Benchmarking and Evaluation of the Weather Research and
Forecasting (WRF) Model on the Cray XT5

Don Morton, Oralee Nudson and Craig Stephenson
Arctic Region Supercomputing Center, University of

Alaska, Fairbanks, Alaska

ABSTRACT: The Weather Research and Forecasting (WRF) model is utilized
extensively at ARSC for operational and research purposes. ARSC has developed an
ambitious suite of benchmark cases and, for this work, we present results of scaling
evaluations on the Cray XT5 for distributed (MPI) and hybrid (MPI/OpenMP) modes of
computation. Additionally, we report on our attempts to run a 1km-resolution case study

with over one billion grid paints.
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1. Introduction

The Arctic Region Supercomputing Center (ARSC)
has supported the Weather Research and Forecasting
(WRF) model for a number of applications since 2005
These applications include quasi-operational riead-t
forecasts for the Fairbanks Weather Forecast Office
NOAA's National Weather Service, research suppanrt f
the Alaska Volcano Observatory's volcanic ash ptemh
model, a wildfire smoke dispersion model, a study o
Beaufort Sea wind regimes for petroleum recovery
operations, and a broad range of research and tmluca
activities.

Given its wide use at ARSC, a benchmarking suite is
being constructed for testing WRF's performance on
architectures ranging from small, single-CPU system
novel architectures such as GPU and PS3 systentise to
largest supercomputing systems with tens of thalsa
processing elements. This paper describes
benchmarking suite, its initial application on ARSC
Cray XT5, and efforts to push the limits with vdayge-
scale simulations that tax the available computalio
resources.

the

2. The benchmarking suite

The benchmarking suite is inspired by John
Michalakes' [Michalakes2008] benchmark site, which
maintains a collection of ready-to-run input dateotigh
the provision of a restart file (a complete dumptiod
model state at a specified forecast time), lateoaindary
condition file, and a namelist (run time paramétdits.
With these files, a user with a properly instaNedsion of
WRF is able to run the benchmark case to evaluate
performance, producing a native WRF output fileatf
forecast variables at the simulation’s end, whien be
compared with the benchmark file available on ke dn
short, the user simply needs to compile WRF locally
download the pre-processed input data, and rurcdke
study.

We borrowed heavily from this paradigm and adapted
to our unique needs and interests in supportingoach
array of architectures with a simulation domainteesd
on Alaska. Our sitefARSC2009] currently consists of a
collection of test cases based on a common domain
(Figure 1), but with different grid resolutions és&able
1). The common domain is a 6075km x 6075km area on
polar projection, centered on Frank Williams' (dice of
ARSC) office, or as close as model resolution afiibw.

All cases use 28 vertical levels.
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Table 1. Various resolutions of the 6075x6075km
benchmark suite

Horiz Res | Grid points

81km 75x75x28 = 157,500

27km 225x225x28 = 1,417,500

9km 675x675x28 = 12,757,500

3km 2025x2025x28 = 114,817,500
1km 6075x6075x28 = 1,033,357,500

The benchmark case is derived from a 72-hour fateca
for a weather event that surprised Fairbanks rassdsith

an unexpected major snow fall, captured well byMHeF
model. To create the benchmark files the weathmatain

is executed for 48 forecast hours (to a point with
interesting weather), and a restart file contairandgump

of the full state of the model at that time, isateal. In
addition a file with lateral boundary conditionsB(C's),
and a modified namelist file are created, filledhwihe
runtime parameters needed to start the simulatitnthe
restart file and LBC's, and execute for three fastc
hours. The benchmark simulation terminates in the
production of an output file formatted in WRF-nativ
NetCDF. The intent of producing this output fike to
allow for comparison with a "standard" WRF outpile f
from our own simulations, though we caution users t
realize that there is no guarantee that our WRputtle
has "more correct" values than ones that might be
produced at other sites. It merely provides a méarsee

if the benchmark simulations produce reasonableubut

It is envisioned that comparisons will be perfornted
using a graphics package to display the standaddttea

benchmark outputs, or thdiffwrf utility to obtain a
numerical comparison of desired fields.

As WREF is executing it prints tetdout the wall-time in
seconds required for each timestep. At the endhef
simulation this list of execution times for eacinei step
can be processed with a Python script that we deoubd
accumulate the total time spent over the integnath
timesteps, filtering out the time required for imitand
terminal 1/0 and setup operations.

To date, the cases with horizontal grid resolutbB81km,

27km, 9km and 3km have been fully implemented,tbet
1km case, with over 1 billion grid points, is prefatic.

These issues will be discussed later in this paper.

3. Our own preliminary benchmarking

Our preliminary benchmarking activities are meant t
provide an overview of performance issues on ARSC
systems, stimulating more targeted studies in therd.
We made no effort to optimize our compilationsthea,
we used default options provided by the WRF
distribution.  In the following tests, we used WRF
V3.0.1.1, compiled with PGI 7.2-3, using the foliogy
compile options from the WRF configuration script t
produce a distributed memory (MPI) version:

Cray XT CNL/Linux x86_64, PGl compiler with gcc
(dmpar)

and a hybrid MPI/OpenMP version:

Cray XT CNL/Linux x86_64, PGl compiler with gcc
(dm+sm)

All tests were performed on ARSC's Cray XT5,
pingo, comprised of 432 compute nodes, each with 32 GB
of shared memory, 2 quad core 2.3 GHz AMD Opteron
processors, connected through the Cray Seastar 2+
interconnect interface, giving a total of 3,456 qoie
cores. The ambitious large-scale test cases amoded
by a 150 TB Lustre scalable file system.

The first tests performed were an assessment af bas
scalability using MPI distributed memory as shown i
Figures 3 - 6. In the 81km and 27km cases we ragdig
MPI tasks sequentially to a node, up to eight taskse
Figure 2 for XT5 node layout, essentially compiistao
processors with four cores each). In the 9km akm 3
cases we assigned eight MPI tasks to each nodeaske
per core.
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Figure 3. Scalability for 81km test case, 1-8 PEs.
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Figure 4. Scalability for 27km test case, 1-16 PEs.
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Figure 5. Scalability for 9km test case, 8-128 PEs.
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Figure 6. Scalability for 3km test case, 64-2048 RE

In the 9km and 3km cases, nodes were always fully
loaded with one task per core, and measured speealsip
near-optimal, relative to a fully-loaded node bease of
8 PEs. In the 81km and 27km cases, the measured
speedup is not nearly as optimal as we load upde no
from 1 to 8 tasks. Although some of this degramati
might be a result of the fine granularity of congiign to
communication, it seems likely that scalability hiit a
node will show performance loss. This motivatesrbxt
set of tests in which we compare the performanczsasés
in which nodes are fully populated with eight tgsks
against cases where we distribute tasks so thatdibe't
use all of a node’s cores.
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Figure 7. Scalability comparison - 1-8 MPI tasks
assigned to a single node versus 1-8 MPI tasks, one
task per node.
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Figure 8. 1-8 MPI tasks assigned to a single node
versus 1-8 MPI tasks, one task per node.

In both cases (Figures 7 and 8), it's clear that
assigning one MPI task per node (essentially wadtie
other seven cores on a node) gives us close-toapti
speedup.

In Figure 9 we look at this another way, considgrin
eight MPI tasks for the 9km case study, and obsgrvi
how performance varies as we distribute the taskerl
node, 2 per node, and 4 per node. Again, it iardleat
we will see our best performance by assigning @sé t
per node, at the cost of wasting the other sevezsamn a
node. We observe that performance degrades only
slightly when increasing the task load from 4 tapks
node to 8 tasks per node, and note this as antarea
further analyzed.
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Figure 9. Performance comparison from distribution
of WRF MPI tasks 1 per node, 2 per node, 4 per node,
and 8 per node.

WRF supports a hybrid distributed memory (MPI)
and shared memory (OpenMP) model whereby coarse
domain partitioning producegatches of grid points for
the distributed memory paradigm, and patches may be
further decomposed intbles of grid points for threaded
shared memory computations. Although some groups
have noted slightly better performance with thisagam,
our tests — again, using default compile optioskew the
distributed memory MPI paradigm to perform better.

The first hybrid test is meant to observe the
scalability of threads, assigned to a single MMkta
increasing from one to eight on a single node (fEdLD).
The Perfect Walltime curve is relative to a single thread
and, as in the distributed memory mode we obsdrat t
scalability degrades as we load a node’s cores.
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Figure 10. General scalability of 1-8 OpenMP threasl
(assigned to a single MPI task) on a single node.

Taking this a step further, in Figure 11 we compare
thread performance on a single node (1-8 threauising
under a single MPI task) to MPI task performance,
whereby we assign 1-8 MPI tasks to a single nddehis
case, we see that the hybrid and distributed memory
modes produce comparable performance for a small
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number of cores per node, but as we more fullyzatithe
cores in a node, MPI shows significantly better
performance than the hybrid mode. This is a figdimat
we discuss in more detail shortly.
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Figure 11. Single node performance of 1-8 OpenMP
threads (assigned to a single MPI task) versus 1A8PI
tasks.

Looking at a more real-world scenario (Figure 1&g
compare the hybrid performance with MPI performance
on a larger number of fully-loaded nodes. In tiybrid
scheme we again allocated one MPI task to each, nhode
and each MPI task managed eight OpenMP thread®e — on
thread per core. In the distributed memory scheme
assigned eight MPI tasks to each node — one tastope.
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Figure 12. Comparison of hybrid OpenMP/MPI and
MPI on 8-128 PEs. OpenMP threads are executed
eight to a node, assigned to a single MPI task. MPI
distributed memory mode, MPI tasks are assigned
eight to a node.

Although the scaling of the graph suggests a plessib
improvement of hybrid performance as we increage th
number of PEs, the reality is that in all of thesses the
performance of the hybrid scheme was worse by alaos
factor of two — in the 128 PE case, the hybrid sehéook

490 sec, while the distributed memory scheme toak 2
sec.

Finally, we were curious about how different
MPI1/OpenMP decompositions might affect performance
so we initiated a series of scalability tests comnmggthe
following hybrid scenarios:

» 1 MPI task per node, managing eight threads

* 2 MPI tasks per node, each managing four
threads

* 4 MPI tasks per node, each managing two
threads

» Pure MPI — eight MPI tasks per node
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Figure 13. Comparison of different hybrid

OpenMP/MPI allocations.

Although it's hard to tell from the graph (Figur8)l
hybrid performance improved as we increased thebeam
of MPI tasks on each node, decreasing the number of
threads managed by an MPI task. The pure MPI mode
still exhibited the best performance, though theecahere
we used four MPI tasks per node, each managingtaaly
threads, exhibited performance very close to tHahe
MPI distributed memory mode. We believe this may
indicate that MPI processes have a greater affiioitya
core, exhibiting much less context switching thasetof
OpenMP threads. In short, the use of MPI distadut
memory mode has consistently given us better
performance than a hybrid approach, but we cautious
note that we have seen other presentations where th
hybrid approach was marginally better than MPI (tito
we are not aware of any similar studies performedhe
Cray XT5 with a PGIl-compiled WRF).

3. Setting up a large-scale problem

Our original intent was to include a 1km resolution
case in the benchmark suite, consisting of overhillien
grid points. As we pursued this direction we ratoi
memory limitations, and consultations with Petelnnkzn
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and John Michalakes provided some insight in oteyrs
to go about this.

Table 2. Memory requirements for the billion grid
point case.

Tasks Per Task| Global Buffer
(GBytes) (GBytes)
128 4.4 4.1
160 3.5 4.1
256 2.2 4.1
512 1.1 4.1
1024 0.58 4.1

An estimate of memory requirements for this billion
point case is outlined in Table 2 (estimates comenf
computations provided by John Michalakes). AltHoug
great effort has gone into making WRF decomposé wel
amongst available processors, there is the negesbit
maintaining some global buffer space for necessary
scatter/gather operations. This additional memisry
assigned to PEO, and in large-scale cases cantgaliu
otherwise well-balanced decomposition. For example
consider that the XT5 nodes each have 32 GBytes
available (some of which is used by the OS). Tédble
suggests that with 160 PEs WRF would use 3.5 GBytes
per task, or 28 GBytes per node. However, PEO ¢ahgd
PEO) would additionally need to store the globdfdruof
4.1 GBytes, so we have to allocate enough corésttos
additional requirement into PEO. One way arounsl ith
to use some clever PBS Pro wizardry and assignt®B&0
node by itself, and then assign the other taskist é@a
node (except for the last node, which will only éaeven
tasks assigned to it). In this way, PEO only netmls
satisfy the memory requirements of a single tasis pihe
global buffer.

Although we made a number of attempts, we were
never able to get this billion grid point case rimgn
Despite numerous attempts, we constantly ran into a
roadblock during the pre-processing stage, in witieh
model was complaining that we were requesting toatr
level higher than was possible given the input ddfar
those who might be interested, the specific amessage
was

p_top_requested < grid%p_top_possible from data

Since we were using the same input data that waubed

in the other benchmarking cases, our initial suspic
(based on previous experience with fine resolution
domains) was that the 1km resolution constituted to
much downscaling, and that ultimately our errorgewe
numerical in origin.

To test this hypothesis that our problem was caused
by the fine resolution, we went back to the 3knohetson
case, which we knew was successful, and incredsed t
horizontal domain from 2025x2025 grid points to
6075x6075, thus giving us a billion grid points at
coarser resolution (with a resulting domain thaeeaed
into the southern hemisphere). However, we ran int
exactly the same problem that we encountered waigh t
1km resolution case, so then began to suspect that
somehow our data was becoming corrupted, possibly a
result of a software defect that manifested itgelfarge-
scale memory situations.

To test the hypothesis that the memory usage (as
opposed to high resolution) was somehow causing a
problem, we went back to our 1km case, but redtlced
number of horizontal grid points from 6075x6075 to
3038x3038, giving us about 250 million grid poinfBhis
case set up well for us, strengthening our thebay the
sheer size of the problem (in terms of number ad gr
points) is the real issue that needs to be addtesBeis is
where we stand now on the implementation of a 1km
benchmark case — making this work is a worthy gyrsu
given that there are no practical limitations tsladuld be
stopping us, and achieving success with this cakestus
push the limits of WRF and the Cray XT5.

In the meantime, given the problems we were facing
with the 1km case, we decided to create a 2km leardh
case that covered the same region as our otheesafat
cases, using 3038x3038x28 grid points (approximatel
250 million). The intent was to produce this benahk
in the same way that we produced the others —man t
simulation, generate restart files (complete durhghe
state of the model), and provide the user withrédstart
file, namelist of parameters, and lateral boundary
condition file so that they can run a benchmarleocagh
no pre-processing required. Although our simulatio
proceeded well, our scheme fell apart due to memory
allocation issues when we tried to write the reditar.

To gain a feel for the restart file sizes, we nibizt
the restart file for the 9km case is 4.2 GBytessibe, and
about 37.7 GBytes for the 3km case. This filehg,
default, written solely by PEO, so it is easy te $bhat
memory limitations may come into play. WRF prowde
capability to perform I/O operations on a set afqassors
separate from the computations, and Peter Johnasn w
very helpful in pointing out how to facilitate thia an
XT5 / PBS Pro environment (along with use of paifall
NetCDF), but we ran into too many roadblocks and
temporarily abandoned this path.
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However, since the only problem was a failure to
generate restart files, we were still able to ra@ 2km
simulation with 250 million grid points just to gatrough
feel for scalability. Hence, Figure 14, althougbt n
generated from our standard benchmark restart file,
depicts the performance (for three forecast houjast
like the standard benchmark cases) of a quartkobil
grid point case, using MPI distributed memory mode

2km Scalability
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Figure 14. 2km scalability, MPI distributed memory
mode.

We additionally ran two hybrid cases and compared
with an MPI case, all running on 1024 cores:

» 8 MPI tasks assigned to each of 128 nodes —
4,109 sec.

* 1 MPI task assigned to each of 128 nodes,
each task running 8 thread$;511 sec.

1 MPI task assigned to each of 256 nodes,
each running 4 threads (in other words, half
the cores on the 256 nodes were left idle) —
3,910 sec.

Summary

Our primary motivation at this point is to create a
versatile suite of WRF benchmarks that we hope will
facilitate testing the entire spectrum of available
architectures, and that this will be useful to HiRCMP
community and others seeking to understand WRF
performance on new systems. Borrowing heavily from
[Michalakes2008] we have created the initial
infrastructure [ARSC2009] to support this ventur®ur
current challenge is to continue pushing the linfts
creating a one-billion grid point benchmark, andttis
where we will direct our near-term efforts. In ping the
limits on large-scale WRF simulations, we note that
Johnsen, Nyberg and Michalakes have successfullyaru
2-billion grid point case, so we’re not on untrodde
ground.

By creating the benchmark suite we had the
opportunity to perform some initial testing of ARSC

Cray XT5, pingo, finding that in all cases, use of the
distributed memory mode yielded better performahes

the hybrid MPI/OpenMP mode. Other groups, however,
have found slightly better results with the hykajaproach
(albeit on other architectures and with other cdenp), so
this is an area worthy of further analysis.
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