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Configura�on Timings for the HYCOM Gulf of Mexico Scenario 

 

Abstract 
HYCOM, standing for HYbrid Coordinate Ocean Model, is a general circula�on model for the 
oceans (see Large, et al., 1994; Bleck, 2002; Wallcra�, et al., 2009).  The primi�ve fluid 
dynamics equa�ons are solved for the horizontal components of the flow and a reduced-
order K-Profile-Parameteriza�on (KPP) model is solved in the ver�cal to treat convec�on, 
diffusion and turbulent mixing implemented as a calibrated implicit diffusion representa�on.  
The hybrid grid in HYCOM adapts to treat deep ocean and shallow coastal regions appropriately.  
The model includes surface driving terms, ice and salinity physics and treats all the 
differen�ated ocean layers.  

As part of a project to study reduced precision computa�on and other computa�onal 
approaches to accelerate compu�ng HYCOM regional solu�on ensembles, this report describes 
the use of ‘Diablo’ interac�ve graphics embedded in HYCOM to execute an extended campaign 
of HYCOM Gulf of Mexico simula�ons to �me various parallel processing configura�ons that 
involve one or more HPC compu�ng nodes and different configura�ons of Open MP parallelism 
within the Message Passing Interface parallel framework built into HYCOM.  The metric 
for  comparing the different parallel approaches is the ‘core efficiency,’ that is ‘bang for the 
buck,’ using the NRL 32-node system ‘luigi’ where each node has 128 cores and 256 
gigabytes of memory but where all 128 cores are not used in many of the configura�ons 
tested.  The op�mal ‘core efficiencies’ are found when a single node is filled with a number of 
MPI tasks (ranks) that leaves enough cores available for effec�ve OpenMP parallelism within 
each task. 
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1. Introduc�on and Summary:
HYCOM: “The HYbrid Coordinate Ocean Model (Large, et al., 1994; Bleck, 2002; Wallcra�, et al., 
2009) is a primi�ve equa�on, general circula�on model.  The ver�cal coordinates are isopycnal in 
the open, stra�fied ocean, but use the layered con�nuity equa�on to make a smooth transi�on 
to terrain-following coordinates in shallow coastal regions, and to Z-level coordinates in the mixed 
layer and/or unstra�fied seas.  The hybrid coordinates extend the geographic range of 
applicability of tradi�onal isopycnic coordinate circula�on models toward shallow coastal seas 
and unstra�fied parts of the world ocean.  HYCOM maintains the significant advantages of an 
isopycnal model in stra�fied regions while allowing more ver�cal resolu�on near the surface and 
in shallow coastal areas, hence providing a beter representa�on of the upper ocean physics.  
HYCOM provides a major advance over previously exis�ng opera�onal global ocean predic�on 
systems, since it overcomes design limita�ons of those systems as well as limita�ons in ver�cal 
and horizontal resolu�on.  The result appears as a more streamlined system with improved 
performance and an extended range of applicability (e.g., other systems are seriously limited in 
shallow water and in handling the transi�on from deep to shallow water).  

The Gulf of Mexico Simulation Campaign:  The Gulf of Mexico scenario provides a realis�c 
case with roughly square 4 km cells that starts from a realis�c mul�-day ini�al condi�on with all 
physical forcing func�ons and boundary condi�ons (etc.) and runs up to 30 days.  Seeking rela�ve 
�mings of nominally iden�cal physical cases using different parallel implementa�ons, all the 
simula�ons in this campaign were 2 days in real �me dura�on with run �mes generally between 
3 and 15 minutes.  The grid is 541 cells west to east (x) and 385 cell south to north (y) with 36 
hybrid-grid z levels (depth).  Typical results will be shown in following sec�ons using an interac�ve 
graphics capability.  We then discuss an extensive configura�on �ming table and its relevance to 
the goal of increasing the number of ensemble members available for opera�onal forecasts.   

This Gulf of Mexico test problem is being used to study reduced precision and other 
computa�onal approaches to accelerate compu�ng regional ensembles of oceanographic 
solu�ons.  Ensembles of similar simula�ons are used to test the range of probable results where 
input condi�ons, forcing func�ons, and atmospheric variability are uncertain and thus users need 
to know the likely range of future forecast results.  Each ensemble member is a separate 
simula�on for the forecast dura�on so the overall ensemble problem is ‘embarrassingly’ parallel. 
Not only can Message Passing Interface (MPI) and Open Mul�-Processing (OpenMP) approaches 
be used together in many current high-performance computer architectures implemen�ng fluid 
dynamic scenarios, they compete for resources and thus their use must be balanced for op�mal 
performance.   

Such is the case with HYCOM.  An op�mal implementa�on will be hardware, so�ware, and 
grid architecture dependent.  The metric for comparing the different paralleliza�on and grid 
configura�on approaches used here is the overall ‘core efficiency,’ that is ‘bang for the buck.’  The 
cost of the computa�on on a single core is the normalizing factor.  ‘Core efficiency’ is the total 
�me of a parallel HYCOM benchmark run divided by the run �me of a reference single-core run, 
which is then divided by the total number of cores reserved.  The run �me is how long do the 
computa�ons take a�er ini�aliza�on?  This campaign was performed on NRL’s 32-node ‘luigi’ 
AMD EPYC system where each node has 128 cores and 256 gigabytes of memory.  We find that 
the prac�cal maximum core efficiency is about 25% and is found when a single ‘luigi’ node with 
128 cores is reserved for each ensemble member simula�on. 
______________
Manuscript approved February 7, 2024.



2. Diablo:  
This report also introduces the use of the ‘Diablo’ interac�ve graphics package, now embedded 
in HYCOM, and applied to the extensive campaign of HYCOM Gulf of Mexico simula�ons reported 
here.  Diablo is a 2D visualization and graphing tool for modeling and simulation (m&s) 
software.  Labelling can be added to the plots in Diablo and simple 3D plots can be constructed 
on the fly.  Diablo was developed as a diagnostic tool to allow modeling and simulation 
developers and users to interact with a simulation via a graphical user interface, to look at data 
visually, to pause and step through a simulation, and to change variables that impact the running 
of the simulation.  It is tightly coupled with the running simulation and has been integrated with 
both MPI and OpenMP based parallel codes.  Diablo has a minimum impact on simulation running 
time.  Embedding the graphics costs only a couple of percent for a number of frequent plots and 
provides instant feedback on simula�on progress, numerical problems, instabili�es, and 
correctness.  The primary purpose of this simula�on campaign and report is to consider tradeoffs 
toward an op�mal way for HYCOM to calculate a forecast ensemble of related simula�ons. 

Diablo runs through a wrapper around the �me-stepping physical and fluid dynamic 
simula�ons while allowing remote interac�on with the ongoing simula�on.  Diablo implements 
QT and uses its window control libraries and protocols.  In prac�ce this is much like the master of 
ceremonies/host on a T.V. game show.  At user-selected �mesteps in a run and possibly specific 
loca�ons in the domain a user-rou�ne is called to prepare the desired plots.  These plots are 
constructed pixel-by-pixel using a user-provided color map.  With a call to a window control 
rou�ne, Diablo converts the 2D array of color-mapped pixels to a PNG file and ‘shepherds’ that 
file’s transfer from the large host computer to a remote laptop or worksta�on.  The results of 
mul�ple files are thus instantly displayed on dis�nct local windows.  A call to another Diablo 
rou�ne writes selected PNG files to designated directories on the host computer.  Most of this is 
asynchronous so the simula�on can resume whenever the graph prepara�on is complete, as 
Diablo is transferring and displaying the PNG images remotely. 

The following four figures were each composited from 6 Diablo plots of four of the HYCOM 
primary variables at three different z levels in the simula�ons.  These z levels vary in depth from 
place to place and with �me during the simula�ons so only rela�ve depths between kz = 1, kz = 
12, and kz = 20 are involved.  The three HYCOM simula�ons illustrated in these four figures were 
all performed on 21 August 2023.  Figures 1 and 2 show the “ini�al” condi�ons for the 2-day runs, 
which is actually the result of a 44-day spin up simula�on performed to establish all the input 
func�ons and files for this test case. 

In the examples below, the overall 2D domain is masked to iden�fy the ground as grey using 
the data available in HYCOM.  The 541 by 385 cell domain in the total grid is shown in the figures 
but only about 75% is water.  In HYCOM the different variables are defined on different interlaced 
grids so you may be able to spot slightly different rendi�ons of the shoreline between the two 
velocity components and the scalar variables salinity and temperature.  The five primary variables 
where each scanned over the two days for the maximum and minimum values found in water 
cells at z level 12 in the grid.  The fi�h variable poten�al density ‘th3d’ is not ploted in the figures.  
These fixed maximum and minimum values are constant in �me and are used to set the limits of 
the color maps in each figure.  Thus the same color on different plots of a par�cular variable 
indicate the same physical value regardless of loca�on on the plot or the �me.  Simple rou�nes 
are available for labelling the individual PNG images, as shown. 



 

 
Fig 1. Ini�al horizontal flow veloci�es at 3 different z levels in the 2-day Gulf of Mexico HYCOM 
simula�on (�mestep 1).  Le� panels (top to botom): East-west flow velocity u_xy (m/s) at three 
levels kz = 1, 12, and 20 of the 36 gridded levels.  Right panels (top to botom): North-south flow 
velocity v_xy (m/s) at the same three levels.  The color map is a spectrum from dark blue, -1.45 m/s, 
to bright red, +1.45 m/s.  The 10 magenta squares along the mid line of the Gulf are sta�ons for 
future ver�cal grid layer thickness printouts. File Fig 1. PT_step1_3Z_u_xy&v_xy.png  

 Figure 2 shows the east-west and north-south velocity components at the three z grid levels 
a�er two days have elapsed following 1440 2-minute �mesteps.  Two days is long enough to get 
reasonably accurate �mings of the various MPI-OpenMP paralleliza�on combina�ons, but the 
runs were short enough, several minutes of wall �me, to allow many runs in a day.  A�er only two 
days run �me, however, the changes in the solu�on from the fully evolved star�ng condi�ons in 
Figs. 1 and 3 (below) are visible but s�ll small.  In Figs. 1 and 2 the horizonal velocity components 
are stronger near the surface and clearly conform to the various nearby land masses. 



 
Fig 2. Horizontal flow veloci�es at 3 different z levels in the Gulf of Mexico a�er a 2-day HYCOM 
simula�on (1440 �mesteps).  Le� panels (top to botom): East-west flow velocity u_xy (m/s) at three 
z levels kz = 1, 12, and 20 of the 36 gridded levels.  Right panels (top to botom): North-south flow 
velocity v_xy (m/s) at the same three levels.  The color map is a spectrum from dark blue, -1.45 m/s, 
to bright red, +1.45 m/s.  File Fig 2.  PT_step1440 3Z u_xy&v_xy.png 

 Figures 3 and 4 show the salinity (saln) and the temperature (temp in 0C) at the three grid 
levels shown in Figs. 1 and 2 above.  For each of the primary variables ploted in the four figures, 
the maximum and minimum values for the color maps were chosen to span the range of values 
found on level kz = 12 throughout the run.  These limits are held constant to simplify visually 
comparing the solu�ons at different �mes and places.  However, the temperature at level kz = 20, 
which is deeper than level 12, where the maximum and minimum values were determined, drops 
below the selected minimum plot value of 150C and a few loca�ons to about 10.50C.  The 
temperatures two days later on the right in Figs. 3 and 4, are exclusively between the preset limits 
of 15.00C and 33.00C on levels kz = 1 and kz = 12 over the en�re grid.   



 
Fig 3. Salinity and temperature profiles at 3 different z levels in the Gulf of Mexico before the 2-day 
HYCOM simula�on (at �mestep 1).  Le� panels (top to botom): Salinity (saln) (units?) at z levels 1, 
12, and 20 of the 36 gridded levels.  Right panels (top to botom): Water temperature (0C) at the 
same three levels.  The color map for salinity is a spectrum from dark blue, 0.0 units, to bright red, 
60 units.  The color map for temperature ranges from dark blue, 15 0C, to bright red (35 0C).  File Fig 
3. PT_step1_3Z_saln&temp.png  

No�ce that the higher water temperatures in the righthand panels, indicted as yellow, orange 
and red, occur in the shallower water near shore.  At the surface, the warmer temperatures 
spread over most of the Gulf but the temperatures drop quickly with depth in both the ini�al 
condi�ons in Fig. 3 above and the results a�er two days in Fig. 4 below.  The minimum 
temperature on kz = 20, in the lower right panels of Figs. 3 and 4 for the ini�al and final �mes 
respec�vely, are about 10.50C, indicated by the saturated dark blue patches well away from shore. 



 
Fig 4. Salinity and temperature profiles at 3 different z levels in the Gulf of Mexico a�er a 2-day 
HYCOM simula�on (1440 �mesteps).  Le� panels (top to botom): Salinity (saln) (units?) on z levels 
1, 12, and 20 of the 36 gridded levels.  Right panels (top to botom): Water temperature (0C) at the 
same three levels.  The color map for salinity is a spectrum from dark blue, 0.0 units, to bright red, 
60 units.  The color map for temperature ranges from blue, 150C, to bright red (350C) with small dark 
blue regions at level kz = 20 at about 10.50C.  File Fig 4. PT_step1440_3Z_saln&temp.png 

 The fi�h primary variable included in the current list of possible Diablo plots is the 
poten�al density.  The poten�al density appears in HYCOM, named ‘th3d,’ and the concept 
also is used in atmospheric science.  Poten�al density of the fluid is conserved as the pressure 
experienced by the parcel changes (provided no mixing with other parcels or net heat flux 
occurs).  It is shown here in Fig. 5 to provide one illustra�on of ‘th3d’ variable.  Figure 5 below 
shows an earth-map plot of the poten�al density ‘th3d’ deep in the Gulf at z level 20, a�er 
the 2-day (1440 �mestep) run of HYCOM used to generate the figures above. 



 
Fig 5. Poten�al density (th3d) at z level 20 in the Gulf of Mexico a�er a 2-day HYCOM run (1440 
�mesteps).  The color map for th3d is a spectrum from dark blue, -31.0 units, to bright red, 11.0 
units.  File Fig 5. L5_th3d_20_001440.png 

Diablo plots generally require a small frac�on of the overall run �me.  The two runs 
21Aug23_L2 and 21Aug23_L3, otherwise iden�cal calcula�ons, produced 490 Diablo plots and 90 
plots respec�vely using plot frequencies of 30 and 180 steps.  The addi�onal 400 plots required 
an addi�onal 6.6 seconds to compute, about .0165 seconds per plot.  For run 21Aug23_L3, the 
90 plots required less than .064% of the total run �me.  These plots are asynchronously 
transferred over VPN to the remote desktop, here a 2019 MacBook Pro, and thus the transfer and 
display does not slow the computa�on. 

3. Configura�on Timings for Gulf of Mexico Simula�ons on Luigi: 
Table 1 following summarizes a large number of two-day HYCOM runs with different MPI - 
OpenMP hybrid parallel implementa�ons.  These are all iden�cal 2-day Gulf of Mexico 
simula�ons.  The 11Aug23 simula�ons at the top of the table, in black, were performed with a 
single rank running on a single Luigi node.  With 128 cores available on the node, different 
numbers of OpenMP threads were used, resul�ng in very different total run �mes.  We stopped 
at 16 cores since the core efficiency was dropping rapidly with more than 4 cores employed by 
OpenMP.  The efficiency of the 1-thread case is defined as core efficiency 1.00, used as a 
normaliza�on of all the other core efficiency es�mates.  The OpenMP core efficiency drops below 
25% somewhere between 8 and 16 threads.  This decline suggests opportuni�es for 
improvement.  
 
 
 



Table1.  Configura�on Timings for Gulf of Mexico Simula�ons on Luigi 
run_ID nodes tasks/n ranks thrds/r i & nplot run �mes core eff. other data 

11Aug23_L1 1 1 1 1 180 12.9s 7806s 1.000 scalar (1 core) 
11Aug23_L2 1 1 1 2 180 14.0s 4556s 0.858 2 OMP thrds 
11Aug23_L3 1 1 1 4 180 11.8s 3210s 0.609 4 OMP thrds 
11Aug23_L4 1 1 1 8 180 12.0s 2421s 0.404 8 OMP thrds 
11Aug23_L5 1 1 1 16 180 12.1s 2417s 0.203 16 OPM thrds 

         

13Aug23_L4 1 4 4 16 180 9.3s 745.7s .0826 node 0 kv=12 
13Aug23_L5 1 4 4 8 180 9.5s 737.3s .0837 node 0 kv=12 
23Aug23_L1 1 4 4 4 180 11.6s 890.8s .0692 node 25 kv=20 
23Aug23_L2 1 4 4 2 180 9.4s 1313.0s .0467 node 25 kv=12 
23Aug23_L3 1 4 4 1 180 9.4s 2229.5s .0274 node 25 kv=12 

         

13Aug23_L6 1 8 8 8 180 9.3s 425.7s 0.146  
13Aug23_L7 1 8 8 16 180 9.3s 466.0s 0.133  
13Aug23_L8 1 8 8 12 180 9.3s 460.9s 0.135  

         

15Aug23_L9 2 8 16 16 180 9.1s 268.4 0.117  
15Aug23_LA 2 8 16 8 180 9.0s 256.8s 0.123  
15Aug23_L8 2 8 16 12 180 9.1s 258.40s 0.122  
15Aug23_LC 1 16 16 8 180 9.2s 294.6s 0.213  
15Aug23_LD 1 16 16 6 180 9.1s 324.0s 0.193  

         

15Aug23_L6 1 24 24 5 180 9.2s 286.8s 0.219  
15Aug23_L7 1 24 24 4 180 9.2s 288.4s 0.218  
15Aug23_L8 2 12 24 10 180 9.2s 255.6s .0124  

         

15Aug23_L1 2 16 32 8 180 9.0s 189.8s 0.168  
15Aug23_L2 2 16 32 6 180 9.0s 202.8s 0.157  
15Aug23_L3 2 16 32 4 180 9.0s 204.4 0.157  
15Aug23_L4 1 32 32 4 180 9.4s 251.4s 0.252  
15Aug23_L5 1 32 32 3 180 9.2s 280.8s 0.218  
21Aug23_L2 1 32 32 4 30  9.1s 248.9s 0.254 node 15 kv=12 
21Aug23_L3 1 32 32 4 180  9.1s 242.3s 0.261 node 15 kv=12 
21Aug23_L4 1 32 32 4 180  9.1s 250.3s  node 15 kv = 1 
21Aug23_L5 1 32 32 4 180 9.0s 248.6s  node 15 kv=20 

         

15Aug23_LE 2 24 47 5 180 9.0 188.6s  0.169  
15Aug23_LF 1 48 47 2 180 9.1s 298.4s 0.210  

         

16Aug23_L2 4 16 63 8 30 18.3s 140.9s 0.124  
16Aug23_L1 4 16 63 8 180 20.1s 137.6s 0.130  
16Aug23_L3 3 21 63 6 180 19.2s 152.7s 0.152  
16Aug23_L4 2 32 63 4 180 15.8s 160.7s 0.210  
16Aug23_L6 2 32 63 4 30 17.7s 179.7s 0.188  
16Aug23_L5 2 32 63 2 180 19.2s 195.2s 0.173  
16Aug23_L7 1 64 63 2 180 s 258.4 s 0.268  

         

16Aug23_LA 4 32 127 4 180 9.9s 143.9s 0.056  
21Aug23_L1 3 43 127 3 180 12.4s 220.1s 0.098  
16Aug23_L9 2 64 127 2 180 11.3s 233.6s 0.137  
16Aug23_L8 1 128 127 1 180 28.0s 453.9s 0.143  

Following the 1-rank simula�ons at the top in black, are sets of runs, a different color for each 
different patch file used, giving a different number of ranks in the overall MPI par��on.  Each 
color depicts runs with a different number of ranks:  4 ranks in red, 8 ranks in red-orange, 16 ranks 



in orange, 24 ranks in gold, 32 ranks in yellow-green (1 and 2 nodes), and 32 ranks in green (run 
on node 15 rather than node 0 with different z grid depth levels), 47 ranks in blue-green, 63 ranks 
in blue, and 127 ranks in purple/lavender at the botom of the table.  In each group of runs with 
the same number of ranks, different numbers of nodes and/or OpenMP threads were used.  
Increasing the number of cores reserved (more nodes) reduces the run’s overall core efficiency.   

The op�mal core efficiency for each group is ‘highlighted’ in grey.  Each op�mum occurs when 
only one node is used.  This means that more ensembles are possible with a given amount of 
computer resources (nodes) by running each ensemble member on its own node and not trying 
to run them any faster at reduced parallel efficiency.   With 32 ranks, for example, two ensemble 
members can be computed in 251.4 seconds using two nodes working on separate ensemble 
members.  Compu�ng the same two ensemble members using 2 nodes together, first on one 
member, then on the second, would take 379.6 seconds. 

For configura�ons with ranks from 16 to 63, the maximum core efficiency exceeds 20%.  For 
32-rank and 63-rank configura�ons the maximum efficiency exceeds 25%, again on a single node.  
Runs with 127 ranks (e.g., 32 tasks on each of 4 nodes) allow at most 4 cores for OpenMP threads, 
per task.  The run, 16Aug23_LA in the last set of tabulated simula�ons above, with 4 threads for 
OpenMP, used barely 5% the 512 available cores for a core efficiency of 0.056.  Increasing the 
number of tasks per node while decreasing the number of OpenMP threads can be seen to 
increase the core efficiency.  Clearly further work is required on the OpenMP implementa�ons. 

4. More Timings for Gulf of Mexico Simula�ons on Luigi: 

 
Fig. 6  Timings for the 2-day GOM case on one node of luigi with two different compilers.  The number of 
ranks and threads mul�ply to 128, thus using all cores on the node.  File Fig 6. Intel-GNU Runs.png 



Figure 6, modified from a paper at the DoD HPC User Group Mee�ng (Obenschain, et al., 
2023), shows results from another �ming study of HYCOM using the Luigi system at NRL.  These 
2-day Gulf of Mexico runs, using two different compilers and only one node of Luigi, are 
summarized in Fig. 6.  The possible combina�ons of MPI ranks and OpenMP threads are assigned 
to the runs in this study so an en�re node of Luigi is used in each run.  The GNU compiler provides 
the best �mings while the Intel compiler results are very close to those of GNU.   This figure shows 
that increasing the number of ranks, beyond a point reduces the overall parallel efficiency, 
presumably because larger frac�ons of the total rank data must be moved every �mestep as the 
number of ranks increases.  The op�mum here is 32 MPI ranks with 4 OpenMP threads.  If the 
OpenMP can be made more efficient, the overall performance will improve further.       

Table 2 below summarizes a number of the two-day HYCOM runs with different MPI with 
OpenMP parallel implementa�ons.  These are all iden�cal 2-day simula�ons.  The 11Aug23 
simula�ons at the top of the Table 1, in black, were performed with a single rank running on a 
single Luigi node.  With 128 cores available on the node, different numbers of OpenMP threads 
were used, resul�ng in very different total run �mes.  We stopped at 16 cores since the core 
efficiency was dropping rapidly with more than 4 dedicated for OpenMP op�miza�on.  The 
efficiency of the 1-thread case is defined as core efficiency 1.00 to normalize all other core 
efficiency es�mates.  The OpenMP core efficiency drops below 25% between 8 and 16 threads. 

Comparing the Table 1 results above using the Intel compiler with the Intel-compiler results 
in Table 2 below shows very close agreement between the resul�ng run �mes and core 
efficiencies.  This is to be expected because the more recent Table 1 results were using essen�ally 
the same system and compiler flags as the earlier results in Table 2.  The table 1 results also 
include the small addi�onal �me required to preparing the Diablo plots every 180 �mesteps.  The 
1-rank 1-thread normaliza�on �me used for Table 1 core-efficiency entries was also used in 
compu�ng the core efficiencies for Table 2 because the corresponding 1-rank 1-thread �mes were 
not available for the GNU compiled runs.   

Table 2.  More Timings for Gulf of Mexico Simula�ons on Luigi 
run_ID nodes tasks/n ranks thrds/r i & nplot run �mes core eff. other data 

11Aug23_L1 1 1 1 1 180 12.9s 7806s 1.000 1 core (scalar) 
13Aug23_L7 1 8 8 16 180 9.3s 466.0s 0.133 128 cores 
15Aug23_LC 1 16 16 8 180 9.2s 294.6s 0.213 128 cores 
21Aug23_L3 1 32 32 4 180  9.1s 242.3s 0.261 128 cores 
16Aug23_L7 1 64 63 2 180 9.0s 258.4 s 0.268 128 cores 
16Aug23_L8 1 128 127 1 180 9.6s 453.9s 0.134 128 cores 

         

Intel cmplr 1 8 8 16 0 plots 9.8s 437s 0.142 128 cores 
Intel cmplr 1 16 16 8 0 plots 9.2s 287s 0.219 128 cores 
Intel cmplr 1 32 32 4 0 plots  9.1s 231s 0.274 128 cores 
Intel cmplr 1 64 63 2 0 plots 9.1s 238s 0.278 128 cores 
Intel cmplr 1 128 127 1 0 plots 9.6s 428s 0.145 128 cores 

         

GNU cmplr 1 8 8 16 0 plots 9.8s 371s 0.168 128 cores 
GNU cmplr 1 16 16 8 0 plots 9.2s 241s 0.262 128 cores 
GNU cmplr 1 32 32 4 0 plots  9.1s 215s 0.296 128 cores 
GNU cmplr 1 64 63 2 0 plots 9.1s 225s 0.282 128 cores 
GNU cmplr 1 128 127 1 0 plots 9.6s 385s 0.163 128 cores 

         

No�ce that the 4 runs with 64 tasks actually used only 63 ac�ve ranks, meaning that 2 cores went 
unused.  Similarly, the 4 runs with 128 tasks actually used only 127 ranks so that 1 core went 



unused.  In these two configura�ons one of the MPI �les, appor�oned by the ‘patch’ file, was 
totally over land and thus the corresponding rank had no computa�on. 

Additional Gulf of Mexico Timings on Nautilus: 
The Gulf of Mexico (GOM) case was also benchmarked on the Navy DSRC’s recent addi�on, the 
Nau�lus system.  Nau�lus is a Penguin HPCTrue system with 1304 standard nodes.  Each node 
consists of an AMD EPYC Milan with 128 cores per node.  The �mings for 2-day GOM simula�ons 
using Intel compiler 2022.0.2 and penguin/openmpi/4.1.4/intel can be seen in Fig. 7.  These 
�mings are compared with those on Luigi system at NRL DC, reported in Fig. 6.  Luigi is a 32-node 
system with AMD EPYC Rome processors.  Each node has 128 processors and Intel compiler 19.1 
and Intelmpi/19.1 are used on Luigi to run the same benchmark cases.  We see that the �mings 
on Nau�lus are slightly faster than those on Luigi.       

 
Fig. 7  Timings for the 2-day GOM case on one node of luigi (orange) and one node of nau�lus (blue).  The 
number of ranks and threads all mul�ply out to 128, thus using all cores on the node.  File Fig 7.  Nau�lus 
Timings 27Nov2023.png 

 Data are not currently available to compute core efficiencies for these runs but the results 
are very similar to those of Fig. 6 and Tables 1 and 2.  There seems to be an op�mum performance 
around 32 ranks and four threads just as before.  The top core efficiencies, where we have them, 
lie between 0.25 and 0.30.  This means that at most a factor of three or four improvement would 
be possible if all the inefficiencies between MPI and OpenMP could be eliminated.  We can aim 
for a factor of two. 

 



 

5. Discussion and Conclusions: 
The Gulf of Mexico test case being used is rather small and the computa�ons of an op�mal 
parallel-processing configura�on and parameters will reflect this.  A much larger or higher-
resolu�on run would surely be op�mized somewhat differently.  In opera�onal use an ensemble 
of simula�ons with different parameters is used to frame a predic�on because input parameters 
and the �me history of forcing func�ons are uncertain.  The ocean ensemble spread stems from 
(i) accumulated differences in wind-forcing history and (ii) constraints of sea surface temperature 
by data assimila�on.  Differences in the specifics and parameteriza�ons of the various physical 
sub-models provide a third source of end use uncertainty even when exactly the same models 
are used in each ensemble member.  The inten�on of the ensemble is to reflect the actual 
uncertainty in ini�al condi�ons, which are largely unknown in terms of mesoscale circula�on 
(Idzanovic, et al.,2023). 

How many ensemble members are used for a par�cular opera�onal forecast and how long is 
that forecast?  How many more ensemble members would make a significant difference?  What 
are the ranges of these numbers and what are the circumstances where the number needed can 
vary significantly?  Can addi�onal ensemble members for an exis�ng forecast be provided later in 
response to changing circumstances?  Maximum total running �me would become a limita�on in 
preparing opera�onal ensembles and the number of ensemble members may have to be adjusted 
to complete the computa�ons in an acceptable period. 

More discussion of these issues is certainly warranted as well as considering trade-offs 
involving coarser spa�al resolu�on for lower priority ensemble members to greatly increase the 
number of members to span wider parameter regimes.  Here, we have considered the situa�on 
simplis�cally and await addi�onal analysis when more opera�onal informa�on and op�ons 
become available.  S�ll, the message seems clear.  Core efficiencies are higher when a single node 
is used, if the node is large enough for the runs, instead of two or more.  This means that more 
ensemble members can be computed with a given total resource by using the nodes individually 
rather than working together to speed up the computa�on of each ensemble member. 

 The total computa�onal resource available to prepare an opera�onal forecast will be 
considered as a fixed limita�on.  If NE is the number of equivalent ensemble members desired for 
the forecast, the computa�onal resource has to be divided up to provide them.  Many modern 
HPC clusters are hierarchical, having a number of rela�vely independent processing nodes that in 
themselves have a number of dis�nct processing constructs.  For the simple discussion here, we 
will call the individual processing constructs ‘cores,’ and the independent processing nodes just 
‘nodes.’  There are a significant number of HPC architectures today most of which have variants 
of this structure.  In some the hierarchy can be deeper, or it may be more appropriate to call the 
cores ‘GPUs.’ 

  Assume that L nodes, each having a number KC of cores, can be assigned to each separate 
ensemble member computa�on and that they can be processed simultaneously.  Such a situa�on 
is o�en called ‘embarrassingly parallel.’  Further, assume that compu�ng each ensemble member 
is organized as a hybrid of MPI (Message Passing Interface) and OpenMP (Open Multi-Processing 



or OMP) parallelization approaches.  MPI divides an entire rectangular grid of Ni by Nj cells into 
m by n par��ons or �les, each of size mx by ny cells.   

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≡ 𝑵𝑵𝑪𝑪 =  𝑵𝑵𝒊𝒊𝑵𝑵𝒋𝒋 = 𝒎𝒎𝒎𝒎𝒙𝒙𝒏𝒏𝒏𝒏𝒚𝒚 

For a given resolution physical scenario, Ni and Nj, as well as NC  are fixed though m and n can be 
varied.  Thus the ques�ons become: What is the m by n par��on that allows the most efficient 
computa�on of the ensemble members?  What is the parallel processing configura�on, including 
the MPI par��on, that minimizes the computa�onal �me per ‘core’ reserved to compute a single 
ensemble member?  

 Above we noted that at most a factor of three or four speed up is possible if all the 
inefficiencies between MPI and OpenMP could be eliminated.  OpenMP seems to be a good place 
to start.  Several strategies have been proposed to do this.  MPI also plays into this and simply 
longer rows and columns can help both MPI and OpenMP.  When the number of MPI par��ons 
is made larger for more parallelism, the size of each par��on is smaller and boundary condi�on 
informa�on that must be transferred by MPI to the neighboring par��ons before computa�on 
become large enough that data transfer can dominate computa�on.  One would rather begin to 
depend on OpenMP within large par��ons.  The �me lost in data transfer would be reduced and 
the longer loop lengths within the par��ons would tend to increase the efficiency of vectoriza�on 
and OMP paralleliza�on.  The shape of the MPI par��ons may also be worth op�mizing.  It can 
reduce the data transfer and leave longer loops within each par��on for OMP to parallelize.  
Finally, it now appears that there are avenues to improve the performance of OpenMP.  It seems 
that scaling could extend well beyond three or four threads. 
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Appendix A. Diablo Plots of Primary Variable Distribu�ons 
Diablo also can produce plots of the distribu�on of primary variable values in each of the earth-
map plots shown in the body of this report.  This is done by breaking the range between the 
minimum and the maximum value allowed for each primary variable into 100 bins and then 
coun�ng the number of water cells in the earth-map plot with primary variable values that fall 
within those bins.  This capability was added to study the small differences between solu�ons 
found using different paralleliza�on configura�ons.  An example of the distribu�on of horizontal 
east-west surface veloci�es, u(x,y) for the surface layer kz = 1 is shown in Fig. 8.  These are semi-
log distribu�on plots.   

 
Fig 8. Distribu�on of east-west velocity u(x,y) values at Z level 1 in the Gulf of Mexico a�er 
a 2-day run (1440 �mesteps) derived from the u_xy panel in the upper le� corner of Fig. 2. 
The color map ranges from -1.45 m/s in bin 1 to +1.45 m/s in bin 100.  File Fig 8. 
L4_ds_v_xy_1_001440.png 

This example is double peaked as are most of the velocity distribu�ons, both u(x,y) and v(x,y).  
The valley in the center appears because a square root rather than a linear scaling is used between 
the minimum and the maximum to determine the color to plot for a given value.  This was done 
to emphasize the regions of high and low speed flow as seen in Figs. 1 and 3 with greater color 
varia�on.  The square root scaling was also used for the salinity because almost all devia�ons 
from a near constant salinity occur along the shores, as seen in Figs. 3 and 4.  The linear scaling is 
used for the temperature (temp) and the poten�al density (th3d). 

 



 
Fig 9. Salinity distribu�on at z level 1 in the Gulf of Mexico a�er a 2-day run (1440 �mesteps).  
The color map for salinity is a spectrum from dark blue, 0.0 units, to bright red, 60 units.  
This highly peaked distribu�on comes from upper le� panel of Fig. 4.  File Fig 9. 
L4_ds_saln_1_001440.png 

Diablo, as currently implemented in HYCOM, can produce not only the primary variable earth 
map plots shown in Figs. 1 through 4 in Sec�on 2 above but also produces corresponding plots of 
a fi�h primary variable, the poten�al density ‘th3d,’ when required.  One such earth-map plot is 
illustrated in Fig. 10 below. 

 
Fig 10. Poten�al density (‘th3d’) distribu�on at z level 1 in the Gulf of Mexico a�er a 2-day 
run (1440 �mesteps).  The color map for ‘th3d’ is a spectrum from dark blue, -31.0 units, to 
bright red, 11.0 units.  File Fig 10. L4_ds_th3d_1_001440 




