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Abstract
Understanding the origins of nutrients, e.g., nitrate, in ocean water is essential to develop an effective mariculture technique for
free-floating macroalgae, which presents a potential solution to provide an alternative source of domestic renewable fuels to help
reduce carbon emissions from automobiles. To study this problem, scientists simulate large-scale computational simulations
with coupled flow and nutrient information. Since running the simulation multiple times is expensive, the scientists want to
have efficient visual-analytic techniques that can analyze and visualize the simulation output quickly to investigate the reasons
behind the existence of nitrate in different areas of ocean water. To address these needs, a mixed Lagrangian and Eulerian-
based analysis technique is developed that leverages traditional Lagrangian analysis methods and fuses Eulerian information
with it to comprehend the origins of nutrients in the water. The proposed method yielded promising results for the application
scientists and positive feedback from them demonstrates the efficacy of the technique.

CCS Concepts
• Human-centered computing → Scientific visualization;

1. Introduction

Development of appropriate feedstock for biofuel production is
essential for the development of alternative fuel energy sources
[RJSSZ10, WLW∗12]. In particular, macroalgae present a plausi-
ble solution to reduce carbon emissions from automobiles by pro-
viding an alternative source of domestic renewable fuels. Effective
mariculture techniques for macroalgae may provide the potential
to help close the U.S. transportation carbon budget in the coming
years [KPM00, CZL∗15]. Understanding the factors contributing
to the potential for scalable macroalgae mariculture is non-trivial
due to the complexity of ocean flows and mixing, which drives the
availability of nutrients for moored and free-floating mariculture
techniques. An important challenge for free-floating techniques is
the availability of nutrients such as nitrate (NO3). Hence, studying
the sources of NO3-rich waters is also essential, as ocean eddies
may trap macroalgae such as Sargassum, and mixing from the NO3
source to the macroalgae are subject to the complexities of oceanic
time-varying currents and turbulence.

In order to study the aforementioned problem, essential flow
and nutrient information is simulated using the high-resolution
Model for Prediction Across Scales Ocean (MPAS-O) [RPH∗13,
PJR∗15, WRM∗15] and its biogeochemistry capability [MDK∗01,
MLD∗13,WBL∗14,WEMCS15] within the Energy Exascale Earth
System Model (E3SM), formerly known as Accelerated Climate

Figure 1: Globally computed weekly-averaged surface NO3 (mmol
m−3) in March highlighting the Gulf of Mexico (inset).

Modeling for Energy (ACME) [PADB∗19]. An example output of
computed NO3 is shown in Figure 1, where ocean eddies stir and
mix NO3 that originates from riverine and subsurface locations in
the ocean. The output data of the simulation contains velocity and
NO3 information, which can be analyzed and visualized to under-
stand the sources and transport mechanism of nutrient-rich water
masses. Note, there are NO3 source and sink terms, but as demon-
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strated in this analysis they are minimal with respect to identifying
regions of interest and estimated source locations for NO3 are rea-
sonable under the assumption that NO3 is a passive tracer. Since re-
running the simulation at the global scale is significantly expensive,
it is necessary to develop an effective post-hoc visualization-based
workflow such that important information from the simulation out-
put can be extracted efficiently and with minimal effort to further
scientist understanding of this problem to guide future experiments
in a timely manner.

In this work, a visualization-based workflow is developed which
compares and contrasts the evolution of initial nutrient-rich (i.e.,
regions with high NO3 concentration) water masses and correlates
these regions with high NO3 concentration in a later time. This
helps identify nutrient-rich regions and furthers the exploration of
the NO3 source. The proposed method applies Lagrangian particle
advection techniques to track regions where the nutrients would be
transported primarily by the surface flow and compares it with the
regions of high NO3 concentration obtained from the scalar NO3
data defined in Eulerian reference frame. The results show how
the surface flow transports the NO3 into the ocean over time, and
furthermore, identify high NO3-concentrated regions that do not
originate from the surface flow. These regions result from poten-
tial vertical mixing and upwelling and warrant deeper investigation.
Hence, the proposed technique is able to quickly identify source re-
gions for NO3 that is imperative for understanding the availability
of NO3 for macroalgae mariculture and the suitability of nearby
flow conditions for effective seeding, development, and harvesting
of Sargassum macroalgae.

Since the simulation that produced the data sets use high-
resolution ocean models and are run in supercomputers, it is not
possible to store all the data to disk. This is primarily because the
I/O bottleneck [AJO∗14,DCH∗17,CPA∗10]. The velocity at which
data is generated is significantly higher than the speed at which
the data can be stored into the permanent disks. Therefore, scien-
tists only typically store temporally averaged and subsampled vec-
tor and scalar fields of the surface even though the simulation itself
runs on a three-dimensional domain. While investigating the flow
patterns of NO3 and upwelling phenomenon, in this work, this se-
lection of data output seemed a reasonable choice due to the fact
that algae can only grow close to the surface where there is sunlight.
However, having access to only two-dimensional data imposes two
challenges to analysis. First, we cannot use the z-component of the
vector field to identify upwelling. Second, there is a strong fluctua-
tion in the instantaneous vector field (see Figure 2) which prevents
us from using the second straight-forward approach, namely identi-
fying divergent regions. Since the water is an incompressible fluid,
upwelling must result in water spreading away on the surface. This
problem has already been identified in [PJMR∗19]. Still, we are
able to provide the domain expert with meaningful visualization
and analysis based on the Lagrangian flow specification. From the
results of our analyses, the domain experts got significant insights
about the NO3 transportation mechanism in the ocean water and
so the scientists are now considering to store the three-dimensional
Lagrangian flow advection information also along with the stan-
dard simulation output which will make our analysis more accurate
in the future. Therefore, our contributions in this work are as below:

(a) t = 0.375 day. (b) t = 0.625 day.

Figure 2: Instantaneous flow behavior for two time steps visualized
through line integral convolution color coded by the divergence.
Red corresponds to diverging and blue to converging regions.

1. We present a new mixed Lagrangian and Eulerian-based analy-
sis for identifying the source of NO3 in the ocean water.

2. We provide an efficient visualization scheme that enables com-
parative visualization of NO3-rich regions computed via differ-
ent methods that helps the experts comprehend the origin of
NO3.

3. We provide the domain experts a workflow to quantitatively an-
alyze the evolution of NO3 for statistical evaluation.

2. Related Works

The proposed method is related to the general class of analysis that
uses tracers to understand ocean model flows [EMR01], but a chal-
lenge is that this presumes that the initial tracer location is known
a priori. Note, that there are connections between Lagrangian and
Eulerian approaches for scalar transport, e.g., [WR17], but they use
dense Lagrangian trajectories fields that are frequently reset requir-
ing a remapping between Lagrangian fluid control volumes. In an-
other work, to construct a compact representation of large scale
simulation data sets, Sauer et al. [SXM17] also proposed a com-
bined Lagrangian and Eulerian data representation by organizing
Lagrangian information according to the Eulerian grid into a unit
cell-based approach.

The visualization community has developed several analysis
techniques that explore ocean simulation data sets for various tasks.
For performing eddy analysis and visualization for very high-
resolution MPAS-O simulation, Woodring et al. [WPS∗16] devised
an in situ analysis workflow. Instead of the traditional post-hoc
analysis, they performed eddy detection in situ which reduced the
bottleneck of disk access time significantly and scaled well to ten-
thousand processing elements. To flexibly extract and track eddies
in the ocean simulation data sets, Banesh et al. [BSAH17] per-
formed ocean data analysis using an image-based database rep-
resentation of the simulation output. In another work, Banesh et
al. [BWP∗18] used statistical change point detection technique for
the characterization of eddy behavior in ocean simulation data.
Berres et al. [BTP∗17] introduced video compression methods for
image-based ocean simulation image databases for further reducing
the storage size for extreme-scale simulation output. Eddy analysis
and visualization of the Agulhas current was done by Raith et al.
[RRHS17]. Use of iso-lines was also shown as a popular technique
for visualization of ocean simulation data [Sch02]. Streamline and
glyph-based visualization was recently used in Open Geosys for an-
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(a) Particles at t = 0 day. (b) Particles at t = 6.25 days. (c)

Figure 3: Figure 3a shows the starting locations of all the particles,
and Figure 3b shows the advected particles at time t = 6.25 days.
The color of each particle depicts the value of NO3 at t = 0.

alyzing geothermal energy and groundwater [KBB∗12]. Rocha et
al. [RSAS17] in their work visually represented the flow direction
using sparse streamlet decals to allow for space for simultaneous
visualization of salinity and density. Finally, the use of colormaps
has also been shown to be effective to visualize ocean flow fea-
tures [MM98, Ain99].

Recently, Nardini et al. [NBSS17] studied the upwelling pro-
cess of the Benguela upwelling system using pathline predicates.
They derived a 3D volume from pathline density that showed the
upwelling process in the ocean. In another work, Nardini et al.
[NBP∗18] evaluated the accuracy of the pathline predicate based
technique. In this work, we study the source of nutrients in the
Gulf of Mexico by providing a mixed Lagrangian and Eulerian-
based technique. The proposed study helps to determine the ori-
gin of NO3-rich water bodies which can help in developing effec-
tive mariculture technique for free-floating macroalgae. For a more
comprehensive overview of flow visualization techniques applied
in the environmental sciences, we recommend [BM16].

3. Method

In this section, we describe the visual-analytics workflow employed
on the simulation data for detecting the source of NO3 in the ocean
water. The primary goal of this work is to be able to compare the
source of NO3 that would come to a region as a result of the sur-
face flow to the regions obtained directly from the NO3 scalar field,
which is defined in the Eulerian frame of reference. Such a com-
parison can reveal the potential reasons behind the existence of a
nutrient-rich region, resulting from either surface advection or ver-
tical mixing and upwelling.

3.1. NO3 Advection by Lagrangian Analysis

Assuming that the NO3 can be transported from one region to an-
other due to surface advection, we first identify such potential re-
gions by using the Lagrangian flow advection technique applied to
the unsteady velocity field.

A time-varying flow field can be given by both a vector field in
its Eulerian representation

Rd×R→ Rd , ~x, t 7→~v(~x, t) (1)

and a flow map in its Lagrangian representation

R×R×Rd → Rd , t× t0×~x0 7→ Ft
t0(x0) (2)

satisfying

Ft0
t0 (x0) =x0,

Ft2
t1 (F

t1
t0 (x0)) =Ft2

t0 (x0),
(3)

The flow map describes how a flow parcel at (x0, t0) moves to
Ft1

t0 (x0) in the time interval [t0, t1]. The two representations are re-
lated through the initial value problem [Cod12]

Ḟt
t0(x0) = v(x(t), t), Ft0

t0 (x0) = x0 (4)

and inversely through

x0 +
∫ t

t0
v(x(t), t)dt = Ft

t0(x0). (5)

Considering each grid point containing a massless particle at
time t = t0, we advect all such particles by integrating over the
velocity field for each consecutive time step, as in (5) to compute
a Lagrangian trajectory. At each time step ti (ti > t0), we record
the final position of each particle. Since each particle has a cor-
responding initial position from where it started advecting at ini-
tial time t = t0, we assign the value of NO3 at the current time ti
for the particle with the value the particle had at t = t0. Therefore,
each particle contains the NO3 value of its initial time step always
as it is advected. In particular, if NO3 : R2×R→ R is the time-
dependent scalar field containing the NO3 distribution, then we get
an advected distribution NO3t0 : R2×R→ R starting from t0 ad-
vected to t through

NO3t0(x, t) := NO3(F
t0
t (x)), (6)

where Ft0
t (x) with t0 < t corresponds to the advection backward in

time.

This technique estimates the process of NO3 advection by sur-
face flow via Lagrangian advection neglecting diffusion processes.
In Figure 3, the results of such advection for two selected timesteps
have been shown. Figure 3a shows the starting locations of all the
particles, and Figure 3b shows their location at t = 6.25 days af-
ter advection. The particles are colored using the NO3(x,0) values
they had at t = 0.

Given advected particles at each time step, we can effectively
identify regions where particles have high NO3 values. Such a
source of NO3 would be treated as the result of surface flow. To
interactively visualize such regions, we first construct a mesh using
the particle locations by applying Delaunay triangulation [LS80].
An example of such mesh can be seen in Figure 4a. Next, using
surface rendering techniques, we can visualize the surface colored
by NO3t0 values as shown in Figure 4b. To identify regions of
high NO3t0 concentration, we use isocontour-based visualization as
shown in Figure 4b using solid lines on top of the surface render-
ing. The domain expert can change the NO3t0 isovalue and explore
regions of different NO3t0 to identify surface advection.

3.2. Eulerian Frame-based Extraction of NO3 Regions

Next, in order to identify the source of NO3 in ocean water, we per-
form a combined Eulerian and Lagrangian-based comparison of re-
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(a) Triangulated mesh. (b) Surface visualization. (c)

Figure 4: Figure 4a shows the triangulated mesh obtained from
the particle locations at t = 6.25 days, and Figure 4b shows the
surface rendering of the Delauney mesh. An isocontour of NO3t0 =

1.8 mmol m−3 is presented on top showing regions with high NO3t0
values.

(a) NO3 scalar field rendering. (b) (c) Isocontour of NO3=1.8 mmol
m−3.

Figure 5: Figure 5a shows the NO3 scalar field visualization at
t = 6.25 days, and Figure 5c shows an isocontour of NO3 = 1.8
mmol m−3 extracted from the NO3 scalar field directly.

gions containing high NO3 values. In Section 3.1 we discussed how
to detect regions containing NO3t0 using Lagrangian-based flow
advection. However, the simulation output also contains a scalar
field for NO3 :R2×R→R defined in the Eulerian reference frame.
Therefore, given a specific isovalue of interest at time t = ti, we can
visualize the regions that contain NO3 by plotting isocontours on
the NO3 scalar field directly. The regions enclosed by such isocon-
tours reflect the presence of NO3 in the surface water at the selected
time step. Note that the source of these regions containing NO3 can
be either due to the surface transport or due to vertical mixing of
NO3 and upwelling. In Figure 5a we visualize the NO3 scalar field
at t = 6.25 days and in Figure 5c an isocontour of a specific NO3
value is shown.

3.3. Analysis Workflow and Comparative Visualization
Techniques

The analysis workflow is built on top of VTK [SML04], and the
processed results are easily importable to ParaView [Aya15] for in-
teractive visualization. A VTK and ParaView-based workflow help
us to accelerate the exploration process and the experts can eas-
ily adapt this workflow with minimal effort since they are already
familiar with ParaView-based workflows.

In order to analyze and visualize the results effectively, we have
tested several visualization options. Based on the techniques pre-
sented in Section 3.1 and in Section 3.2, for an overview of the

(a) NO3 contours with advected NO3
as context in the background.

(b) NO3 contours with the Eulerian
scalar NO3 field as context in the
background.

Figure 6: Comparative visualization of NO3 contours with NO3
distributions from different sources are shown in the background as
a context.

(a) NO3 contours of Lagrangian ad-
vected NO3t0 .

(b) NO3 contours of the Eulerian
scalar NO3 field.

Figure 7: Comparative visualization of NO3 contours without the
context information at t = 6.25 days. The simultaneous contour vi-
sualization is clean and helps the scientists to visually compare the
contour overlapping with minimal effort.

NO3 distributions, we can simply use surface rendering as shown
in Figure 4b and Figure 5a respectively. However, since the experts
are interested in comparing such NO3 regions obtained from dif-
ferent approaches, we have opted for simultaneous visualization of
detected NO3 regions. For analyzing NO3 regions that have a par-
ticular range of NO3 values, nested isocontours can be used which
can help the experts to isolate regions of interest. Figure 6a shows
one example of such isocontour rendering where the red contours
show the regions obtained from Eulerian scalar NO3 data, and the
blue contours reflect regions extracted from the Lagrangian anal-
ysis. In this figure, the Lagrangian NO3t0 surface is shown at the
background as a context to this visualization. Similarly, Figure 6b
shows the contours with the Eulerian scalar NO3 field as the back-
ground. In order to make a more cleaner visualization to perform
a visual comparison between NO3 regions, we can just display the
isocontours only by turning off the context. Figure 7 shows the re-
sults of only contour rendering at t = 6.25 days with nested isocon-
tours of NO3=1.8 and 2.4 mmol m−3. In Figure 8, finally we show
the contours of Figure 7 simultaneously on top of each other. By
observing these various techniques, the application scientists pre-
ferred the simultaneous visualization of contours (Figure 8) over
the side-by-side view (Figure 7) as it offered a quick and easy way
to perform a visual comparative inspection. During the course of
analysis, the expert can interactively turn on/off these different vi-
sual representations anytime as required.
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Figure 8: Simultaneous visualization of NO3 contours obtained by
different techniques for visual comparison.

3.4. Statistical Analysis

While the domain experts were excited to explore the evolution of
NO3 through the comparative visualization, they expressed that for
their work they need more quantitative capabilities; they want to
find and quantify patterns of upwelling and downwelling in space
and time. Upwelling corresponds to water flowing from depth to
the surface and downwelling corresponds to water being subducted
from the surface to lower water depths. For example, “Do certain
behaviors reoccur during certain times of the day or season and
what are the ratios of areas dominated by upwelling to areas domi-
nated by advection?” To the experts, the quantitative metrics, statis-
tics, and longtime correlations are of great value for actual predic-
tion of NO3 movement.

For this goal, we also perform a quantitative analysis. For a given
threshold c ∈ R of NO3 in both scalar fields, we get two binary
fields: NO3

c : R2×R→ [0,1] which represents the result obtained
by thresholding the Eulerian scalar field using threshold value c
(Section 3.2), and NO3

c
t0 : R2×R→ [0,1] indicating the thresh-

olded field obtained when the same threshold value c is applied on
the scalar field of the surface generated by Lagrangian particle ad-
vection technique described in Section 3.1. After the thresholding,
we segment the domain into regions with high nutrients based dom-
inantly on advection NO3

c−1(1) ∧ NO3
c
t0
−1(1) (where the seg-

mented regions from Lagrangian and Eulerian fields overlap), on
upwelling NO3

c−1(1)∧NO3
c
t0
−1(0) (where the segmented regions

only come from the Eulerian field), downwelling NO3
c−1(0) ∧

NO3
c
t0
−1(1) (where the segmented regions only come from the La-

grangian field), or neither NO3
c−1(0)∧NO3

c
t0
−1(0). Here, ∧ op-

erator denotes the boolean AND operation and (·) at the end of
each subclause represents whether the subclause is True = 1, or
False = 0. A visualization of this segmentation can be found in
Figure 9, but the true benefit is that we can now quantify the behav-
ior based on the area when each of the above criteria is applied. The
development of these spatial areas are plotted over the period of
one month in Figure 10. As expected, the two scalar fields become
less similar over time, which can be observed from the decrease of
values for the grey curve. Also, it is observed that upwelling peri-
odically occurs and is variable.

Figure 9: Quantitative analysis of the evolution of the nutrients for
statistical evaluation. The areas dominated by advection are light
grey, upwelling pink, downwelling blue, and neither black.

Figure 10: NO3 evolution over the course of one month. The areas
dominated by advection are light grey, upwelling pink, and down-
welling blue.

4. Case Study: Mixed Eulerian and Lagrangian-based
Comparison of NO3 Regions

In order to study the source of NO3 regions in the Gulf of Mex-
ico, we combine the information obtained from the Lagrangian-
based analysis (Section 3.1), and Eulerian scalar data-based ap-
proach (Section 3.2) for direct comparison purposes. Such a mixed
approach of Lagrangian and Eulerian-based analysis was used ear-
lier by Sauer et al. [SXM17] for creating a compact information-
rich data representation. The data used in this study is obtained
from a simulation, which is a CORE-II interannual forced run (see
[PADB∗19] for additional configuration details) with fixed atmo-
spheric CO2 concentration of 360ppm. The simulation underwent
a 25-year physics spinup with an additional 20 years of physics and
biogeochemistry spinup. We have performed our analysis study on
the Gulf of Mexico using a simulation output containing data for
one month. The latitude and longitude of this data are 175× 130.
The complete simulation output contains data for a year and the
size is 2.5GB.

To visualize the regions identified by both the methods, we vi-
sualize them using superimposition. In Figure 11, the result is pre-
sented. The red contours indicate the regions that are detected from
the scalar NO3 field directly and the isovalues used is 1.8 and 2.4
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(a) NO3 contours at t = 0 days. (b) NO3 contours at t = 1.25 days. (c) NO3 contours at t = 5 days. (d) NO3 contours at t = 12.75 days.

Figure 11: Visualization of superimposed NO3t0 contours extracted from Lagrangian advection (blue contours), and Eulerian scalar NO3
data (red contours). Figure 11a shows the contours at initial time t = 0 days. At this time we start the advection and consequently both the
contours overlap each other. Figure 11b shows the result at t = 1.25 days where we observe regions that have both red and blue contours
and are concluded to be the result of surface advection. Figure 11c depicts contours at t = 5 days. At this time, we see red contours which do
not overlap with any blue contours and hence are suspected as the result of vertical mixing and upwelling. Figure 11d shows results from a
later time, where upwelling is observed in a different region of the ocean.

mmol m−3. The blue contours, on the other hand, are the result
of the Lagrangian particle-based NO3 advection presented in Sec-
tion 3.1 and the same NO3 isovalues are used here as well. This
type of direct superimposition based visualization allows scientists
to easily comprehend regions with different properties. In Figure
11a the contours at time t = 0 days is presented and at the begin-
ning, they exactly overlap with each other. However, for the future
time steps, as we advect particles by integrating the velocity field,
the blue NO3 contours propagate following the particles. We also
show the contours obtained from NO3 scalar field that is defined
in the Eulerian frame of reference. In Figure 11b, both the red and
blue contours are shown at t = 1.25 days.

At t = 5 days, (Figure 11c), it is observed that several red con-
tours appear where the blue contours are absent. This observation
prompts our scientists to quickly conclude that, since there are
no blue contours, such NO3 regions indicated by red contours are
likely formed by upwelling, and not due to the surface advection.
This observation coincided with the hypothesis our domain scien-
tists had about the existence of upwelling and further verified that
potential NO3-rich regions can exist in the ocean which are not
necessarily formed by surface flow.

Another important observation was made at t = 5 days. A red
contour was identified that encloses a significantly smaller blue
contour. Since the blue contour is quite small, the expert thought
that this NO3 region could be formed by both surface advection
and upwelling. The experts further acknowledged that efficient de-
tection of these regions helps them to quickly narrow down regions
from the large data sets that need detailed exploration for further
understanding.

Figure 11d provides results from a later time of t = 12.75 days,
where the evidence for the existence of upwelling is found in a dif-
ferent part of the ocean. This observation further strengthens the
experts’ hypothesis about the existence of upwelling in the simula-
tion data.

5. Discussion

The analysis provides a direct connection between scalar analysis,
which is in the Eulerian frame of reference, and Lagrangian analy-

sis, which is in a fluid-following frame of reference. Direct visual-
ization of these mixed quantities are challenging and this visualiza-
tion presents a a compelling synthesis of both approaches, which
to the authors’ knowledge is a novel application of Lagrangian
particles and contour visualization analysis. The speed at which
this computation can occur, even within a contained VTK and
ParaView-based workflow indicates the applicability and power of
the method to better understand and quantify NO3 composition
within the ocean for NO3 source assessment, which will be es-
sential for the assessment of Sargassum mariculture techniques in
free-floating systems that are contained in eddies.

The results from this analysis can be computed quickly and do
not require a rerun of the model. Note, however, that the Lagrangian
particles computed in this analysis are computed post-hoc. On-
line Lagrangian particle tracking can be employed directly within
MPAS-O via the Lagrangian In-situ Global High-performance par-
ticle Tracking (LIGHT) capability [WRM∗15]. The application sci-
entists had decided not to store Lagrangian particles so far to allow
for a higher temporal resolution for Eulerian output. But seeing the
power of the Lagrangian analysis, they decided to change the com-
position of their stored data to allow Lagrangian output. This will
facilitate the higher-resolution application of this approach to larger
datasets even under temporal sparsity [ACG∗14, BJ15].

From the different possible visualizations that we offered the sci-
entists, they preferred the superposition of the contour lines, even
though, it looks rather empty. This method provides the clearest vi-
sualization using least ink and should therefore also be preferred
following the spirit of Tufte [Tuf01]. We decided to keep the semi-
transparent color mappings of the two scalar field in the workflow
for the application scientists to enable future, more detailed explo-
ration to also satisfy the Shneiderman mantra: overview first, de-
tails on demand [Shn03].

6. Conclusion

The economy and efficacy of this method, which uses a mixed
Eulerian-Lagrangian computation technique to quickly assess the
origins of NO3 within the Gulf of Mexico, provides a rapid explo-
ration tool that can be used to quickly assess flow field maps with
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scalar fields like NO3. This will allow the origins of waters to be
quickly assessed since riverine sources can readily be separated vi-
sually from subsurface water sources.
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