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Abstract

The Weather Research and Forecast (WRF) model is a limited-
area model of the atmosphere for mesoscale research and opera-
tional numerical weather prediction (NWP). A petascale problem
is a WRF nature run that provides very high-resolution "truth"
against which more coarse simulations or perturbation runs may
be compared for purposes of studying predictability, stochastic
parameterization, and fundamental dynamics. We carried out a
nature run involving an idealized high resolution rotating fluid on
the hemisphere to investigate scales that span the k-3 to k-5/3
kinetic energy spectral transition of the observed atmosphere
using 65,536 processors of the BG/L machine at LLNL. We
worked through issues of parallel I/O and scalability. The primary
result is not just the scalability and high Tflops number, but an
important step towards understanding weather predictability at
high resolution.

Categories and Subject Descriptors
C.4 [Computer Systems Organization]: Performance of Sys-
tems — measurement techniques.

General Terms

Weather Research, Algorithms, Measurement, Performance
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1. Introduction

A fundamental challenge in numerical weather prediction
(NWP) is to understand how (or even if) increasingly
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available computational power can improve weather mod-
eling. An important enabling step towards improving that
understanding is to perform a “nature run” to provide a
very high-resolution standard against which more coarse
simulations and parameter-sweeps may be compared for
purposes of studying predictability, stochastic parameteri-
zation, and the underlying physical dynamics.

In this work we carry out a nature run at unprecedented
computational scale on the world’s largest supercomputer:
we calculate an idealized high resolution rotating fluid on
the earth’s hemisphere to investigate scales that span the
wavenumber (k) k-3 (largescale) to k-5/3 kinetic energy
spectral transition of the observed atmosphere using up to
16 racks (16,384 nodes, 32,768 CPUs) of BlueGene/L at
IBM Watson (BGW) and then use 64 racks (65,536 nodes
and 65,536 CPUs—that is one CPU per node) of
BlueGene/L. (BG/L) at Lawrence Livermore National
Laboratory (LLNL) on the same problem.

This calculation is neither embarrassingly parallel, nor
completely floating-point dominated, but memory band-
width limited, and latency-bound with respect to interproc-
essor communication. In these ways it is representative of
many scientific calculations, and therefore achieving a high
level of performance is challenging. The primary result is
not just a high Tflops number, but an important step to-
wards understanding weather predictability at high resolu-
tion.

1.1 Science Motivation

It is impossible to study predictability in the real atmos-
phere, making computer models necessary. The superiority
of either increased resolution, or more probabilistic infor-
mation, can only be established through basic predictability
research. A nature run including the transition between the
k-3 and k-5/3 spectral regimes facilitates a new generation
of predictability studies that were not previously possible.
For example, simple experiments within the k-5/3 regime,
studying how errors grow when initial conditions are
slightly perturbed, can now be performed. The hypothesis



of enhanced mesoscale predictability near topography with
increased resolution of the model can now be rigorously
addressed.

It is also difficult to study turbulence in the real atmos-
phere, and therefore models are attractive here as well. The
turbulence community faces several challenges; wave-
turbulence interactions occur within the k-5/3 regime and
across the transition, for example in the jet-stream region of
the atmosphere, but wave-wave interactions within the re-
gime and across the transition are but poorly understood.

In the meantime, the growth of computational power is
enabling numerical weather prediction model forecasts
within the scale region defined by the observed k-5/3 scal-
ing in the mesoscale. Yet we have much to learn about
how waves and turbulence interact, better understanding of
which will affect predictability and optimal sub-grid
parameterization for predictive calculations within this re-
gion and across the observed transition to larger scales.
Simply increasing the resolution of operational weather
forecasts may not result in improved accuracy unless we
can improve understanding of the physics and model
parameterizations. The long-term goal of our project is
therefore to produce a suite of nature runs, including runs
at resolutions achievable only with petascale computing,
that can serve as a basis for current predictability, turbu-
lence, and parameterization study in a multi-scale environ-
ment that spans scales above and below the spectral transi-
tion. This work describes a milestone in that project.

Previous work of Skamarock, et al. [2] showed that, with
dedicated computer time on a large machine and using the
Weather Research and Forecasting (WRF) model [1], high-
resolution nature runs that can produce the appropriate k-
5/3 spectral slope [3] are enabled. The WRF model in-
cludes a moist thermodynamic equation making it appro-
priate for precipitation processes. WRF is fully nonhydro-
static so it is appropriate for deep convection and gravity
wave breaking. The numerics are stable enough to make
additional damping terms, ubiquitous in typical mesoscale
models, less necessary. Figure 1, reproduced from that
study, encapsulates some of the evidence that the computa-
tional model is stable and of high verisimilitude.

‘Wavelength (kmj

10* 102 1g! 10°
102 L
Eo B lHazirom and Gage (1985)
P Lindoorg (1999, eqn 71 1
F ‘1. = WRF BAMEX, Ax = 4 ki E
3
10 1
g £
E iosf
=
w
4
102k
F
mn' L [ R T T e R R I T T T
104 105 104 102 10-2

Wavenumbsr (adians mH |

Figure 1 (courtesy W.C. Skamarock): Spectral energy density
in the WRF model compared to observations. The red curve
is spectra computed from WRF forecasts at 4 km grid spac-
ing, averaged from 3 May 2003 to 14 July 2003. Both the
transition of the spectral slope from k-5/3 to k-3, and the nu-
merical dissipation range are evident. Observations from
Nastrom and Gage (1985) and Lindborg (1999) are shown
with points and the solid black curve, respectively.

Building on that study, the nature run done here contains
instances of both stratified and unstratified turbulence, fa-
cilitating their study in a rotating fluid on a sphere and in
the presence of many other scales. It further allows the
study of gravity waves in a realistic environment, including
gravity wave breaking.

1.2 The Computational Approach

The WRF model [1] is a limited-area model of the atmos-
phere for mesoscale research and operational NWP. Devel-
oped and maintained as a community model, WRF is in
widespread use over a range of applications including real-
time NWP, tropical cyclone/hurricane research and predic-
tion, regional climate, atmospheric chemistry and air qual-
ity, and basic atmospheric research. The WRF model repre-
sents the atmosphere as a number of variables of state dis-
cretized over regular Cartesian grids. The model solution is
computed using an explicit high-order Runge-Kutta time-
split integration scheme in the two horizontal dimensions
with an implicit solver in the vertical. Since WRF domains
are decomposed over processors in the two horizontal di-
mensions only, interprocessor communication is between-
neighbor on the BG/L (and most) supercomputer topolo-
gies. Each time-step involves 36 halo exchanges and a total
of 144 nearest-neighbor exchanges (assuming aggregation).
The decomposition is two-level: first over distributed mem-
ory patches and then again within each patch over shared
memory tiles. Thus, WRF exploits hybrid parallel (message
passing and multi-threaded) computation modes. Weather
prediction codes are I/O (mostly output) intensive. WRF
uses Parallel NetCDF for I/O [8].



2. Key aspects of the BlueGene/L architecture
for NWP

BG/L presents several opportunities and challenges for
efficient implementation of NWP simulations. Details of
the tightly integrated large-scale system architecture are
covered elsewhere [4]. Overall, LLNL’s BG/L platform has
65,536 compute nodes, and Linpack rating of 280.6 Tflops
We briefly cover its general architectural aspects here, fo-
cusing on those related to our optimizations to WRF.

Each compute node is built from a single compute node
ASIC and a set of memory chips. The compute ASIC fea-
tures two 32-bit superscalar 700 MHz PowerPC 440 cores,
with two copies of the PPC floating point unit associated
with each core that function as a SIMD-like double FPU
[5]. Each node has 512 MB of physical memory.

Achieving high performance requires that the application
be fully domain-decomposable into data structures that can
fit this relatively modest memory-per-node. If this can be
accomplished, then the network support for scaling is an
architectural strength of BG/L which has five networks; we
focus on the 3-D torus, the broadcast/reduction tree and the
global interrupt for WRF optimizations. Integration of the
network registers into the compute ASIC not only provides
fast inter-processor communication but also direct access to
network-related hardware performance monitor data. Due
to limitations on deadlock-free communication, the MPI
implementation uses the tree networks only for global (full-
partition) collective operations.

3. Computational Method

As described in Skamarock et al [2] the continuous equa-
tions solved in WRF are the Euler equations cast in a flux
(conservative) form where the vertical coordinate, denoted
as 1, is defined by a normalized hydrostatic pressure (or
mass) following Laprise [6] as:

n = (ph— pht)/p (1

where p = phs— pht and ph is the hydrostatic component of
the pressure, and phs and pht are the values for the dry at-
mosphere at the surface and top boundaries, respectively.
Following common practice we set pht = constant. 1 de-
creases monotonically from a value of 1 at the surface to 0
at the upper boundary of the model domain. Using this ver-
tical coordinate, the flux form equations are expressed as

Ut + (V * Vu) + Px(p, ¢) = FU (2)
Vt+(V ¢« Vv) + Py(p, ) =FV 3)
Wt+(V » Vw) + Pr(p, n) = FW 4

Ot +(V +V0) =FO )
pt+ (Ve V)=0 (6)
pt+p—1[(VeVe)—gW]=0 ™
(Qm)t+(V + VQm) = FQ ®)

Where p(x, y) represents the mass of the dry air per unit
area within the column in the model domain at (X, y), hence
the flux form variables are defined as U = pu/m, V = pv/m,
W = puw/m, Q = un/m. And m is a map-scale factor that
allows mapping of the equations to the sphere (see [7]) and
is given as m = (Ax, Ay) distance on the earth

The velocities v = (u, v, w) are the physical velocities in
the two horizontal and vertical directions, respectively, ® =
‘n is the transformed ‘vertical’ velocity, and 6 is the poten-
tial temperature. Qm = pqm; Qm= Qv, Qc, Qi ..., represent
the mass of water vapor, cloud, rain, ice, etc., and q* are
their mixing ratios (mass per mass of dry air).

We also define non-conserved variables ¢ = gz (the geopo-
tential), p (pressure), and o = 1/p (the specific volume) that
appear in the governing equations. The P’s are pressure
gradient terms.

The WRF variables of state are discretized over regular
Cartesian grids and the model solution is computed using
an explicit high-order Runge-Kutta time-split integration
scheme. Each time step involves solution of the partial dif-
ferential equations of mass and momentum (dynamics) and
computation of various physical forcing terms that contrib-
ute to the evolving state of the earth’s atmosphere. The
latter (physics) involves heavy use of the Fortran intrinsics
log, exp, power (**), & sqrt.

4. Data Issues

The nature run is quite data intensive with a large sum
memory footprint. During the BGW runs at Watson we
used a 907x907 grid with 101 levels, resolution at 25km,
time step at 30s. Experimentally, the smallest possible run
at BGW was 2048 processors with (theoretically) 287
MB/task for WRF data not counting buffers, executable
size, OS tax etc.

Our LLNL proposed final run will be a Skm resolution
version, which will be 25 times bigger in space, plus
shorter time step (perhaps by a factor of 3). We estimate
that the resulting 4500 x4500 grid with 101 levels, a hori-
zontal resolution of 5km, and time step of 10s should re-
quire, at minimum 51,200 nodes to fit in physical memory.



5. Porting and Tuning.

To achieve high performance with WRF on BG/L the pri-
mary hurdles we overcame were 1) the size of main mem-
ory on BG/L and 2) the simplistic I/O scheme in WRF.

Most data structures in WRF scale in memory. The domain
decomposition and associated local memory extents used to
dynamically allocate state arrays are calculated at run time
on each process. However each processor used to keep
some global state of boundary conditions; this had been
sufficient, up to modest numbers (several hundreds) of
processors; but with very large grid sizes on thousands of
processors, the memory for arrays that store lateral bound-
ary conditions (LBCs)—ballooned out to use more memory
than the rest of model state combined and quickly exceeded
the 512 MB physical memory limit.

The solution was to fully decompose all dimensions so that
each processor only stores the LBCs used in its calculation.
This also involved rewriting the code for performing I/O on
LBCs. With this optimization, the full state required by
each processor fits in memory even on the very large grid
4500x4500, 101 levels, on 51K+ nodes.

The other scaling issue we addressed was also I/O related—
WREF, like many applications, historically used but a sin-
gle-reader/single-writer scheme for distributed 1/0 and thus
required large, un-decomposed buffers to be stored on at
least one process. Again this quickly exceeded the physical
memory of one BG/L node. Support for MPI-1O was added
through parallel NetCDF and also direct calls to MPI-IO.
Thereby we avoided the need to collect data on a single I/O
task.

There was however a bug in the MPI-IO implementation
for BG/L that Parallel NetCDF exposes that IBM worked
with us to fix, as described in the next section.

Figure 2 shows the theoretical performance-modeled per-
formance sensitivity of WRF to speedup if the target ma-
chine were to be improved by doubling peak flops and L1
cache bandwidth, L2 bandwidth, L3, bandwidth, main
memory bandwidth, or halving interprocessor network la-
tency and doubling bandwidth. It will be seen for example,
that doubling peak flops alone without improving the mem-
ory subsystem will confer no performance improvement,
while doubling various data-movement bandwidths can
boost performance 15-25% each. For every such architec-
tural study there is a symmetric application tuning one; for
example one can get the effect of doubling memory band-
width by reordering data accesses in a way that halves
memory bandwidth demands.

Performance sensi{i'-.-'iw of WRF
FLOPS & L1
25%

L2 BW

L3 BW

Figure 2: Performance sensitivity of WRF to doubling of un-
derlying machine’s performance attributes

Tuning efforts are therefore focused primarily on improv-
ing data locality to lower memory bandwidth demands and
thus enabling higher flops as described next.

6. Performance Measurement

Floating-point operations (flops) were counted using the
IBM perfctr library for BlueGene/L. This library reads the
compute node's hardware performance counters to count
events of interest such as load and store instructions and
various floating-point operations. The counters available on
BlueGene/L have some limitations—it is not possible to
measure all the events that count as floating-point opera-
tions at once on a single CPU. We worked around this by
using a library which assigns counter groups to CPUs in a
round-robin fashion and reports summary statistics of the
counters across CPUs. The BlueGene/L counters also can
not measure some events that should rightly be counted as
flops. We currently have no way to account for these un-
counted operations and WRF is a large enough software
system that counting flops in the code by hand is prohibi-
tively difficult. The total operation count used is the sum
of floating-point add and subtract operations, multiply and
divide operations weighted as one flop each, and fused
multiply-add and “SIMDized” parallel fused multiply-add
instructions, weighted as two and four flops each. Note that
the counters record only a sum of multiply and divide in-
structions, and there is no way to weight division differ-
ently, although divide is considerably more expensive. Be-
cause of these limitations, it is likely that the values re-
ported by the counters under-represent the actual executed
flops by some extent.

We use function calls to control when the counters are be-
ing measured. We begin counting after the first iteration
and end before the last, thus excluding file I/O time from
the count.



7. Results

As described above, the BlueGene/L architecture can theo-
retically issue 4 floating point operations per clock. In or-
der to use both floating point units the arguments must be
quad word aligned. The compiler has limited capability to
automatically word-align arguments; however, while de-
bugging of the MPI-IO/ParalleINetCDF bug mentioned
above, to ensure correctness, we were forced to use a ver-
sion of the compiler that does not support this option.
Therefore, the best we could theoretically achieve was two
flops per clock and in fact, using 4 racks (4096 nodes, 8192
CPUs) of BlueGene/L, for the 907x907 grid, at IBM Wat-
son (BG/W) we achieved 7% of this two-flops-per-cycle
“peak” (1.4 Gflops per CPU, 11.5 Tflops total). This result
is compatible with previously reported per-processor effi-
ciency results for WRF' and perhaps not atypical of data-
intensive codes. With the MPI-IO bug now apparently
fixed, we anticipate turning on word-aligning SIMD op-
tions of the compiler and thus being able to boost perform-
ance as much as 2x (which would be around 2 Tflops for 8
racks or 7% of true four-flops-a-cycle peak).

The full-resolution nature run will fill up the entire BG/L
machine and thus scalability, more than per-processor effi-
ciency, will be paramount. In the meantime, while tuning
for scalability and eliminating the MPI IO bug, we tested
the scalability of the smaller 907x907 problem, with the
compiler version that works around the bug and ensures
correctness but can only deliver 2 flops-per-cycle, at up to
65,536 CPUs on the Livermore machine. The scaling re-
sults are shown in Figure 3.
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Figure 3: Scalability of nature run 907x907

It can be seen that scaling is nearly linear. Scaling is start-
ing to flatten out, running out of work, at 65,536 CPUs.

' WRF has been benchmarked at 7.1 Tflops running at 11
percent of aggregate theoretical peak on 12,500 Cray
XT4 processors [personal communication, Peter Johnsen,
Cray].

The full resolution 4500x4500 grid should be sufficient to
utilize a machine twice as large as current BG/L at 7% or
so utilization. At time of writing BG/L at LLNL was taken
offline for approximately 1 month to be upgraded including
adding larger memory nodes. We are therefore continuing
to performance-tune on BGW at Watson, with the anticipa-
tion of running our full resolution problem on the upgraded
LLNL machine when it comes back up, and achieving an
estimated > 64 Tflops prior to presentation at SC2007.

. . . ) J x10°
300 | 208
250 | M226
‘ 224

200 'r ‘k. H |
» b 222

»
15 : t . ' -ia.a
“~ .

100 ' 2.18
| 2.16
50 |

214
50 100 150 200 250 300
300/ s
250/ 0:15
101
200}

150+

100+

50¢

50 100 150 200 250 300

Figure 4: Northern-hemisphere polar stereographic projec-
tions of the WRF model state. Above, pressure (Pa) on model
level 59 (approximately the level of the jet stream). The mid-
latitude wave-train is evident as the ring of lower pressures
(blue). Below, the corresponding vertical velocity (m s-1),
showing smaller scale features and sharper gradients likely
resulting from frontal boundaries and gravity waves. These
dynamics are one possible source for generation of the k-5/3
spectral slope.

8. Conclusion

Figure 4 above shows example results from a nature run.
We carried out a WRF nature run that provides very high-
resolution "truth" against which more coarse simulations or
perturbation runs may be compared for purposes of study-



ing predictability, stochastic parameterization, and funda-
mental dynamics. We carried out a nature run involving an
idealized high resolution rotating fluid on the hemisphere
to investigate scales that span the k-3 to k-5/3 kinetic en-
ergy spectral transition of the observed atmosphere and
carried out performance tuning resulting in using 64 racks
of BG/L with excellent scalability. We anticipate achieving
> 64 Tflops on the full-resolution problem on a machine
even more capable than current #1 machine on the Top500
list today, when the upgraded machine comes online just
prior to SC2007.
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