for different feature morphologies. Wind shear and 
CAPE values are derived from atmospheric soundings, SST was calculated based on 
measurements from an infrared radiometer and a towed thermistor. 
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Figure 13: Vertical cross-section of radar reflectivity (a) and radial velocity (b) from a MCS 
observed by SEAPOL during the 2019 cruise. 
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Figure 14: Mean convective available potential energy (CAPE) for different mean boundary 
layer height temperatures for times where an MCS was present (orange line) and no MCS was 
present (blue line). 
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Figure 15: Meridional wind from PISTON 2018 sounding data (a), and with 3-7-day bandpass 
filter applied (b). Lines/labels between (a) and (b) indicate whether that period is identified as a 
northerly (N, purple), trough (T, yellow), southerly (S, cyan), or ridge (R, green) wave phase. 
Panel (c) shows a timeseries of the 700 hPa meridional wind, both with and without the 3-7-day 
bandpass filter. The wind thresholds for easterly wave detection (-2 and 2 m s-1, see Sec. 2d) are 
marked, and the line is colored by the detected wave phase. 
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Figure 16: PISTON 2018 radiosonde zonal wind anomaly (a), meridional wind (b), temperature 
anomaly (c), and relative humidity anomaly (d) composited by the easterly wave phase they 
occurred in (R = Ridge, N = Northerly, T = Trough, S = Southerly. Anomalies were calculated 
against the mean of that variable across the 2018 operations period.  
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Figure 17: ERA5 Reanalysis 700 hPa wind (barbs), geopotential height (black contours) 
and IMERG precipitation frequency (green shading) composited by easterly wave 
phase. 
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Figure 18: PISTON 2018 precipitation feature count by wave phase and morphology. Darker 
colors correspond to higher numbers, with the ‘total’ boxes being colored on a separate scale. 
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Figure 19: Distribution of the easterly wave phases under which different 
precipitation feature morphologies occurred. 
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