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SUMMARY 5 

Benthic living organisms produce jets into their water column for the exchange of nutrients, gases 6 

and other living processes. Previous work on Cassiopea spp. showed radial entrainment of 7 

individuals’ surrounding water into the upside-down umbrella-shaped bell and pushing it into water 8 

column through oral arms. Previous studies showed Cassiopea pulsation influenced one diameter 9 

region radially in the water column. Experiment with layers of the colored bed beneath the substrate 10 

showed the release of dye into the the water with dye trace around its bell margin showing medusa 11 

influence in pore water pumping, but this porewater release was not quantified. This study was an 12 

attempt to quantify such pore water released during Cassiopea pulsations. Cassiopea with bell 13 

diameters 3 cm to 6 cm were investigated with planar laser-induced fluorescence (PLIF) technique 14 

and 2D particle image velocimetry (PIV) to quantify the flow structure formation and pore water 15 

pumping. 2D TR-PLIF near field showed that during the power stroke of Cassiopea, pore water was 16 

entrained in the form of flow structure near the bell margin and oral arms broke that large coherent 17 

structure into small flow structures during the recovery stroke. PLIF studies showed the smaller 18 

individual pulsated frequently; added pore-water into the water column, and mixed it properly. In 19 

contrast, the larger medusa pulsated less with a large force and maintained proper pore-water 20 

mixing. Importance of oral arms in mixing of pore water into the water column was understood.   21 

Keywords: unsteady pulsations, upside-down jellyfish, Cassiopea, porewater pumping, currents, Planar 22 

Laser Induced Fluorescence (PLIF) 23 

 24 

INTRODUCTION 25 

Movement of water in the benthic boundary layer is negligible compared to free stream water (upto 1 cm 26 

s-1) (Bartleson, 2004, Wolanski, 1992). Living organisms such as Cassiopea medusa, tapeworms, bivalves, 27 

etc., pulsate to produce jets helping them to obtain food, exchange fluids with surroundings, maintain the 28 

metabolic activity (Arai,1996; Welsh et al., 2009). These jets supports individuals’ to maintain their benthic 29 
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ecology and sustain life. Previous research on benthic life such as bivalves and sponges showed the 30 

production of continuous steady ex-currents by individuals (Q’Riordan, 1995, Monismith and Koscf, 1990). 31 

However, limited information was available for individuals’, which pulsate unsteadily. Previous 32 

experiments on a model organism, Cassiopea spp., commonly called Upside down jellyfish, explained 33 

hydrodynamics of its pulsations in feeding mechanisms and the limited information was available to 34 

understand the role of unsteady pulsations in pore water pumping. Recent studies indicated Cassiopea can 35 

be used as bio indicators of their ecosystem, as they were capable of adding oxygen and removal of nitrogen 36 

and other organic nutrients(Templeman and Kingsford, 2010; Welsh et al., 2009, West et al., 2009). 37 

Information available on this increased activity of nutrient fluxes from substrate in limited. 38 

In this paper, we focused on model organism Cassiopea spp. to understand porewater pumping. Cassiopea 39 

spp. stays in patchy aggregations with a density ranging up to 31 individuals per meter2 (Templeman and 40 

Kingsford, 2010). They reside in a benthic environment where background flow velocity ranges in the order 41 

of 0-1 cm s-1 (Bartleson, 2004). Anatomy of Cassiopea spp. include upside-down umbrella-shaped bell, 42 

four pairs of oral arms with appendages (secondary mouth) fused over the central mouth (Brusca and 43 

Brusca, 2003; Hyman 1940). These are sessile and have non-swimming style. These are a functionally 44 

autotropic organism and depend on symbiotic algae present in their oral arms (Welsh et al., 2009; West et 45 

al., 2009).  46 

Cassiopea medusa pulsates their bells creating vortex structure around along bell margin. These structures 47 

help in entrainment of prey particles present around the organism. This encapsulated water sample was then 48 

pushed through its oral arms forming current and prey was captured on the oral arms by sieving technique 49 

(Santhanakrishnan, 2012). During this pulsing mechanism, along with suspension feeding, there was also 50 

entrainment of pore water containing dissolved organic and inorganic matter present beneath substrates 51 

(Jantzen et al., 2010). Previous numerical and experimental investigations on Cassiopea spp. in no 52 

background flow showed the influence of Cassiopea pulsation to be one diameter radially in the water 53 

column (Santhanakrishnan et al., 2012, Hamlet et al., 2011). Such numerical investigations focused on the 54 

suspension feeding, but not at the radial influence of its pumping in the substrate.  However, experiments 55 

with multiple colored substrates showed enhancement of color into the water column as shown in Fig.. 1A. 56 

However, quantitative information of such pore water enhancement is not available. Here we used Planar 57 

Laser-Induced Fluorescence technique to quantify the pore water enhancement by recording series of mages 58 

at given time point through which porewater release was quantified. The concentration at each pixel can be 59 

calculated according to the method prescribed by Crimaldi, 2008.  60 
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The current study was an attempt to understand the fluid dynamics of medusa currents to quantify the 61 

distribution of pore water in the vertical water column for Cassiopea spp.. Planar laser-induced 62 

Fluorescence was performed to understand the bell kinematics and pore water entrainment into the water 63 

column. 2D particle image velocimetry (PIV) was performed to study the hydrodynamic forces involved in 64 

the distribution. Planar Laser Induced Fluorescence (PLIF) and PIV data were compared to examine the 65 

relative roles of advection and diffusion in pore water pumping.  66 

MATERIALS AND METHODS 67 

Cassiopea spp. collection and handling 68 

Cassiopea individuals of varying bell sizes were obtained from Carolina biological supply, NC, USA, in 69 

May 2016. Five individuals were used in this study with bell diameters ranging from 2 cm to 6 cm. The 70 

medusae were transported overnight and placed in a 20-gallon glass aquarium maintained at 20-24oC with 71 

artificial salt water with salinity 1.024 g L-1. The medusae were target fed live Artemia spp. nauplii for 72 

every two days. Metal halide lighting was used in the 20-gallon tank, that was used for housing the medusa 73 

and set to operate between 8-10 hours continuously on a daily basis. Submersible heaters were used to 74 

ensure the housing tank water was maintained at a temperature range of 20-24oC. All experiments were 75 

conducted at room temperature during summer of 2016 (July and August). 76 

 77 

Combined planar laser-induced fluorescence (PLIF) and particle image velocimetry (PIV) 78 

Planar Laser Induced Fluorescence (PLIF) technique was used to analyze the amount of pore water release 79 

due to Cassiopea pulsations. The experiment was performed in laboratory aquaria of 60.96 cm x 60.96 cm 80 

x 30.48 cm available in ATRC Laboratory 150. In aquarium tank, a substrate with a special dye was 81 

prepared with Rhodamine WT (Keystone Inc., IL, USA) of 21 cm x 21 cm x 1 cm height at the center of 82 

the aquarium. Substrate without dye was added on top of 2 cm, making total substrate with a height of 3 83 

cm. The height of colored substrate and uncolored substrate was decided after multiple experiments of 84 

varying bed heights and ensured repeatability of expeirmental protocal. Water with salinity 1.025 g L-1 was 85 

used to fill the aquarium tank up to 22 cm above the substrate. 0.01 gm of Rhodamine dye (Keystone Inc., 86 

IL, USA) was added to make salt water in the tank of known concentration of 2 x 10-4 g/L. A point source 87 

from ND: YAG double pulsed laser (New Wave Research, CA, USA) with wavelength 530 nm was 88 

converted to a 2D planar sheet of thickness 5 - 6 mm using the cylindrical lens (focal length = 20 mm)  and 89 

was made to illuminate the flow field. Also, a point source from a portable IR laser (2500mW) with 90 

wavelength 808 nm was converted to a planar sheet of thickness 2-3 mm using the cylindrical lens (focal 91 
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length =10 mm) and was used to illuminate the flow field for PIV observation. The laser sheets were focused 92 

perpendicular to substrate along the diameter of medusa as shown in Fig.. 1. High speed 1 mega-pixel 93 

CMOS camera (Phantom Miro LC110, Vision Research Inc., Wayne, NJ, USA) with 60 mm constant focal 94 

length lens (Nikon Micro Nikkor, Nikon Corporation, Tokyo, Japan) at frame rate of 32 Hz and full 95 

resolution of 1280 x 800 pixels was used to record the PIV observation. PLIF videos were recorded using 96 

sCMOS camera (LaVison GmbH, Gottingen, Germany) camera with a full resolution of 2600 X 2200 pixels 97 

at a frame rate of 15 Hz. Double frame mode was used for recording PLIF images, with pulse separation 98 

time of 20 ms (time between two images in an image pair).  An optical filter (550 nm long pass) was 99 

mounted on the sCMOS camera lens to record the fluorescence intensity.  Background video was recorded 100 

immediately after introducing the organism in the tank for each experimental run, and dark images were 101 

recorded with camera lens closed for PLIF calculations. The experimental setup is shown in Fig.. 1B. Later 102 

ten complete pulsing cycles of medusa were recorded after 10-minutes duration for each medusa with bell 103 

diameters 20- 60 mm.  104 

Pulsing frequency of Cassiopea spp. was calculated from PLIF and PIV recordings for ten pulsations. 105 

Pulsing frequency vs. diameter was plotted as shown in Fig.. 1C. Standard deviations of  ± 0.02 Hz was 106 

noted for smaller medusa with bell diameter 2 cm. Medusa with near-field data was having a pulsing 107 

frequency of  0.9±0.01 Hz. The pulsing frequency decreased with increase in bell diameter. 108 

All the recorded PLIF videos with ten complete pulsing cycles were processed to get an averaged image 109 

the time point. These averaged PLIF images containing the intensity values and instantaneous images were 110 

exported in “.png” format and further processed in MATLAB (The Mathworks, Inc., Natick, MA) program 111 

using the formulation of Crimaldi, 2008. PIV videos were processed in the Davis 8.2 software (LaVision 112 

GmbH, Gottingen, Germany) to obtain the 2D velocity vector fields around an individual with an 113 

interrogation window of 64 x 64 and 32 x 32 with 50% overlap and two passes each. Post-processing was 114 

performed by rejecting velocity vectors with a peak ratio of less than 1.2 and interpolation was used to 115 

replace the empty vectors. These vector fields were averaged for ten cycles and exported in .dat file format 116 

containing velocity information (horizontal velocity u and vertical velocity (v), and momentum fluxes were 117 

calculated in MATLAB software (The Mathworks, Inc., Natick, MA). PLIF videos were also used to 118 

calculate the pulsing frequency of individual to relate the vertical forces Fy, velocity V, pulsing frequency 119 

f, and bell diameter d. TR-PIV data was used to calculate Lagrange coherent structures (using finite time 120 

Lyapunov exponent fields) to understand the pumping behavior of medusa (Shadden et al., 2005).  121 

Concentration profiles calculation 122 

The concentration at each pixel can be calculated according to the method described by Crimaldi, 2008. 123 
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C(i,j) = mean(Bn-D)*(In-Bn)/(αa*(Bn-D),  (1) 124 

Where Bn is background image intensity, D is dark image intensity, In- unknown image intensity that needs 125 

to be calculated for concentration, α is proportionality constant between concentration and intensity, a is 126 

attenuation coefficient. 127 

So to non-dimensionalize the concentration at each pixel, the maximum available concentration at each 128 

instant was used. If C(i.j) is a concentration of organic/ chemical component at each pixel obtained by 129 

equation 1, Cmax is a maximum concentration of organic/chemical component at an instant then due to the 130 

effect of pulsations, the concentration ratio (CR) was calculated as, 131 

CR= C/Cmax, (2). 132 

 The concentration ration was used to examine the mixing and distribution of pore water into the water 133 

column due to medusa pulsation. 134 

                                                                                                                 135 

RESULTS 136 

Time-averaged flow characteristics 137 

Concentration ratio 138 

Far-field PLIF videos were used to look into time-averaged and time-resolved characteristics.  Averaged 139 

images of 10 complete pulsing cycles of bell diameter were processed to get the raw images and were then 140 

processed to obtain time-averaged PLIF contour plot. Fig. 2A shows a sample of the averaged raw image 141 

for bell diameter 4 cm; this was later used to post-processed to get PLIF contour plot as shown in Fig. 2B. 142 

Color map shows the ratio of concentration available at the corresponding pixel to maximum concentration 143 

entrained from the substrate by the Cassiopea individual. Color bar shows the value of 1 at the place of 144 

concentrated pore water. For medusa with bell diameters, the C/Cmax was found along the medusa current. 145 

The maximum concentration was found near the oral arms for the larger diameter medusa.  146 

After obtaining these concentration contours, non-dimensioned concentration fluxes were measured for all 147 

medusae at y/d = 0.75 to 1.5 along -1.5 < x/d <1.5 as shown in Fig. 2B. The extracted values from each 148 

diameter were plotted as shown in Fig. 2C. These non-dimensioned fluxes were calculated at the various 149 

vertical location of y/d = 0.75 to 1.5. The plot shows that for each individual, the value of non-dimensioned 150 

concentration flux increased from y/d = 0.75 to y/d =1.25 and later decreased at y/d = 1.5. While with an 151 

increase in diameter, these values appear to change with pulsing frequency. For example, the pulsing 152 
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frequency of 2 cm medusa was 1 Hz with a highest standard deviation of d ± 0.2 Hz, so was the non-153 

dimensioned concentration flux.  154 

Hydrodynamics forces 155 

Total force was measured at y/d = 0.75 to 1.5 in the MATLAB program to relate the pulsing frequency with 156 

hydrodynamic forces. The Fig. 2D shows the locations of force calculations, i.e., at y/d =0.75 to 1.5. Fig. 157 

2E shows the calculated forces at given locations. For a 2 cm and 6 cm medusae, the total hydrodynamic 158 

force increased with increase in medusa current penetration. While for 4 cm and 5 cm medusae, the force 159 

increased till y/d = 1 and later decreased with increase in current penetration. The total measured force was 160 

due to the vertical force component obtained due to pulsing force. All the time-averaged flow characteristic 161 

results showed the effect of the pulsing force of each medusa in pore water exchange with the vertical water 162 

column. Time-Resolved analysis was made to observe the changes in each cycle. 163 

 164 

Time-resolved Characteristics 165 

Far-field 2D PIV 166 

Time-resolved far field PIV data were collected to observe the vorticity contours and also to extract the 167 

velocity profiles at desired locations. Fig. 3 shows the time-resolved PIV plots at various power stoke of 4 168 

cm medusa. These plots show the formation of vortex rings near the bell margin. As the power stroke starts, 169 

the fluid was pulled towards the bell margin from its surroundings including the pore water from the 170 

substrate. As power stroke progress and reach 33%, the starting vortex was initiated as shown in Fig. 3A.  171 

This starting vortex increased in strength and size by 66% as shown in Fig. 3B. At the end of the power 172 

stroke, this vortex was fully grown started to rise from the near substrate region as shown in Fig. 3C. During 173 

the start of recovery stroke, the vortex structure started to interact with the oral arms and start to lift into 174 

the medusa current. As recovery stroke reaches 33%, the stopping vortex was initiated due to the bell motion 175 

against the substrate as shown in Fig. 3D. Recovery stroke at 66% was shown in Fig. 3E, and its stopping 176 

vortex decreased its strength and finally mixed with surrounding medium with no vortex ring presence as 177 

shown in Fig. 3F. 178 

Far-field non-dimensionalized concentration maps 179 

 For the same medusa of 4 cm, PLIF concentration contours were processed to look at the change 180 

in concentration ratio as the pulsation progress. Fig. 4 shows the various concentration contours at 33% PS, 181 
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66% PS, 100% PS, 33% RS, 66% RS, 100% RS. Concentrations values were extracted along various y/d 182 

locations to plot concentration profiles. 183 

 184 

 185 

Far-field Concentration and velocity profiles 186 

From time-resolved PIV plots, velocity vectors are extracted to look at the change in medusa current along 187 

the water column height and across the current. Also, concentrations ratios along x/d -1.25 to 1.25 were 188 

extracted from far-field PLIF plots of the same medusa of 4 cm to plot concentration and velocity profiles 189 

as shown in Fig.5. All the profiles appear to show a trend between the velocity and concentration. Vertical 190 

velocity increased as power stroke progress at y/d = 0.75 and later decreased in recovery stroke. The 191 

appearance of strong peaks in the concentration profiles was due to the presence of flow structure with dye 192 

concentration. A similar trend of concentration was observed at 0.75 location. While the velocity at y/d = 193 

1.5, remained with same peak value throughout the cycle and so was the concentration profile. This might 194 

happen due to the velocity that helps out in producing the force required to entrain the concentration. 195 

 196 

 197 

 198 

All the profiles appear to show a trend between the velocity and concentration. Vertical velocity increased 199 

as power stroke progress at y/d = 0.75 and later decreased in recovery stroke. The appearance of strong 200 

peaks in the concentration profiles was due to the presence of flow structure with dye concentration. A 201 

similar trend of concentration was observed at 0.75 location. While the velocity at y/d = 1.5, remained with 202 

same peak value throughout the cycle and so was the concentration profile. This might happen due to the 203 

velocity that helps out in producing the force required to entrain the concentration. 204 

Near field and Far-field time-resolved observations 205 

Power stroke  PLIF raw images were processed for near fields to look into the pore water entrainment. 206 

Pulsations of medusa enhanced the dye release from the substrate near the bell tip and were pulled along 207 

its bell margin during the start of power stroke as shown in Fig. 6. As the power stroke progress from 0% 208 

PS to 33% PS, small vortex ring was formed as shown in Fig. 6A. The vortex ring advanced along the bell 209 

margin and increased in size at 66% PS as shown in Fig. 6B. At the end of the power stroke, a strong starting 210 
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vortex was formed and was then pushed into vertical water column through oral arms as shown in Fig. 6C. 211 

PLIF processed images were shown in Fig. S1 from A-C at same percentage power strokes. Maximum 212 

concentration ratio was found along the vortex structure. During the power stroke, the previously formed 213 

vortex structure was pushed into the vertical water column and discretized into small flow structures as 214 

shown in Fig. 6A-C.    215 

Recovery stroke The vortex ring formed in the power stroke, advanced into the water column as the 216 

recovery stroke progressed from Fig. 6 D- F. The dye entrained in this vortex ring was diffused and 217 

increased it length diameter as shown in  Fig. 6F. This increased vortex ring size indicates its spread due to 218 

the resistance offered to medusa current by the vertical water column. Processed PLIF images were shown 219 

in Supplementary Fig. S1 D-F for same percentage recovery stroke. The diffusion from vortex ring can be 220 

seen clearly through the PLIF processed images. For example, the value of concentration ratio was 1 in the 221 

vortex flow structure, and it decreased to 0.8 as shown in Fig. 1 D-F. 222 

 223 

Far-field time-resolved observations 224 

 Far-field observation helps us to understand the advection of the vortex structures in the water 225 

column. As the power stroke progress in the far field observation, the vortex formed due to the previous 226 

pulsation was pushed into the water column, and its spreading was observed as the medusa’ current progress 227 

as shown in Fig. 7AC. During recovery stroke, the vortex introduced into water column due to power stroke 228 

was pushed along the medusa current as shown in Fig. 7D- F. The dye concentration in the vortex diffuses 229 

as time progress along the length of the water column and diffuses. 230 

 231 

Continous pumping cycles  232 

When we observe three continuous pulsing cycles as shown in Fig. 8 advection of flow structures can be 233 

seen clearly. The flow structure namely vortex structure formed at power stroke passes through resistance 234 

network and convert to a flow structure. This flow structure was formed at the end of recovery stroke. This 235 

flow structure comes out of oral braches and enters the water along the medusa current. Fig. 8D-F shows 236 

three continuous 100% recovery strokes. The box with dashed lines (red box) shown in Fig. 8 A show 237 

circumscribes the flow structure at the end of first recovery stroke. As the second cycle progress, new flow 238 

structure was formed as shown in the thin box (yellow).  During this cycle, the previously formed flow 239 

structure named the one in dashed line box advected by small amount near 0.3d. As the pulsing cycle 240 
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progress, the new flow structure was advected into the current circumscribed by the thick box(cyan). During 241 

this cycle the, flow structure one was advected and diffused along the jet spreading. A similar pattern was 242 

seen in the medusa of 6cm diameter as shown in Fig. 8 D-F. Conversion of the large-scale vortex into small-243 

scale flow structures was seen due to the shear resistance around the medusa current in the water column. 244 

So as the pulsation progress, the medusa adds the pore water entrained into the water column during the 245 

recovery stroke. The resistance network of oral arms helps the vortex structure formed in power stroke to 246 

break into small flow structures by which the fluid was properly mixed with the water column. Compared 247 

with a smaller diameter the flow structure advection was more compared to smaller medusa and also the 248 

stretch of flow structure was more entailing the mixing nature of larger medusa to be high.  249 

 250 

 251 

The pulsations of smaller and larger medusa showed displacement of flow structure by different length 252 

scales in the experiment. For smaller medusa, the flow structure formed at the end of power stroke was 253 

displaced by 0.5d when it reach 100% recovery stroke, it was displaced further by 0.3 d in the next pulsing 254 

cycle. While in the large medusa, the large medusa, the flow structure formed was displaced by 0.5 d in the 255 

first pulsing cycle and later by 0.2d. However, breaking of large flow structure into small flow structures 256 

(nearly circular) was observed. This formation was due to breakage of the large vortex into the small vortex 257 

by the oral arm as shown in Fig. 9. 258 

 259 

LCS showing pore water pumping and mixing region 260 

LCS was plotted using FTLE to look at the material lines and the particle fate of entrained pore water. Fig.. 261 

10A and C show PLIF raw image for 100% PS for bell diameters 4 cm and 6 cm, and Fig. 10B and D show 262 

their respective LCS plots. For small individuals like 4 cm, the LCS showed the continuous material lobe, 263 

along with its jet showing the nature of medusa current in pumping pore water. However, in the larger 264 

individual like 6 cm, the material lobe from FTLE was broken into small regions showing the pore water 265 

mixing behavior of the individual.  266 

LCS for a complete cycle (at 3 three time points in both power stroke and recovery stroke) for bell diameters 267 

4cm and 6 cm was shown in Fig. S2-3. As the pulsation progress, the entrainment lobe was clearly visible 268 

at 66% PS near the bell margin. This entrainment lobe was then pumped into the water column during 269 
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recovery stroke. Detrainment material lobe was visible at 33% RS, and its intensity decreased showing a 270 

low chance for a particle to enter in this region during recovery stroke. 271 

Discussion 272 

Near field PLIF cycle raw images show the entrainment of pore water from the substrate, its movement 273 

along the bell margin and finally into strong vortex structure near bell tip margin during the power stroke. 274 

This indicates that bell pulsations not only entrain the fluid along the substrate but also from the substrate 275 

in the same flow structures. However, in the far field, PLIF images help to understand the pore water mixing 276 

in the vertical water column. Large flow structure formed in the power stroke was pushed through the high 277 

resistance network of oral arms. Recovery stroke, which is longer than power stroke period, helped the 278 

vortex structure to break into to smallest flow structure. Velocity profiles showed a decrease in velocity 279 

peaks along the y/d indicating decrease in medusa current as the height of water column increase. 280 

Concentration profiles and shear forces from currents showed a direct relation with the velocity profiles. 281 

Thus when current penetrates into the water column, a strong shear force was found which decreased with 282 

water column height due to a decrease in vertical velocity. Thus concentration available at given y/d 283 

depends on the medusa vertical velocity. This strong shear force produced through current can enhances 284 

the proper mixing and diffusion of pore water in local regions. 285 

 Pulsing frequency impacts the medusa current penetration. Current penetration increases with 286 

increasing pulsing frequency. Since the period is inversely proportional with frequency, power stroke 287 

frequency dominates recovery stroke frequency, and greater pulsing force is induced on the flow structures. 288 

This increased force helps the increased jet penetration and also the mixing. However, pulsing frequency 289 

of an individual depends on the environmental conditions and its behavior. Please look into following video 290 

link for the complete information (https://www.youtube.com/watch?v=b_ykHmgzJ3U). 291 

 In smaller medusa, due to the high pulsing frequency, the entrainment was more, and the flow 292 

structures were repeatedly added to the water column. While the medusa with a larger diameter, pulsate 293 

with lower frequency giving more time for recovery stroke and proper water mixing of flow structure. It is 294 

possible that each medusa can modulate their bell pulsation frequency based on their size (muscle mass) 295 

and generate mixing of nutrients in the water column. From an engineering perspective, studies on this 296 

organism could be useful for the design of unsteady suction pumps. Such pumps could be used for 297 

pisciculture (fish farming), where there is need of pore water containing minerals and nutrients extraction 298 

into the water column.  When Cassiopea grows in fish farms, they do help by pumping the required 299 

nutrients, but medusa even affects the growth of fishes by decreasing the food resources as medusa feed on 300 
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shrimp (Purcell and Arai, 2001), which is food for fishes. This alternative replacement of medusa with a 301 

mechanical pump can help the fisheries. 302 

 PIV experiments on different medusa showed the effect of bell pulsations to be one diameter 303 

radially in all direction above the surface (Santhanakrishnan et al., 2012) and so the present PLIF 304 

experiment has to be conducted with Rhodamine WT dye placed beneath substrate of more than 2 cm depth, 305 

with different depths of colored bed to understand the pulsation effect beneath the substrate to justify if the 306 

bell pulsation affect the pore water pumping just for 1 diameter or more.  307 

 308 

CONCLUSIONS 309 

Pulsations of Cassiopea medusae entrain the pore water from the bell-substrate interface in the form of 310 

vortex structure during the power stroke and push it through the oral arms breaking it into small flow 311 

structures into the water column. PLIF investigations showed maximum concentration ratio was in the 312 

vortex structure. Flow structures were showed for a pulsing cycle in PLIF and PIV experiments. PLIF 313 

studies showed the smaller individuals pulsate frequently; add pore-water into the water column, and mix 314 

it properly. In contrast, the larger medusa pulsates less with a large force and maintain proper pore-water 315 

mixing. Importance of oral arms was understood in breaking mixing of pore water into the water column.  316 

Future investigations on the Cassiopea spp. were suggested to study the pulsing effect beneath the substrate. 317 
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Figure Legends 434 

Figure 1. (A) Qualitative visualization of pore water release. The release of fluorescence was observed near 435 

the bell and substrate interface (B) Experimental setup used for combined planar laser-induced fluorescence 436 

(PLIF) and particle image velocimetry (PIV) measurement. The top picture shows the front view, and the 437 

bottom represents a top view of the setup. (C) Pulsing frequency (f) vs. bell diameter (d) with error bars of 438 

medusa. Medusa with 3 cm bell diameter was used for near-field observation has a pulsing frequency of 439 

0.9 ± 0.01 Hz. 440 

Figure 2. A) Sample PLIF raw images for bell diameter 4cm. B) Processed background subtracted PLIF 441 

data with concentration ration, Concentration at each pixel divided by maximum concentration extracted 442 

by medusa (C/Cmax), was plotted against non-dimensionalized x and y-axis. Concentration map shows the 443 

various locations of extraction of concentration fluxes calculated over -1.5 <x/d< 1.5 C) Concentration flux 444 

vs diameter. (D) Time-averaged PIV vector field is showing various y/d locations for a fixed x/d locations 445 

of + 1 d for a 4 cm medusa. (E) The total hydrodynamic force measured at the given locations of y/d of 446 

0.75 to 1.5. The standard deviation of ±0.03 to ±0.1 was obtained in hydrodynamic forces [Each line with 447 

marker represent a y/d location. Diamond marker at y/d = 0.75, Circle marker at y/d =1, left triangle 448 

represent y/d = 1.25 and downward triangle represent y/d at 1.5]. 449 

Figure 3. Power stroke time-resolved  PIV vorticity contours for 4 cm medusa at  (A) 33% PS (B) 66% PS 450 

(C) 100% PS (D) 33% RS (E) 66% RS (F) 100% RS. 451 

Figure 4. Far-field time-resolved nondimensionalized concentration maps for power stroke  at A) 33% PS 452 

B)66% PS C)100% PS D) 33% RS E) 66% RS and F) 100% RS. 453 

Figure 5. Concentration ratio profiles and velocity profiles during power stroke at A) 33% PS, B)66% PS, 454 

C)100% PS, D) 33% RS, E)66% RS, F)100% RS. Left axis represents concentration ratio; the right y-axis 455 

represents vertical velocity component v with x/d as the x-axis. Thin (blue) and thick (red) lines (without 456 

markers) represent concentration ratio at y/d =0.75 and 1.5 respectively.  Lines with circle and triangle 457 

markers represent vertical velocity at y/d = 0.75 and 1.5 respectively. 458 

Figure 6. Near-field time-resolved PLIF raw data, showing the 3 cm medusa power stroke. A) 0% PS, B) 459 

33% PS, C) 66% PS, D) 100% PS .and recovery stroke at (A) 0% PS, (B) 33% RS, (C) 66% RS, (D) 100% 460 

RS. 461 

Figure 7. Time-resolved PLIF data during recovery stroke of 4 cm medusa at A)0% PS, B)33% PS, C)66% 462 

PS, D)100% PS, E)0% RS, F)33% RS, G)66% RS, H)100% RS to show the flow structure formation. 463 
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Figure 8. Far-field time-resolved PLIF unprocessed images are showing flow structure advection at the end 464 

of recovery stroke. (100% recovery stroke)  A) 4 cm medusa in cycle 1 B) 4 cm medusa in cycle 2 C) 4 cm 465 

medusa in cycle 3 D) 6 cm medusa in cycle 1 E)6 cm medusa in cycle 2 C) 6 cm medusa in cycle 3. 466 

Figure 9. Pictorial representation of flow structures and their position at the end of 100% power stroke and 467 

100% recovery stroke in two continuous cycles for smaller medusa 4 cm and large medusa 6 cm bell 468 

diameters. (A) 100% PS cycle 1 for 4 cm medusa. (B) 100% RS for 4 cm medusa for cycle 1. C) 100% RS 469 

for 6 cm medusa for cycle 1 (D) 100% PS for 4 cm medusa cycle 2. (E) 100% recovery stroke for 4cm 470 

medusa cycle 2 (F) 100% recovery stroke for medusa cycle 2. 471 

Figure 10. LCS for pore water pumping. A) PLIF raw image for bell diameter d=4 cm at 100% PS, B) 472 

FTLE plot for d= 4 cm at 100% PS. C) PLIF raw image for bell diameter d=6 cm at 100% PS.D) FTLE 473 

plot for d= 4 cm at 100% PS. 474 

Figure S1. Concentration contours for medusa bell diameter 3 cm. A) 33% PS, B) 66 % PS, C) 100% PS, 475 

D) 33% RS, E) 66 % RS, F) 100% RS. White color in the contour plots represents maximum concentration 476 

entrained at that specific instant.  477 

Figure S2. LCS plots and PLIF plots for a pulsing cycle of medusa with bell diameter 4 cm. A-F 478 

represents 33% PS, 66% PS, 100% PS, 33% RS, 66% RS, 100% RS. a-f represent corresponding PLIF 479 

raw image for A-F. 480 

Figure S3. LCS plots and PLIF plots for a pulsing cycle of medusa with bell diameter 6 cm. A-F 481 

represents 33% PS, 66% PS, 100% PS, 33% RS, 66% RS, 100% RS. a-f represent corresponding PLIF 482 

raw image for A-F. 483 
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 492 

Figure 2. (A) Qualitative visualization of pore water release. The release of fluorescence was observed 493 

near the bell and substrate interface (B) Experimental setup used for combined planar laser-induced 494 

fluorescence (PLIF) and particle image velocimetry (PIV) measurement. The top picture shows the 495 

front view, and the bottom represents a top view of the setup. (C) Pulsing frequency (f) vs. bell 496 

diameter (d) with error bars of medusa. Medusa with 3 cm bell diameter was used for near-field 497 

observation has a pulsing frequency of 0.9 ± 0.01 Hz. 498 
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 505 

 506 

Figure 2. A) Sample PLIF raw images for bell diameter 4cm. B) Processed background subtracted 507 

PLIF data with concentration ration, Concentration at each pixel divided by maximum concentration 508 

extracted by medusa (C/Cmax), was plotted against non-dimensionalized x and y-axis. Concentration 509 

map shows the various locations of extraction of concentration fluxes calculated over -1.5 <x/d< 1.5 510 

C) Concentration flux vs diameter. (D) Time-averaged PIV vector field is showing various y/d 511 

locations for a fixed x/d locations of + 1 d for a 4 cm medusa. (E) The total hydrodynamic force 512 

measured at the given locations of y/d of 0.75 to 1.5. The standard deviation of ±0.03 to ±0.1 was 513 

obtained in hydrodynamic forces [Each line with marker represent a y/d location. Diamond marker 514 

at y/d = 0.75, Circle marker at y/d =1, left triangle represent y/d = 1.25 and downward triangle 515 

represent y/d at 1.5]. 516 
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 525 

Figure 3. Power stroke time-resolved  PIV vorticity contours for 4 cm medusa at  (A) 33% PS (B) 526 

66% PS (C) 100% PS (D) 33% RS (E) 66% RS (F) 100% RS. 527 

 528 

 529 

 530 



21 
 

 531 

Figure 4. Far-field time-resolved nondimensionalized concentration maps for power stroke  at A) 532 

33% PS B)66% PS C)100% PS D) 33% RS E) 66% RS and F) 100% RS. 533 
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 544 

Figure 5. Concentration ratio profiles and velocity profiles during power stroke at A) 33% PS, B)66% 545 

PS, C)100% PS, D) 33% RS, E)66% RS, F)100% RS. Left axis represents concentration ratio; the 546 

right y-axis represents vertical velocity component v with x/d as the x-axis. Thin (blue) and thick 547 

(red) lines (without markers) represent concentration ratio at y/d =0.75 and 1.5 respectively.  Lines 548 

with circle and triangle markers represent vertical velocity at y/d = 0.75 and 1.5 respectively. 549 
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 559 

Figure 6. Near-field time-resolved PLIF raw data, showing the 3 cm medusa power stroke. A) 0% 560 

PS, B) 33% PS, C) 66% PS, D) 100% PS .and recovery stroke at (A) 0% PS, (B) 33% RS, (C) 66% 561 

RS, (D) 100% RS. 562 
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 573 

Figure 7. Time-resolved PLIF data during recovery stroke of 4 cm medusa at A)0% PS, B)33% PS, 574 

C)66% PS, D)100% PS, E)0% RS, F)33% RS, G)66% RS, H)100% RS to show the flow structure 575 

formation. 576 
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 590 

Figure 8. Far-field time-resolved PLIF unprocessed images are showing flow structure advection at 591 

the end of recovery stroke. (100% recovery stroke)  A) 4 cm medusa in cycle 1 B) 4 cm medusa in 592 

cycle 2 C) 4 cm medusa in cycle 3 D) 6 cm medusa in cycle 1 E)6 cm medusa in cycle 2 C) 6 cm medusa 593 

in cycle 3. 594 
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 605 

Figure 9. Pictorial representation of flow structures and their position at the end of 100% power 606 

stroke and 100% recovery stroke in two continuous cycles for smaller medusa 4 cm and large medusa 607 

6 cm bell diameters. (A) 100% PS cycle 1 for 4 cm medusa. (B) 100% RS for 4 cm medusa for cycle 608 

1. C) 100% RS for 6 cm medusa for cycle 1 (D) 100% PS for 4 cm medusa cycle 2. (E) 100% recovery 609 

stroke for 4cm medusa cycle 2 (F) 100% recovery stroke for medusa cycle 2. 610 
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 619 

Figure 10. LCS for pore water pumping. A) PLIF raw image for bell diameter d=4 cm at 100% PS, 620 

B) FTLE plot for d= 4 cm at 100% PS. C) PLIF raw image for bell diameter d=6 cm at 100% PS.D) 621 

FTLE plot for d= 4 cm at 100% PS. 622 
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Supplementary Figures 628 

 629 

Figure S1. Concentration contours for medusa bell diameter 3 cm. A) 33% PS, B) 66 % PS, C) 100% 630 

PS, D) 33% RS, E) 66 % RS, F) 100% RS. White color in the contour plots represents maximum 631 

concentration entrained at that specific instant.  632 
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 641 

Figure S2. LCS plots and PLIF plots for a pulsing cycle of medusa with bell diameter 4 cm. A-F 642 

represents 33% PS, 66% PS, 100% PS, 33% RS, 66% RS, 100% RS. a-f represent corresponding 643 

PLIF raw image for A-F. 644 
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 645 

Figure S3. LCS plots and PLIF plots for a pulsing cycle of medusa with bell diameter 6 cm. A-F 646 

represents 33% PS, 66% PS, 100% PS, 33% RS, 66% RS, 100% RS. a-f represent corresponding 647 

PLIF raw image for A-F. 648 
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